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Preface

The global shift toward sustainable energy systems faces a pivotal challenge: ensuring the

reliable integration of renewable energy sources such as solar, wind, and tidal power into existing

grids. Electrochemical energy storage (EES) technologies are critical to addressing this challenge,

as they provide solutions to the intermittency issues inherent in renewable energy. This reprint,

Electrochemical Energy Storage Materials, compiles groundbreaking research and insights from

leading experts in electrochemistry and materials engineering, offering a comprehensive exploration

of innovations in materials science that are reshaping the future of EES systems.

The scope of this reprint spans from atomic-scale mechanistic studies to sustainable synthesis

methods and industrial-scale manufacturing breakthroughs. By connecting theoretical research

with practical deployment challenges, this collection aims to advance next-generation batteries and

supercapacitors, offering strategies that enhance performance, durability, and scalability. These

advancements not only address technical limitations but also align with broader goals of ecological

sustainability and equitable energy access.

The motivation for this work stems from the urgent need to accelerate the energy transition

while balancing technological progress with planetary boundaries. As renewable energy adoption

continues to grow, the limitations of current storage solutions highlight the importance of

interdisciplinary collaboration and materials innovation. This reprint serves as a resource for

researchers, engineers, and policymakers seeking to understand and implement cutting-edge

solutions in energy storage.

Contributions to this reprint come from pioneering experts in the field, whose work reflects

a shared commitment to advancing both scientific understanding and practical applications. We

express our gratitude to all authors for their dedication and insights. Special thanks also go to the

editorial team and reviewers, whose efforts have ensured the rigor and coherence of this collection.

This reprint is intended for a diverse audience, including academic researchers, industry

professionals, and policymakers working at the intersection of energy storage, materials science, and

sustainability. By fostering dialogue and collaboration across disciplines, we aim to transform energy

storage from a technical barrier into a catalyst for building resilient and equitable societies.

Huang Zhang and Yuan Ma

Topic Editors
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Editorial

Topic “Electrochemical Energy Storage Materials”—An
Overview

Huang Zhang 1,* and Yuan Ma 2

1 Key Laboratory of Engineering Dielectric and Applications (Ministry of Education), School of Electrical and
Electronic Engineering, Harbin University of Science and Technology, Harbin 150080, China

2 Confucius Energy Storage Lab, Key Laboratory of Energy Thermal Conversion and Control of Ministry of
Education, School of Energy and Environment & Z Energy Storage Center, Southeast University,
Nanjing 210096, China; yuan.ma@seu.edu.cn

* Correspondence: zhang.huang@hrbust.edu.cn

The quest for efficient and reliable electrochemical energy storage (EES) systems is at
the forefront of modern energy research, as these systems play a pivotal role in addressing
the intermittent nature of renewable energy sources and the growing demands of portable
electronics and electric vehicles. The performance, reliability, and efficiency of EES systems
are intrinsically linked to the materials used in their construction, making material innova-
tion a critical driver for advancements in this field. This Topic, “Electrochemical Energy
Storage Materials”, in collaboration with the esteemed journals Energies, Nanomaterials,
Materials, Electrochem, and Batteries, presents a curated collection of cutting-edge research
articles and comprehensive reviews that highlight the latest advancements across a broad
spectrum of topics, including, but not limited to, lithium-ion batteries, solid-state batteries,
sodium-ion batteries, potassium-ion batteries, and zinc-ion batteries.

Son et al. [Contribution 1] investigated the performance of graphite-blended electrodes
with micron-sized SiOx anode material, a widely utilized Si-based anode material in lithium-
ion batteries, aiming to generate a commercially viable and practical solution. Their results
show that SiOx blending electrodes have better cycling performance than silicon micron
particle blending electrodes. Using post-mortem techniques, the degrading mechanisms
were clarified, providing insights into their electrochemical behavior and helping to meet
both industrial and academic demands for improved anode materials.

Zhang et al. [Contribution 2] reported the synthesis of orthorhombic V2O5·nH2O
nanorods as cathodes for aqueous zinc batteries. This material exhibited superior zinc
storage performance with high reversible capacity and long-term cycle stability, due to
enhanced material stability, reduced electrolyte breakdown, and improved charge trans-
fer kinetics. Additionally, a full cell design using microsized zinc powder as the anode
demonstrated high capacity and stable cycling, confirming the practical applicability of
these materials.

Cai et al. [Contribution 3] demonstrated the fabrication of highly loaded and binder-
free α-MoO3 on carbon fiber cloth (α-MoO3@CFC) up to 15 mg/cm2 via multi-arc ion
plating and subsequent oxidative heating treatment. The α-MoO3@CFC cathode material
possessed significantly improved electrochemical performance compared to commercial
MoO3 using conventional slurry-based electrode fabrication processes. This study offers
a simple way to make high-loading, binder-free cathodes for aqueous zinc-ion batteries
(ZIBs), suggesting potential for use in future flexible devices.

Shanov et al. [Contribution 4] provided a comprehensive review on the basics and
latest advancements in CNT-fiber-based supercapacitors. They overviewed supercapaci-

Energies 2025, 18, 1279 https://doi.org/10.3390/en18051279
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tor types based on charge storage mechanisms and electrode design and discussed vari-
ous fiber-making methods with an emphasis on improving electrochemical performance,
stretchability, and multifunctionality. Lastly, they prospected the current performance and
scalability challenges of CNT-based supercapacitors, highlighting their future potential in
wearable electronic devices.

Nazhipkyzy et al. [Contribution 5] demonstrated a new approach to using the sawdust
of karagash and pine trees to produce activated carbon material for EDLC application.
At a relatively high scan rate of 160 mV/s, a decent specific capacitance of 147 F/g and
114 F/g was obtained, leading to high energy densities of 26.0 and 22.1 Wh/kg based on
average electrode mass. This study showed that the use of electrode composites consisting
of activated carbon derived from an available biomass precursor leads to the improved
performance of electrochemical capacitors.

Cai et al. [Contribution 6] created a MnWO4 cathode electrolyte interphase (CEI)
layer on a δ-MnO2 cathode using cyclic voltammetry. This layer effectively prevents Mn
dissolution and enhances reaction kinetics. Consequently, the δ-MnO2 cathode with the CEI
layer shows improved cycling performance, retaining 98.2% of its capacity after 2000 cycles
at 10 A/g. This shows that the simple electrochemical method used to build the MnWO4

CEI layer significantly advances the development of MnO2 cathodes for aqueous zinc
ion batteries.

Li et al. [Contribution 7] prepared a series of 3D hierarchical porous carbon materials
(PCs) by a low-cost and template-free method using calcium lignosulfonate (CL) as the
precursor. The effects of enzymatic hydrolysis and different KOH feeding ratios on the
structure and electrochemical properties of enzymatic hydrolysis CL (EHCL)-derived
PCs were evaluated. The optimal PCs with a honeycomb-like microscopic morphology
possessed a high capacitance (147 F/g at 0.25 A/g), significant rate capability (capacitance
retention of 78% at 10 A/g), and good long-term cycling stability (95.3% capacitance
retention after 15,000 cycles), demonstrating a promising route to apply renewable lignin
derivatives in high-performance supercapacitors.

Landa-Medrano et al. [Contribution 8] reported the use of a design of experiments
(DoE) matrix to obtain a mathematical model that predicts the best formulation of cathodes
with LiNi0.5Mn1.5O4 (LNMO) as the active material. After obtaining and validating this
formulation, its upscaling to a semi-industrial coating line is described. The optimization
and upscaling of the LNMO electrode recipe resulted in obtaining high-energy pouch
cells of 1 Ah that could be used to gain knowledge in the chemistry of this lithium-ion
cathode material.

Mori [Contribution 9] summarized the recent development of functional separators
for lithium–sulfur batteries. The classification and modification of the separators with their
working mechanisms, as well as the resulting electrochemical performance, were described.
In addition, necessary performance metrics and material characteristics for separators were
prospected to further improve the electrochemical properties of lithium–sulfur batteries.

Durdel et al. [Contribution 10] introduced, for the first time, a Newman p2D model
for a lithium-ion cell with a silicon-dominant anode and a nickel–cobalt–aluminum–oxide
cathode. The parametrization was based on values from the electrode manufacturing
process, measured values using lab cells, and data from the literature. Future work was
emphasized with more in-depth studies on the material parameters for silicon to expand
the data available in the literature and facilitate further simulation work.

Yu et al. [Contribution 11] designed a three-layer garnet-applied PAN-added polymer
ceramic electrolyte (g-PPCE) consisting of a PVDF-HFP-based SPE-Ga-doped-LLZO with
5 wt.% of PAN by using a simple tape-casting and impregnation process. Both LFP||Li-
metal and NCM||Li-metal batteries using the g-PPCE exhibited high discharge capacity

2
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and cycle stability. The preparation of a pouch cell with a g-PPCE and a cell capacity of
5 mAh demonstrated the potential for large-scale production.

Wang et al. [Contribution 12] reported a Co/Al co-substitution strategy to construct
a P3-type K0.45Mn0.7Co0.2Al0.1O2 cathode material for potassium-ion batteries. This co-
substitution effectively suppressed the Jahn–Teller distortion and alleviated the severe
phase transition during K+ intercalation/de-intercalation processes, resulting in improved
potassium storage performance. The Co/Al co-substitution strategy employed in this
work provided an effective approach for designing high-performance Mn-based cathode
materials in potassium-ion batteries.

Zhao et al. [Contribution 13] presented shape-controllable flexible composite elec-
trodes based on Poly(3,4-ethylenedioxythiophene) and reduced graphene oxide (PE-
DOT/rGO) for planar micro-supercapacitors. The high electrical conductivity of rGO
facilitated rapid electron transport on the electrode surface, and its high specific surface
area contributed to more active sites available for electrochemical reactions, enhancing
the electrochemical performance. This presented work highlighted the potential of PE-
DOT/rGO electrodes in flexible supercapacitor applications.

Wiggers et al. [Contribution 14] reported, for the first time, the bottom-up approach
for α phase NASICON Li1+xYxZr2−x(PO4)3 (α-LYZP) synthesis. Phase-pure rhombohedral
α-LYZP was synthesized by a spray-flame process followed by a short annealing step. The
results showed that the addition of Y3+ as a dopant was efficient to stabilize the α phase
and enhance the ionic conductivity.

Drozhzhin et al. [Contribution 15] used differential scanning calorimetry (DSC) and
ex situ powder X-ray diffraction to examine the thermal stability of various sodium-ion
electrolytes and electrode materials. The results revealed that liquid sodium-ion electrolytes
exhibit good thermal stability, only beginning to decompose at 270–300 ◦C. Vanadium-
based cathodes, while stable on their own, show increased decomposition energy and
lower DSC peak temperatures when in contact with a specific electrolyte solution. Most
significantly, the anode material’s interaction with the electrolyte had the greatest thermal
effect, with the decomposition heat of the soaked, charged electrode being nearly 40%
higher than the combined decomposition heat of the dry electrode and electrolyte alone.

These contributions from this Topic, entitled “Electrochemical Energy Storage Materi-
als”, offer the latest and most innovative solutions that can overcome the current limitations
of EES materials and devices, providing valuable insights into the challenges and oppor-
tunities associated with the development of next-generation EES materials, as well as
strategies for overcoming current limitations and scaling up to commercial applications.
Together with the co-Topic Editor, Prof. Dr. Yuan Ma, we wish to thank the authors that
contributed their works to this Topic.

Acknowledgments: The Topic Editors would like to thank the anonymous reviewers for their
valuable efforts, which helped the authors to improve their manuscripts.

Conflicts of Interest: The authors declare no conflicts of interest.
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Carbon Nanotube Fiber-Based Wearable Supercapacitors—A
Review on Recent Advances
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1 Department of Mechanical and Materials Engineering, University of Cincinnati, Cincinnati, OH 45221, USA
2 Department of Chemical and Environmental Engineering, University of Cincinnati,

Cincinnati, OH 45221, USA
* Correspondence: shanovvn@ucmail.uc.edu

Abstract: As wearable electronic devices are becoming an integral part of modern life, there is a
vast demand for safe and efficient energy storage devices to power them. While the research and
development of microbatteries and supercapacitors (SCs) have significantly progressed, the latter has
attracted much attention due to their excellent power density, longevity, and safety. Furthermore,
SCs with a 1D fiber shape are preferred because of their ease of integration into today’s smart
garments and other wearable devices. Fiber supercapacitors based on carbon nanotubes (CNT)
are promising candidates with a unique 1D structure, high electrical and thermal conductivity,
outstanding flexibility, excellent mechanical strength, and low gravimetric density. This review aims
to serve as a comprehensive publication presenting the fundamentals and recent developments on
CNT-fiber-based SCs. The first section gives a general overview of the supercapacitor types based on
the charge storage mechanisms and electrode configuration, followed by the various fiber fabrication
methods. The next section explores the different strategies used to enhance the electrochemical
performance of these SCs, followed by a broad study on their stretchability and multifunctionality.
Finally, the review presents the current performance and scalability challenges affecting the CNT-
based SCs, highlighting their prospects.

Keywords: carbon nanotube fiber; energy storage; wearable technologies; supercapacitor; fiber spinning

1. Introduction

Wearable electronics have become indispensable in modern life, with rapid advances
in the devices and their applications, such as in displays, fitness trackers, body-mounted
sensors, artificial intelligence (AI) hearing aids, virtual reality (VR) headsets, and smart
textiles. These devices require equally flexible, wearable, and high-performance energy
storage devices to maintain their performance and safety. Unfortunately, most conventional
3D energy storage devices are stiff, rigid, heavy, and bulky. Therefore, recently a rapid shift
has been seen from 3D to 2D planar-type energy storage devices in the form of metal-coated
plastics, cloths or fabrics coated with conductive carbon, and conductive papers, which
are flexible, portable, and lightweight. However, they were proven to be uncomfortable
as wearable devices as they lacked the flexibility to conform to various body types and
could not comply with the breathability requirements (to allow circulation of air passage
between the body and the garment) [1–5]. Therefore, fiber-based 1D energy storage devices
with desirable flexibility, lighter weights, smaller volumes, and conformability are the most
promising solution for mitigating the abovementioned issues [6,7].

Supercapacitors (SCs) are superior to conventional SCs in energy density and are
superior to batteries in terms of power delivery. One of the most appropriate chemical ele-
ments suitable for electrochemical capacitor applications is carbon, due to its high electrical
conductivity, mechanical strength, wide natural presence, low density, and controllable
structure and properties. Being placed in the middle of the eight-element period in the pe-
riodic table, it exhibits moderate electronegativity, with an electronic structure (1S2,2S2,2P2)
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and four valence electrons. Various forms of carbon, such as carbon black, natural or artifi-
cial graphite, carbon nanotubes (CNTs), graphene, and activated carbon, are substantially
used in commercial SCs as conductive additives or active materials. However, most of
them are applied as conductive coatings and films on metallic supports consolidated with
binders, thereby making the SCs often bulkier, heavier, and non-flexible.

On the other hand, CNT-fiber-shaped SCs are long in size, mechanically robust,
and have a tunable structure. They are macroassemblages of CNTs in the 1D fiber form.
They can integrate all of the desirable features of fiber-based SC, such as extraordinary
electrical conductivity, mechanical strength, flexibility, tunable porosity and surface area,
and excellent stability. These unique energy storage devices are also self-standing, binder-
free, and can be easily integrated into textiles and wearable devices [5,7–9].

Wearable supercapacitors represent a hot research topic, and recently there have
been excellent reviews regarding supercapacitors [2,10–12], microsupercapacitors [13],
flexible supercapacitors [14,15], carbon-based supercapacitors [16–18], and fiber-based
supercapacitors [1,4,7,9,19,20]. However, the reviews on carbon nanotube fiber-based SCs
are scarce [5,21,22]. These publications present significant studies on fiber spinning, energy
conversion, novel fiber fabrication methods, and smart applications of CNT yarn. However,
a comprehensive review discussing the fundamental aspects and the recent advances of
CNT-based SCs is still in demand. The initial sections of the current review focus on the
SCs’ fundamentals, including the types of SCs based on the charge storage, configuration,
and fabrication method. The next section explores strategies that can be adopted for the
greater performance of CNT electrodes and CNT fiber SCs as a whole, followed by a
study on ‘stretchable’ and ‘multifunctional’ CNT-based SCs. Finally, the review analyzes
the challenges of CNT-based SCs, followed by exploring the prospects of these energy
storage devices.

2. Background and Fundamentals of Supercapacitors

Historically, the idea of storing electrical energy became a reality with the invention of
the Leyden jar in 1746. However, the concept of using stored energy for practical purposes
arose only in 1954 when Becker was granted a patent for storing electrical energy in a
battery or cell. The patent claims the electrical energy storage at the interface of a porous
carbon electrode and aqueous electrolyte in the form of a double layer [6].

Supercapacitors are devices that can store and release electrical energy by quickly
transferring the charge in the form of electrons and ions during the charge and discharge
process. The conventional form of a supercapacitor consists of two parallel plates, one
positive and the other negative, with a thin insulating membrane between them called the
dielectric (Figure 1a). The charge stored is in the form of potential energy between the
plates. The electrolytic capacitor is the next-generation capacitor, where the thin insulator
is replaced by an ionic conductive medium called an electrolyte, in which the ions are
free to move. The free movement of ions in the bulk of the electrolyte provides a higher
charge density. The capacitance obtained from an electrolytic capacitor is much greater
(mF range) compared to a conventional dielectric capacitor (μF range). Supercapacitors
(SCs) or ultracapacitors, also known as electrochemical capacitors, consist of two electrodes
connected ionically through an electrolyte and separated by an ion-permeable membrane
called a separator made of polymer, paper, fiber, glass, ceramic, or cardboard (Figure 1b).
High specific capacitance rates (tens of farads instead of mfarads) are possible with these
devices obtained from a minimal volume of 1 cm3. Because of this quality, they are also
called ultracapacitors. The key reasons for the high capacitance achieved are due to the
two different charge storage mechanisms involved: (a) an electric double-layer capacitor
(EDLC), utilizing a large surface area in porous carbon materials; and (b) a mechanism
utilizing reversible redox reactions, as in the case of pseudocapacitive materials [3,6,23,24].
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Figure 1. Schematics of (a) conventional capacitor, (b) supercapacitor, (c) electric double layer
capacitor (EDLC), and (d) pseudocapacitor. Reproduced with permission from [24].

2.1. Type of SCs Based on Charge Storage

EDLCs are electrochemical double-layer capacitors (Figure 1c) that store the charge
on the surface through double-layer charging. The double layer is formed by the quick
adsorption–desorption of ions on the active electrode surface during charge–discharge.
When power is applied to the system, a double-layer charge is formed at each electrode–
electrolyte interface without any charge transfer. The process is non-Faradaic because there
is no change in chemical composition or phase, and it is reversible, which renders the
capacitors with high cycling stability [17].

For such capacitors, the capacitance at each electrode is given by:

Ce =
εS
d

(1)

where ε is the permittivity of the dielectric constant, S is the surface area of the electrode–
electrolyte interface, and d is the EDL thickness.

As d is usually in the nanometer range and the surface area is directly proportional
to the specific capacitance, the ideal candidates for supercapacitors are nanoporous
carbons with the advantage of a very large specific surface area (SSA) in the range
of 1000–2500 m2·g−1 high electrical conductivity, and low cost. Activated carbon
(AC), nanocarbons (CNTs, graphene), and nanoporous metals can provide superior
capacitance via double-layer charging due to having a larger surface area [6].

In pseudocapacitors (Figure 1d), the charge storage is achieved via redox or Faradaic
reactions occurring at the surface of the electrode without ion diffusion. As a result,
pseudocapacitors give a higher capacitance and energy density than carbon-based EDLCs.
The cause of the pseudocapacitance can be due to various mechanisms such as redox
reactions, intercalation, doping, and underpotential deposition, as illustrated in Figure 2.
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Figure 2. Scheme of different types of redox reactions giving rise to pseudocapacitance. Reproduced
with permission from [24].

Metal oxides, nitrides, hydroxides, and sulfides and conducting polymers such as
polyaniline, polypyrrole, and polythiophene are pseudocapacitive materials. These ma-
terials are mostly hybridized with carbon materials to improve the available capacitance
and cyclic stability, because carbon-based materials can enhance the conductivity and
stability [4,7,12]. Table 1 compares the different pseudocapacitor material types, showing
their advantages and drawbacks.

Table 1. Comparison of different pseudocapacitor material types.

Pseudocapacitor Type Advantages Drawbacks

Transition metal oxides

RuO2

• High specific capacitance
• High-rate capability
• High proton conductivity
• Wide potential window
• Long cycle life

• High cost
• Environmental hazard

MnO2

• Outstanding theoretical specific
capacitance (1370 F·g−1)

• High oxygen evolution potential
• Low cost
• Abundance in nature
• Environmentally friendly
• Easy synthesis
• Good electrochemical performance

(especially in aqueous and
neutral electrolytes)

• Low conductivity
• Low-rate capability
• Insufficient cyclic stability owing to

MnO2 dissolution
• Broad band gaps
• Low ionic diffusion coefficient

V2O5

• Can be used as a pseudocapacitive
electrode in neutral and
aqueous electrolytes

• Easy preparation. It can be prepared
via electrodeposition, sol–gel,
hydrothermal, and
quenching methods.

• Low specific surface area
• Low solubility (limits the specific

capacitance improvement)
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Table 1. Cont.

Pseudocapacitor Type Advantages Drawbacks

Iron-based materials
(Fe2O3,Fe3O4) & (FeC2O4), FeOOH

• Natural abundance
• Low cost
• Environmental friendliness
• High theoretical capacitance

• Difficult to transfer theoretical
values into practical applications
due to

• Relatively small surface area
• Low electrical conductivity
• Poor rate performance
• Limited cyclic stability

Oxides/hydroxides of Ni/Co
• Simple preparation
• High theoretical specific capacitance

in basic electrolytes

• The strong alkaline nature probably
hinders practical applications in
future wearable electronics

Other oxides (InO2, WO3, MoO3, SnO2) • Good electrochemical performance
• Poor conductivity/Slow

kinetics/difficult to
synthesis/Unstable

Transition metal sulfides

(MoS2, FeS/Cos/CuS, NiS)

• High electrical conductivity
• High specific capacitance
• High mechanical and

thermal stability

Transition metal nitrides

• High electrical conductivity
(4000–5500 S·cm−1)

• Better sustainability than
metal oxides

• Synthesis demands strict operating
conditions that are incompatible
with wearable
electronic components

Vanadium Nitride (VN)

• High theoretical specific
capacitance (1340 F·g−1)

• Remarkable electrical conductivity
(1.67 × 106 Ohm·m) unlike other
anodes such as carbon-based
materials, MoS2, and Fe2N

• Large potential window
• Fast reversible redox reaction

• Mismatch between theoretical and
experimental values of capacitance

Conductive polymers (CP) are potential candidates for future wearable electronics
energy storage devices due to their inherent polymeric elastic nature, good electrical
conductivity, and capability to undergo fast and reversible redox reactions. CPs become
good conductors after doping and have a low equivalent series resistance. As a result, they
experience quick redox reactions yielding good capacitance. They also have a wide voltage
window leading to high energy density. CPs also enable the storage of charges without
structural and phase changes. This allows for greater capacitance due to a larger surface
area and a greater charge storage capacity.

CPs undergo redox reactions due to the presence of conjugated pi electrons. The ions
travel to the backbone of the polymer during doping or oxidation and move back to the
electrolyte during de-doping or reduction. Table 2 discusses the advantages and drawbacks
of popular CPs used for energy storage devices [4,7,12].
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Table 2. Comparison of different conductive polymers.

Type of Conducting Polymer Advantages Drawbacks

PANI

• High electronic conductivity
• Redox and ion-exchange properties

resulting in high capacitance
• Ease of preparation
• Excellent environmental stability
• Lightweight
• Low cost
• High flexibility
• Environmental friendliness

• Mechanical stress during
charge–discharge leads to poor
cycle life

PEDOT-PSS

• High conductivity
• High redox active
• Good chemical and

electrochemical stability
• Ease of preparation

• Low specific capacitance due to
high molecular weight and low
doping level.

Polypyrrole (PPY)

• Conductivity in the range of
10–500 S·cm−1

• Better rate capability
• More flexible and denser than other CPs.

• Unable to be doped with n-doped
materials, hence its application is
limited to cathode of SCs

2.2. Supercapacitor Designs

A supercapacitor can have different designs based on the types of electrodes. A
symmetric supercapacitor consists of an anode and cathode made of the same material,
and carbon materials are commonly used. In contrast, an asymmetric supercapacitor can
have various combinations of electrode materials, as shown in Figure 3 [24].

A hybrid capacitor is a combination of two electrode types—one a capacitive type
and the second a capacitive Faradaic (pseudocapacitive) or non-capacitive Faradaic type
(battery type). Combining both capacitive and Faradaic kinds of electrodes helps to achieve
higher energy and power densities greater than EDLC devices, while also providing better
cyclic stability and affordability, the absence of which has hindered the wide usage of
pseudocapacitors in the past.

2.3. Performance Metrics of Supercapacitors

The capacitance of a supercapacitor system (C) is given by:

1
C

=
1

C1
+

1
C2

(2)

In the charged state, the two electrodes with capacitance C1and C2 act like two ca-
pacitors in series. The electrode with the lower capacitance determines the capacitance of
the system.

A supercapacitor’s energy density or specific energy (E) is the amount of energy stored
per unit mass, volume, or area of the active electrode materials or the whole device.

E =
1
2

CU2 (3)

where U is the operating voltage.

10



Energies 2022, 15, 6506

The specific power or power density (P) is the amount of power a supercapacitor
can deliver per unit mass, volume, or area of the electrode’s active materials or the whole
device [17].

P =
U2

4RS
(4)

where Rs is the equivalent series resistance of the supercapacitor. The performance of
an energy storage device is determined by the Ragone plot, which expresses the relation
between the specific energy and specific power (Figure 4).

Figure 3. Schematic representation of the symmetric, asymmetric, and hybrid configurations. (a) Sym-
metric supercapacitor. As shown in the figure, asymmetric supercapacitors cover a wide range of
electrode combinations, including (b) two different EDLC electrodes (c) with the same material at
both electrodes but different mass loadings, (d) two pseudocapacitive electrodes with different com-
positions, (e) one EDLC electrode with a pseudocapacitive electrode (e.g., an activated carbon/MnO2

aqueous supercapacitor), (f) one EDLC electrode with a composite electrode (that can be a composite
of carbon-based materials with a metal-based species), (g) a hybrid configuration that is fabricated
using a capacitor-type negative electrode and a battery-like positive electrode, and (h) a hybrid
architecture (typical of a Li-ion capacitor) that is fabricated using a battery-type negative electrode
and an EDLC positive electrode. Reproduced with permission from [24].

Figure 4. Ragone plot for the current generation of capacitors, supercapacitors, batteries, and fuel
cells. Reprinted with permission from [25].
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From the Ragone plot, it can be observed that the electrochemical capacitors have
higher specific power levels than batteries and fuel cells but lower energy densities than
them. Therefore, the current research is focused on designing supercapacitors with higher
energy density without compromising on their excellent power density. Additionally, it
can be noted from Figure 4 that carbon-nanotube-based electrochemical capacitors have
superior power and energy properties over other electrochemical capacitors.

3. CNT Fiber for SCs

Carbon nanotubes (CNTs) are apt candidates with an SP2 hybridized carbon, possess-
ing all of the desired properties for a wearable SC. Due to the 1D nanostructure, they can
be easily assembled into a 1D fiber. Furthermore, the CNTs retain high mechanical strength
and flexibility and an exceptional specific surface area when assembled from the nanoscale
to macroscopic scale in the fiber form. With all of these attributes, CNT assemblages in
the fiber form can simultaneously be used as fiber scaffolds, current collectors, and active
material electrodes for wearable SCs [5,7,8].

3.1. Fabrication of CNT Fibers

The macroscopic assemblage of CNT fibers from nanoscale carbon can be accomplished
without complex treatments such as carbonization, which is an added advantage of the
CNT fiber fabrication. The fabrication can be accomplished via (1) wet spinning from CNT
dispersions, (2) dry spinning from CNT aerosols, (3) dry spinning from CNT arrays or
forests, and (4) the twisting of CNT thin films. The CNT fiber’s electrical, mechanical, and
electrochemical properties depend on the fiber morphology (the structural alignment and
pore structure). The fiber morphology, in turn, is determined by the assembly methods and
related process parameters.

3.1.1. Wet Spinning from Dispersions

The wet spinning of CNT fibers from dispersions is a scalable process that has been
practiced since 2000 [26]. It is usually accomplished by preparing a homogenous dispersion
of CNTs with a surfactant or polymer and extruding it into a coagulation bath. The extruded
flow becomes a solidified fiber enabled by the nanomaterials’ agglomeration during the
fiber’s wet drawing. The latter is accomplished using a rotating spool, a rotating coagulation
bath, or fiber gravity. The obtained fiber is mechanically strong but exhibits poor electrical
and thermal properties due to the presence of the polymer. Polymer-free dispersion and
spinning processes have also been succeeded tested, as reported by Behatbu in 2013 and
Bucossi in 2015 [27,28]. The fiber morphology and fiber properties can be fine-tuned via
the optimization of the wet spinning parameters, which include the following:

• The extrusion speed;
• The needle or spinneret diameter and shape;
• The quality and concentration of spinning dispersion;
• The rotation speed in the rotated spinning method;
• The nature of the coagulation bath (fast coagulation results in a non-homogenous

structure, while slow coagulation imparts a homogenous structure);
• The drawing speed and ratio (a higher ratio improves the alignment, strength, and

fiber conductivity);
• The post-treatment, if any (such as annealing, which is used to remove the oxides to

make the fibers more conductive).

Kou et al. demonstrated a coaxial wet spinning process [29] to achieve a higher
capacitance and rate capability using CNTs and reduced graphene oxide (RGO) as the
spinning dope. In the coaxial spinning process, the spinneret consists of two inlets, one for
the core and the other for the sheath, as shown in Figure 5a.

The core combines CNTs and RGO; the sheath is made of sodium carboxy methyl
cellulose (CMC). The polyelectrolyte (CMC) acts as an ion-permeable membrane but is
insulative to the electron flow. An electrode RGO+CNT@CMC is spun with a GO and CNT
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mixture (w/w, 1/1) of 20 mgml−1 and CMC 8 mgml−1. SEM images of the coaxial fiber can
be seen in Figure 5b–d. Two coaxial fiber electrodes (CNT + RGO @ CMC) are intertwined
to form a two-ply yarn SC with a layer of PVA-H3PO4 gel electrolytes (Figure 5e–g). The
CMC sheath layer protects the SC from short circuits. The SC yarn with a mixture of
RGO + CNT outperformed the other SC with only RGO @ CMC and CNT @ CMC. The
aerial capacitance CA of CNT + RGO @ CMC exhibited superior capacitance of 177 mFcm−2

(158 F/cm3) at a current density of 0.1 mA/cm2, whereas the CA values for RGO@ CMC
and CNT@CMC were 39 mF/cm2 and 127 mF/cm2, respectively. The higher capacitance
could be attributed to the higher surface area formed by the synergistic combination of
CNT and RGO. Additionally, the superior electrochemical performance could be due to the
lower internal resistance, as confirmed via electrochemical impedance spectroscopy (EIS)
and shown in Figure 5i.

To assess the advantage of the coaxial spinning process, the authors fabricated a
control yarn SC via the conventional wet spinning of CNT + RGO dispersions and further
coated it with CMC. They also reported that the coaxial-spun SC exhibited a capacitance of
103 mF/cm2. In contrast, the conventionally spun and post-coated SC yarn gave a much
lower capacitance rate of 39 mF/cm2 at a current density of 0.1 mA/cm2. The main reason
is that the coagulation and drying of the outer CMC layer during the spinning process are
faster than for the core, which leads the sheath to tightly wrap around the core, resulting in
better ion transport between the electrolyte and electrode. Additionally, the pore formation
in the CNT and GO inner core during the spinning process is complicated due to the
uniform shrinkage of the CMC layer. A thicker layer increases the shrinkage force, which
affects the pore structure. Therefore, a thicker CMC provides higher capacitance to the SC.
Finally, it can be noted that the CMC has no pseudocapacitive effect in the process, and the
improved performance can be attributed to the coaxial spinning process.

Wet Spinning and Incorporation of Pseudocapacitive Materials

SCs based on nanocarbon usually exhibit limited capacitance because double-layer
electrochemical charging is the only charge storage mechanism. Therefore, combining
pseudocapacitive materials such as metal oxides and conducting polymers with carbon
is standard practice. Furthermore, wet spinning methods are advantageous because they
allow the easy incorporation of such active materials in the spinning dispersions, pro-
viding composite CNT electrodes with the required electrochemical performance and
other functionalities.

I. Metal oxides

Lu et al. [30] synthesized SCs with high mechanical strength and superior electrochem-
ical performance in the wet spinning of a liquid crystal dispersion containing single-walled
CNTs and by further electrodepositing MnO2. The “as-spun” single-wall carbon nanotubes
(SWCNTs) had a tensile strength and conductivity of 225 MPa and 450 ± 15 S·cm−1, re-
spectively. These values were 246% and 50% higher than the previously reported fibers.
The reason could have been the highly aligned SWCNTs and the low contact resistivity
between the CNT bundles. Further, MnO2, which has high theoretical capacitance, was
electrodeposited on SWCNT fibers to form a MnO2/SWCNT hybrid electrode. Two elec-
trodes contained PVA/LiCl as the electrolyte to form a parallel symmetric SC. As reported
by the authors, the SC exhibited an energy density of 14.1 Wh·kg−1 and a power density of
202 W·kg−1, and showed an increased capacitance of 16% after 10,000 cycles. The impres-
sive electrochemical performance was attributed to the fast ion transport made possible
by the uniformly deposited mesoporous MnO2 nanoflakes on the well-aligned, highly
conductive CNT fiber.

The method of active material loading via post-deposition on CNT fibers has lim-
itations for high loading rates. In contrast, the pre-deposition of the active material on
a vertically aligned carbon nanotube (VACNT) array, which is then twisted into a fiber,
is complicated and time-consuming. Therefore, Li et al. [31] tried using a conventional
wet spinning process to fabricate a hybrid SWCNT/MnO2 fiber, in which the aqueous
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dispersions of SWCNTs and MnO2 were mixed with the help of the surfactant sodium chlo-
rate, and were then spun, washed, and dried. The SWCNT/MnO2 hybrid fiber had a 75%
mass loading rate, conductivity of 761 S·cm−1, and volumetric capacitance of 74.8 F/cm3.
Furthermore, an SC fabricated in a parallel symmetric configuration using the hybrid
fiber gave an energy density of 10.4 mWh·cm−3 at a power density of 0.05 W·cm−3 and
exhibited good cyclic stability (94% capacitance retention in 5000 cycles). According to the
authors, the superior performance was due to the highly loaded conductive hybrid fiber
facilitating quick electrical pathways thanks to the close contact between the SWCNT and
MnO2 nanosheets and the hierarchical pore structure helping the faster ion transport.

Since the conductivity of the MnO2 used as pseudocapacitive material is low,
Kim et al. [32] identified a solution incorporating platinum nanoparticles (PtNP) with
MnO2 through a one-step scalable wet spinning process to produce CNT/MnO2/PtNP
composite electrodes. CNT powder, MnO2 powder, Pt nanoparticles, and water are mixed
together and injected into a coagulation bath of PVA/water. The process is scalable; how-
ever, greater the length, the greater the resistance. The added Pt nanoparticles increased the
conductivity, the PVA enhanced the mechanical strength, the CNT acted as a mechanically
stable conductive core, and the MnO2 provided the necessary pseudocapacitance. Two
parallel electrodes coated with PVA-LiCl fabricated as an SC exhibited a capacitance of
53.1 mF·cm−2 at 10mV/s, an energy density of 1.84 μWh·cm−2, and a power density of
13.3 μW·cm−2. The capacitance was 49 times higher than for CNTs in a bare SC due to
the presence of conductive Pt nanoparticles, which also reduced the resistance. The rate
capability was retained at 60% when the scan rate varied from 10 to 100 mV/s.

II. Conducting polymers

Meng et al. [33] demonstrated the wet spinning of stable dispersions of SWCNTs
and polyaniline nanowires (PANI NWs) with an outer PVA sheath. These flexible and
highly conductive electrodes were combined with a PVA-H3PO4 electrolyte to make twisted
yarn SCs. The yarn SCs with the composite SWCNT/PANI NWs exhibited 18-fold more
capacitance than the SCs based on bare SWCNTs.

Zheng et al. [34] fabricated a core–sheath SC electrode with the core being hyaluronic
acid (HA) and with CNTs and electrodeposited PANI as the sheath. While HA acts as a
biocompatible surfactant to improve the dispersion of CNT during wet spinning, it also
serves as an ion-conducting binder. PANI is deposited on the fiber via electrochemical
polymerization. The authors presented data showing that the HA/CNT/PANI electrode
revealed a 6-fold greater specific capacitance than the HA/CNT core. In contrast, the
HA/CNT core provided high levels of electrical conductivity, mechanical robustness,
and stiffness. The authors claimed the electrode’s superior mechanical, electrical, and
electrochemical performances were due to the in situ polymerization of PANI, which
facilitates hydrogen bonding between the carboxyl groups of HA and amine groups of
PANI. They also reported it as having high cyclic stability (90% capacitance retention
after 3000 cycles at 100 mV/s). The high-performing, low-cost electrode was possible not
only due to the synergistic interaction between the HA/CNT core and PANI sheath but
also thanks to the interaction and alignments of the HA/CNT core–sheath, including the
favorable pore structure and high specific surface area of the PANI.

III. Metal oxides and conducting polymers

Torres et al. studied [35] a mixture of carbon black (CB), CNT, and chitosan dispersions
which were wet-spun to form a carbon skeleton, after which the MnO2 (of two different
crystalline structures, εMnO2 and γMnO2) was electrodeposited, followed by dip coating
to form a layer of poly(3,4-ethylene dioxythiophene) (PEDOT) conducting polymer or
polypyrrole. Finally, symmetric SCs were fabricated from various combinations of the
above electrodes shown in Table 3, resulting in high capacitance and cyclic stability rates.
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Figure 5. The coaxial wet spinning assembly process, showing fabricated yarn SCs (YSCs), their
morphology, and their electrochemical performance. (a) Schematic of coaxial spinning. (b–d) SEM
images of RGO + CNT@CMC. (e–g) SEM images of two-ply SCs in (e) cross-sectional view and
(f) side view. The arrow in (e) is a PVA/H3PO4 electrolyte, and the inset of (f) shows the schematic
illustration of the yarn SCs. (g) SEM image of a two-ply yarn SC knot. (h–j) Electrochemical
performances of yarn SCs, (h) with the dependence of CA and CV on the charge–discharge current
density for RGO@CMC (3, 4), CNT@CMC (5, 6), and RGO + CNT@CMC (1, 2) YSCs. (i) Nyquist
plots, (j) showing the normalized capacitance (C/C0, where C0 is the initial capacitance) versus cycle
number for RGO@CMC (left), CNT@CMC (middle), and RGO + CNT@CMC (right) YSCs. Scale bars:
20 μm for (b), 10 μm for (c), 0.2 μm for (d), 50 mm for (e), 500 mm for (f), 200 mm for (g), 3 mm for
left, and 0.3 mm for middle and right (j). Reproduced with permission from [29].

Table 3. Fabrication steps to make symmetric supercapacitors. Reproduced with permission from [35].

1st Step: Wet Spinning
2nd Step: MnO2

Electrodeposition
3rd Step: Coating of
Conducting Polymer

Electrodes

CB-CNT fibers Mn(CH3COO)2 PEDOT MnAc2-PEDOT

Mn(CH3COO)2 PPY MnAc2-PPY

Mn(NO3)2 PEDOT Mn(NO3)2-PEDOT

Mn(NO3)2 PPY Mn(NO3)2-PPY

The SC with PEDOT gave a high capacitance fiber, while the one with polypyr-
role revealed higher cyclic stability. Therefore, to obtain both in a single SC, the Mn
(CH3COO)2/PEDOT fiber was coated with polypyrrole (PPY). As a result, the cyclic stabil-
ity improved from 79% to 89%, and the capacitance obtained was maintained at 549 F/g.
Thus, this study proves the opportunity for tuning the SC components from the different
layers available (MnO2, PEDOT/polystyrene sulfonate/PSS, PPY).
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3.1.2. Dry Spinning from CNT Aerosols

In this process, the precursor carbon source (organic vapor or solid carbon) decom-
poses at a very high temperature to produce carbon atoms. These grow into CNTs with the
help of catalyst nanoparticles formed in situ and floating in the vapor. With the help of van
der Waals forces or pi–pi interactions, the formed CNTs self-assemble into an aerogel or
network of nanobundles. These can be collected as long fibers on a spindle or as a ribbon,
or on a rotating drum [36] The number of walls, diameter, and length of the CNTs can be
controlled by fine-tuning the following process parameters:

• The carbon precursor;
• The catalyst concentration;
• The rate of hydrogen gas flow;
• The temperature of the pyrolysis.

The fiber morphology and mechanical and electrical properties can be optimized by
controlling the following aspects:

• The CNT alignment, length, and structure;
• The post-treatment;
• The rate of the gas flow;
• The speed of the winding;
• The presence of particulate impurities and defects.

Li et al. [37] grew ultra-long and well-aligned CNT fibers by winding the CNT aerogel
continuously, which was produced using the floating CVD process. A schematic of the
CNT floating catalyst CVD process is shown in Figure 6.

Figure 6. (A) (a) Schematic of the direct spinning process, called the floating catalyst CVD process.
Liquid feedstocks such as ferrocene and thiophene are dissolved in ethanol, mixed with H2, and
then injected into a hot zone where the CNT aerogel is formed. This aerogel is captured and wound
out of the hot zone by an offset rotating spindle. (b) Schematic of the wind-up assembly operating
at a lower temperature, outside the furnace hot zone.(B) SEM images of well-aligned multiwall
carbon nanotubes (MWCNTs) along with a twisted fiber collected from the furnace. Reprinted with
permission from [37].

3.1.3. Dry Spinning from CNT Arrays

In this method, the CNT fiber is drawn primarily by twisting from a super-aligned
CNT array synthesized via chemical vapor deposition (CVD) [38,39]. A schematic of
the CVD process of the CNT array synthesis and the spinning process can be seen in
Figure 7A,B. Our group developed and improved the synthesis process for spinnable
CNT arrays and the related dry spinning and fiber post-treatment process. As a result,
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high-purity CNT fibers were reproducibly fabricated and characterized, and the results are
published elsewhere [40,41].

The recipe for spinnable arrays has been perfected over the years regarding the gas
composition, flow rates, catalyst composition, reaction time, temperature, and pressure.
The fibers that are produced have a large surface area. They are further post-treated to
improve the mechanical and electrical properties [41–44]. The methods used to the enhance
mechanical strength and electrical conductivity practiced by our group were as follows:

• Performing fiber post-treatments such as (a) solvent densification, which decreases
the cross-sectional fiber area, bringing the CNT bundles closer; and (b) post-spinning
from a spun fiber (Figure 7C,D)

• Introducing optimized twisting during the spinning process;
• Annealing at a high temperature to remove the oxides and amorphous carbon and to

increase the conductivity;
• Cross-linking of the CNTs fibers with appropriate polymers to increase their strength.

3.1.4. Twisting from CNT Films

This fiber fabrication method draws CNT fibers from thin CNT films and sheets via
scrolling. During the scrolling, twisting, and drawing of the fibers, they are attracted to
each other and self-align into a network of nanobundles with the help of van der Waal’s
interactions [45,46] Figure 8 illustrates the formation of biscrolling fibers with different types
of twist insertions, such as Fermat-type, Archimedean-type, and dual Archemedean-type.

 
(A) 

(B) 

Figure 7. Cont.
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(C) 

(D) 

Figure 7. (A) Schematic of the thermal CVD process for the CNT array. (B) Schematic of the spinning
of CNT fibers from the CNT forest array. (C) Schematic of as-spun fiber and post-spun fibers and
comparison of the tensile strengths of “as-spun” and “post spun” CNT fibers. Reprinted with
permission from [38] (D). Comparison of the mechanical (a) load-bearing and (b) tensile strengths
of the pristine CNT fiber and the post-densified fiber with different solvents and temperatures.
Reprinted with permission from [42].
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Figure 8. (A) Schematic of a twist induced in a CNT spinning web. The active loaded material is rep-
resented by black dots. (B) SEM image showing a Fermat-type twist (Fermat scroll shown in the inset).
(C) Change from a Fermat to Archimedean scroll. (D) Archimedean scroll. (E) Dual Archimedean
scroll. (F) Sequential pics of a liquid-state twist insertion in a multiwalled CNT(MWCNT) with
filtration of the deposited boron nitride nanotubes. (G) Cross-sections of several twists marked in
(F,H,I) pictures of actual MWCNTs colored with red paint, both unscrolled and scrolled. (J) SEM
image of 70% Ti@MWCNT biscrolled yarn produced by symmetrically inserting a twist in a bilayer
rectangular sheet supported in a liquid bath. Reprinted with permission from [45].

4. Strategies to Improve the CNT Fiber’s Electrode Performance

As mentioned earlier, in CNTs, the only active material is carbon, so the available
type of charge storage is a double layer. Double layers are insufficient for most practical
applications due to their low capacitance and energy density. Hence, various strategies
have been developed to improve the electrochemical performance of CNT electrodes, such
as the (1) activating CNT fibers via heat treatment or surface oxidation to modify the
surface properties and functionalities, (2) combining the CNT fiber with pseudocapacitive
materials, and (3) co-plying with highly conductive metal wire [1,3,47,48].

4.1. Activation of CNT Fiber by Gamma Irradiation, Oxygen Plasma, or Acid Treatment

CNT fiber can undergo surface modifications via activation by gamma radiation, acids,
and oxygen plasma. The treatments often lead to improvements in the electrochemical
properties, which can be attributed to:

• The introduction of functional groups on the surface;
• The modification of the pore structure and the opening of new pores;
• Increasing the surface area;
• Decreasing the gravimetric density;
• Changing the surface energy by promoting hydrophilicity.

The effects mentioned above are reversed during the activation by heat treatment,
with a decreased pore density and surface area, increased graphitization in the carbon
microstructure, and increased gravimetric density [6].

4.1.1. Activation by Gamma Radiation

Su et al. [49] activated a CNT fiber using gamma irradiation and obtained improved
mechanical, electrical, and electrochemical performances for two-ply yarn SCs. Significant
improvements were seen in the mechanical strength (the breaking strength increased from
574.5 MPa to 773.4 MPa), conductivity (increased from 3596 S·m−1 to 5494 S·m−1), and

19



Energies 2022, 15, 6506

gravimetric capacitance (increased from 6.2 F·g−1 to 9.2 F·g−1) after irradiation. Addition-
ally, the XPS results showed an increase in the percentage of O2 from 0.4% to 3.6%.

4.1.2. Activation by Oxygen Plasma Treatment

Adusei et al. [50] studied the effects of atmospheric pressure oxygen plasma function-
alization on CNT fibers. The CNT fibers were subjected to plasma functionalization for
various plasma parameters, such as the plasma power and oxygen flow, characterized as
(a) low (60 W and 0.1 L/min), (b) medium (100 W and 0.3 L/min), and (c) high (140 W
and 0.55 L/min), respectively. The secondary gas (helium) flow rate was maintained at
15 L/min for all the other plasma parameters. The fibers were passed through the plasma
head in a continuous roll-to-roll process at two linear speeds (0.465 cm/s and 0.206 cm/s).
The electrochemical characterization of the treated CNT fibers under various conditions
revealed that the medium-oxygen plasma-treated fibers (100 W and 0.55 L/min) with
a lower speed of fiber passing through the plasma head (0.206 cm/s) gave the greatest
specific capacitance. The treated fibers showed an increase in surface area from 168.22 m2/g
to 208 m2/g and a 132.8% increase in specific capacitance. The impressive capacitance
improvement was due to the introduction of functional groups on the CNT fiber containing
oxygen, the increased hydrophilicity, and the enhanced surface area due to pore opening.

4.1.3. Activation by Acid Treatment

The acid treatment of CNT fibers after thermal oxidation was studied by Liang et al. [51].
First, the thermal oxidation of the iron nanoparticles formed during the tube growth was
conducted in air at 400 ◦C. Then, the acid treatment was performed by soaking the fiber
in a mixture of HNO3-H2SO4 (1:3 volume ratio) with stirring for 6 h, followed by rinsing
with DI water and drying. As a result, the activated fiber showed an increase in oxygen
level from 11.63% to 20.77%. In addition, the Brunauer, Emmett, and Teller (BET) surface
area increased from 138.3 m2·g−1 to 236.8 m2·g−1. These two effects contributed to an
outstanding electrochemical performance, achieving a capacitance rate of 1988 mF·cm−2 at
2 mA·cm−2 and cyclic stability of 10,000 cycles with only 3% capacitance loss.

4.2. Combining Pseudocapacitive Materials with CNT

Pseudocapacitive materials can combine redox reactions and double-layer charging to
achieve higher capacitance rates and energy storage densities.

4.2.1. Deposition of Active Materials after Fiber Fabrication
Metal Oxides and Hydroxides

MnO2 is the most attractive pseudocapacitive oxide due to its low cost, abundance,
and high specific capacitance value. However, it has the limitation of poor conductiv-
ity, and this problem imposes a great challenge, especially in highly loaded composites.
Usually, introducing a nanoscopic scale of MnO2 can provide adequate electrochemical
performance, but low loading often causes low energy and power densities. Therefore,
Kim et al. [52] found a solution to circumvent the conductivity issue while providing high
loading with the oxide. They designed a composite electrode with CNT as the core layer
with electrodepositing alternating layers of MnO2 and Ag within the resulting sheath. The
highly conductive intermediate silver layer shortened the ion diffusion length in the MnO2.
In addition, it acted as a conductive bridge between MnO2 aggregates and the Ag layer, so
that during charging and discharging the flow of electrons is rapidly transferred by the Ag
layer, which does not affect the rate capability of the device, irrespective of the amount of
MnO2 loading. The Ag/MnO2 parallel symmetric two-ply sheath–core yarn SC showed
a capacitance of 322.2 mF·cm−2 (208.1 F·cm−3) and an energy density of 18.3 μWh·cm−2.
The rate capability was increased from 21.2% to 42.6% from pristine MnO2 sheath–core vs.
Ag/MnO2 sheath–core SC.

As discussed earlier, the MnO2 composite not only has the disadvantage of low conduc-
tivity but also a short cycle life. Zhou et al. [53] circumvented this problem by innovatively
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adding black phosphorous into the CNT/MnO2 composite. The CNT yarn was immersed
in KMnO4, HCl, and black phosphorous (BP) nanosheet aqueous solutions. The KMnO4
was reduced to MnO2, and the CNT/MnO2/BP composite electrode was formed. Two
polyvinyl alcohol (PVA)-KOH-coated CNT fibers were twisted into a two-ply yarn SC,
which gave a promising electrochemical performance. The capacitance was reported to be
441.79 F·cm−3 at 0.01 V·s−1. The energy density reached 9.82 mWh·cm−3, and the power
density value was 441.79 mW·cm−3. This study also reported a 37.9-fold increase in capaci-
tance for the CNT-MnO2-BP yarn SC compared to the CNT yarn and a 2.4-fold increase
compared to the CNT-MnO2 yarn SC. According to the authors, these remarkable results
can be attributed to the highly conductive CNT substrate, the pseudocapacitance provided
by the MnO2, and the rapid ion diffusion enabled by the phosphoric-acid-based electrolyte
formed via the reaction of black phosphorous and KMnO4 during the formation of MnO2.
The rapid ion diffusion helped to increase the specific capacitance and cyclic stability.

Zhou et al. [54] fabricated a sandwiched CNT composite by electrodepositing a pseu-
docapacitive transition metal oxide mixture of Co3O4@NiO and coating a graphene layer
over it. The CNTs act as a substrate with a high specific surface area for the electrodepo-
sition of the transition metal oxide, Co3O4@NiO, which offers numerous active sites for
redox reactions. In addition, the graphene layer decreases the equivalent series resistance
(ESR) and increases the power density and cycle life. A two-ply yarn SC was fabricated by
twisting two composite sandwich fibers and applying PVA-KOH as an electrolyte between
them. The SC yielded a high capacitance of 263 F·cm−3 at 0.01 V/s, an energy density of
5.86 mWh·cm−3, and a power density of 263.64 mW·cm−3.

Le et al. [55] introduced another innovative approach to improving the electrochemical
performance using a two-step strategy, namely increasing the surface area by growing ZnO
nanorods on the CNT surfaces and coating them with a pseudocapacitive material like a
nickel cobalt double hydroxide. As a result, the electrode exhibited an excellent capacitance
of 1278 F·g−1 at a scan rate of 5 mV·s−1 and cyclic stability of 7000 cycles with a capacity
retention rate of 60.5%.

Metal Sulfides

Jian et al. [56] fabricated an SC, solving the issue of the delamination of metal ox-
ides and sulfides coated on the CNT surfaces. For this, a hybrid substrate of CNTs and
reduced graphene oxide (RGO) was prepared, where the RGO served as an adhesive layer.
Molybdenum sulfide was then coated onto the hybrid layer to allow the pseudocapacitance.
Thus, a composite electrode of MoS2/RGO/CNT was formed. Next, a symmetric parallel
SC was fabricated using PVA-H2SO4 as an electrolyte. The authors reported for this SC a
capacitance of 190.4 F/g at 0.2 A·g−1 and 85% capacitance retention after 5000 cycles.

4.2.2. Incorporation of Active Material before or during Fiber Fabrication

The deposition of active materials after the fiber formation has limitations because of
the following reasons:

• Higher loading is not possible since it does not increase the capacitance, as the accessi-
ble surface area is considerably reduced;

• The resistance increases along with the ion diffusion distance, substantially reducing
the power density, resulting in greater energy consumption.

As an alternative to surface deposition, embedding the active materials into the CNT
structure before its formation seems to be a more practical approach. In this process, the
nanosized active materials are overlaid on the CNT sheet or film before the fiber is twisted.
Compared to surface cladding, this type of incorporation allows much higher loading and
a closer contact of the active materials with the nanocarbon bundles, facilitating higher
EDL pseudocapacitance. In addition, these materials can create more pores and channels
for faster ion adsorption and diffusion, thereby increasing the capacitance, rate capability,
and cyclic stability.
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Shi et al. [57] successfully designed amorphous MnO2@ MWCNT fiber electrodes
for SCs with improved flexibility, energy density, and high cyclic stability. Amorphous
MnO2, which has a highly disordered structure, was incorporated into the MWCNT sheet
by immersing a stacked MWCNT sheet into a mixture of a KMnO4/H2SO4 aqueous
solution, followed by twisting the sheets into a fiber with the help of an electric motor.
Two such twisted yarns were used to fabricate symmetric solid-state SCs using PVA-LiCl
as an electrolyte, which showed a capacitance of 8.5 F·cm−3 (13-fold than MWCNT fiber
SC) and an energy density of 1.5 mWh·cm−3, and surpassed 15,000 charge–discharge
cycles retaining 90% of the capacitance. Furthermore, due to the close contact between
the MnO2 and MWCNT, the synergy between them made the highly aligned MWCNT
substrate with uniformly distributed MnO2 particles highly conductive and mechanically
stable. Additionally, the nano MnO2 particles with large surface areas provided numerous
accessible active sites for redox reactions, shortening the electron and ion diffusion lengths
and allowing the MnO2 to be accessible for charge storage.

5. Strategies to Improve Device Performance

As mentioned in Section 2.3, a supercapacitor device is assessed by its energy density
and power density.

The energy density is given by Equation (3):

E =
1
2

CU2

and the power density is given by Equation (4)

P =
U2

4Rs

where U is the working voltage, C is the capacitance, and Rs is the internal resistance.
Increasing the working voltage is more impactful than increasing the capacitance to

raise the energy density. The working voltage can be increased by:

• Configuring an asymmetric type of capacitor;
• Using electrolytes with a wide working voltage;
• Modifying the electrode to widen the voltage window;
• Using redox electrolytes.

To increase the power density, the internal resistance has to be reduced by increasing
the conductivity. One way to increase the conductivity is via co-plying with metals [1,58].

5.1. Metal Wire Co-Plying

CNT fiber SCs, because of their increased length, will have high internal resistance,
resulting in a large potential drop under a high current density. To improve the rate
capabilities at higher currents, it is often helpful to couple a highly conductive metal wire
with CNTs for fast electron transfer.

Wang et al. [59] fabricated (Figure 9A) an SC with individual electrodes consisting of
CNT and Pt yarn twisted together at 5000 turns/min and coated with PANI. The yarn was
named Pt/CNT@ PANI. When subjected to cyclic voltammetry at a very high scan rate of
500 mV/s, the symmetric SC maintained a symmetrical shape compared with those formed
at 10 mV/s. Figure 9(Bb) displays the capacitance–voltage (CV) curves at 100 mV/s for a
PANI-coated CNT fiber with and without platinum. Additionally, a galvanostatic charge–
discharge (GCD) test was conducted. The CV and GCD curves showed that the SC with
platinum provided a greater capacitance area in the CV curve and a longer discharge time
in the GCD test. Figure 9C shows the rate capability result, highlighting that a capacitance
retention rate of 68% was achieved when the current density was increased from 0.8 to
40 mA·cm−2, revealing good stability over large currents. The electrochemical impedance
spectroscopy (EIS) measurements with a frequency loop from 105 Hz to 102 Hz using an
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amplitude of 5 mV at an open-circuit potential (Figure 9(Bf)) showed that the SC with Pt
gave an ESR of 30 ohms.

Figure 9. (A) Schematic of the fabrication of SCs. (B) The electrochemical properties of two-ply
nanocomposite yarn SCs: (a) CV of the Pt/CNT@PANI yarn SC; (b) CV curves of CNT@PANI
and Pt/CNT@PANI yarn SCs at 100 mV·s−1; (c) galvanostatic charge–discharge (GCD) curves
of the Pt/CNT@PANI yarn SC at different current densities; (d) GCD curves of CNT@PANI and
Pt/CNT@PANI SCs at 2.4 mA/cm2; (e) areal capacitance of the Pt/CNT@PANI yarn SC at different
current densities; (f) EIS of CNT@PANI and Pt/CNT@PANI SC devices. (C) Characterization of the
Pt/CNT@PANI nanocomposite yarn supercapacitor: (a) IR loss (drop of the cell internal resistance)
as a function of the discharge current density; (b) cycle performance at varying current densities;
(c) capacitance retention with different charging–discharging cycles and a constant current density
of 4 mA/cm2; (d) capacitance retention under different bending states; (e) GCD of two devices
connected in series and (f) in parallel. Reproduced with permission from [59].
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In contrast, without Pt, this parameter result was 40 ohms. The IR drop against
the increasing current gave a smaller value and a less steep slope for the SC with Pt
compared to the one without Pt. The SC with Pt also exhibited good cyclic stability with
a capacitance retention rate of 80% after 5000 cycles. The PANI-coated CNT SC with Pt
yielded a capacitance rate of 91.67 mF·cm−2, an energy density of 12.68 μWh·cm−2, and
good cyclic stability.

Wu et al. [60] also twisted a number of CNT yarns with a platinum wire followed
by PANI deposition. The 5 CNT yarns twisted with Pt gave the best results. No-
tably, Pt/5-CNT@PANI showed excellent electrochemical performance, revealing a
specific capacitance rate of 217.7 F·g−1 at 0.2 A/g current density, an energy density of
30.22 Wh/kg, and a power density of 91.88 W/kg.

Wang et al. [61] reported on copper wire intertwined with CNT to be used as a
current collector. The spinel-type nickel–cobalt oxide was hydrothermally deposited on
the obtained composite yarn. According to these authors, the SC was fabricated from two
individual CNT/copper intertwined yarns on which NiCo2O4 (NCO) nanowires were
grown. The Cu enhances the conductivity, and the porous CNT allows quick charge
transport between the electrolyte and the electrode. NCO was the only electroactive
material used. The obtained SC exhibited a capacitance of 277.3 mF·cm−2 and an energy
density of 35.76 μWh·cm−2 at a power density of 0.154 mW·cm−2. In addition, this device
showed excellent cyclic stability, with 89% capacitance retention after 5000 cycles.

5.2. Fabrication of an Asymmetric-Type Configuration

Symmetric SCs consist of positive and negative electrodes of the same active material
with the same weight. The working voltage of a symmetric SC depends on the electrolyte
and the active materials’ potential window (PW). The PW is limited when an aqueous
electrolyte is used due to water electrolysis (1.23 V (thermodynamic value), resulting in
hydrogen and oxygen evolution. For pseudocapacitive materials such as PANI, PPY, and
MnO2, the PW can be narrower as the PW of the electrolyte can impact it. Additionally,
the specific capacitance of a two-electrode SC made of pseudocapacitive materials such
as PANI and PPY is always inferior to those obtained using three electrodes, because
in a two-electrode cell the positive and negative electrodes will be working in different
potentials, leading to different specific capacitances. This means that the one with the lower
capacitance will determine the total specific capacitance, as per the Equation (2)

1
C

=
1

C1
+

1
C2

The performance matrix of an SC, like the energy and power density, can be increased
by raising the working voltage, which can be expanded by using an asymmetric config-
uration. This can be achieved via different active materials at the positive and negative
electrodes with different PWs, or when using the same active material with varying mass
ratios. The PW can be wider if the positive electrode is reversibly charged to a maximum
high and the negative one to a low minimum value. An asymmetric capacitor can give
a maximum capacitance when C1 = C2, or CM+M+ = CM−M−, where CM+, M+, CM−,
and M− are the gravimetric capacitance and mass ratios of the positive and negative
electrodes, respectively. Asymmetric SCs can be fabricated from a host of positive and
negative electrodes and can have wider working voltages and capacitances, resulting in
very high energy and power densities [3,4]. The common pseudocapacitive materials and
their properties are listed in Tables 1 and 2 of Section 2.1.

5.2.1. Transition Metal Oxide and Hydroxide Based Asymmetric Capacitors

Most asymmetric SCs reported in the literature are fabricated using transition metal
oxides, hydroxides, sulfides, and nitrides (Ni, Co, Fe, V, Ti, Mo) as the pseudocapacitive
materials. Yao’s group [62] investigated the growth of Co3O4 on conductive substrates
such CNT fibers. They used these for a positive electrode when fabricating an SC with
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vanadium nitride nanowires grown on the CNTs as the negative electrode. Co3O4 is an
inexpensive and promising positive electrode material with high theoretical capacitance.
Vanadium nitride, employed as a negative electrode, has a very high theoretical capacitance
of 1340 F. A PVA-KOH gel electrolyte was used, which provided a cell voltage of 1.6 V. The
SC exhibited an energy density of 15.79 mWh·cm−3 and a power density of 3.232 W·cm−3.
The SC gave a capacity retention rate of 93.01% after 3000 bend cycles at 90◦.

Layered transition metals hydroxides (TMOH) such as Ni (OH)2 and FeO(OH) are
capable of fast redox reactions within the space between the layers, thereby increasing the
capacitance value.

Lu’s group [63] constructed a coaxial type of SC to ward off the decreased specific ca-
pacitance effects with parallel and twisted construction types and successfully fabricated an
SC with MoS2@ Fe2O3/CNT paper as the negative electrode and Ni(OH)2 @NiCo2O4/CNT
fiber as the positive electrode with a PVA-KOH electrolyte. With a voltage window of 1.6 V,
the SC gave a specific capacitance of 373 F·cm−2 at a current density of 2 mA·cm−2. The
achieved energy density was 0.13 mWh·cm−2, the power density 3.2 mW·cm−2, and the
capacity retention rate was 83.3% after 10,000 cycles.

Various combinations of positive and negative electrodes were attempted, with the
researchers claiming higher working voltages. However, the obtained energy density
values are still unsatisfactory for practical applications.

Yao’s group [64] successfully fabricated a ternary metal oxide (ZnNiCo) with nickel
hydroxide nanowire arrays (NWAs), cladding the CNT fiber as the positive electrode
(ZNCO@Ni(OH)2NWAs/CNTF/KOH-PVA) and a thin layer of carbon coated vanadium
nitride on the CNT fiber as the negative electrode (VN@C NWAs/CNTS) in a coaxial
fiber configuration (Figure 10A). The coaxial fiber-based asymmetrical supercapacitor
(CFASC) gave an impressive specific capacitance of 94.67 F·cm−3, with an energy density
of 33.66 mWh·cm−3 and with more than 90% capacitance retention after 3000 bend
cycles (Figure 10B). Other transition metal oxide (TMO)-based asymmetric capacitors are
displayed in Table 4.

Yao’s group [65] fabricated a fiber supercapacitor (FSC) with a ternary oxide (MoNiCo)
on CNT fiber as the positive electrode and thin carbon-coated vanadium nitride nanowires
on CNT fiber as the negative electrode with PVA-KOH as the gel electrolyte. The use of
a ternary oxide is intended to increase the electronic conductivity and electrochemical
activity due to the mixed valence metal cation. This might not be the case when mono- or
bi-metal oxides such as Co3O4 are used, which suffer from low capacitance and electrical
conductivity levels. Furthermore, the hierarchical dandelion-like ternary oxide structure on
the CNTs provides a greater surface area, leading to more accessible sites on the electrode
for the electrolyte, resulting in fast electron ion transport. The authors of this work reported
an SC with a voltage window of 1.6 V, capacitance of 62.3 F·cm−3, energy density of
22.2 mWh·cm−3, and 90.2% capacitance retention after 3500 bend cycles.

Peng’s group [66] fabricated an FSC using a polyimide-based polymer for high me-
chanical strength and MnO2 for high pseudocapacitance. As a result, the FSC revealed a
reasonably high working voltage of 2.1 V, mechanical strength of 264 MPa (tensile strength),
energy density of 36.4 μWh·cm−2, and power density of 0.78 mW·cm−2. These results are
credited to the combination of MnO2/CNT as the positive electrode and polyimide/CNT
as the negative electrode with carboxy methyl cellulose (CMC)/Na2SO4 as the electrolyte
in a parallel configuration with a voltage window of 2.1 V.

Zhang’s group [67] successfully investigated the pre-insertion of cations such as Na+

onto MnO2 nanosheets to enhance the capacitance (Figure 11A).
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Figure 10. (A) (a) Cross sectional structure of the CFASCs (coaxial fiber shaped asymmetric super-
capacitors). (b) Wrapping of the VN@C NWAs/CNTs around the surface of the ZNCO@Ni(OH)2

NWAs/CNTF/KOH–PVA. (B) Electrochemical characterization and flexibility analysis of the as-
assembled CFASCs: (a) CV curves of the assembled CFASCs measured at different scan rates between
0 and 1.6 V; (b) GCD curves collected at different current densities between 0 and 1.6 V; (c) areal
and volumetric specific capacitances calculated from the GCD curves as a function of the current
density; (d) volumetric energy and power densities of CFASCs compared with previously reported
FASCs (fiber shaped asymmetric supercapacitors); (e) GCD curves of the as-assembled CFASCs bent
at various angles and a current density of 10 mA/cm2; (f) Normalized capacitances of our CFASCs
bent 90◦ for 3000 cycles. Reproduced with permission from [64].

The low conductivity of MnO2 results in poor ion diffusion, and the insertion of Na/K
ions improves the conductivity, thereby enhancing the capacitance. An FSC with a twisted
configuration, as shown in Figure 11A, showed good performance due to the effective
design of the positive electrodes as Na-doped thin MnO2 nanosheets on the CNT fiber.
The adequately chosen negative electrode, which was a flowerlike thin MoS2 nanosheet
array, provided the SC with a high working voltage of 2.2 V. As reported in this publication,
the FSC exhibited a high specific capacitance of 265.4 mF·cm−2 and energy density of
178.4 μWh·cm−2. Moreover, no capacitance loss was noticed after 3500 bending cycles at
120◦ (Figure 11(Bf)).
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Figure 11. (A) Detailed illustration of the fiber shaped asymmetric supercapacitors (FASCs) (B) Elec-
trochemical study of the FASCs: (a) FASC CV curves at various scanning rates of 5–100 mV/s;
(b) GCD curves with different current densities of 1–10 mA/cm2; (c) areal specific capacitance as
a function of the current density; (d) FASC power density and areal energy density compared to
previous FSCs; (e) CV curves of the FASCs under various bending angles; (f) capacitance retention of
the FASCs exposed to bending angles of 120◦ for 3500 cycles. Reproduced with permission from [67].

5.2.2. Conducting Polymer-Based Asymmetric Supercapacitors

Chen’s group [68] developed an easy synthesis technique wherein a mixture of CNTs
plus PPY is deposited on the CNT core (positive electrode), and a mixture of RGO plus
CNTs is electrodeposited on the CNT core as the negative electrode (Figure 12A). The
created fiber shaped asymmetric SC (FASC) gave a higher specific capacitance and greater
mechanical strength. The gel electrolyte PVA-H3PO4 provided a voltage of 1.6 V, which
yielded a capacitance of 58.82 mF·cm−2. The FSC (fiber-based SC) was fabricated as il-
lustrated in Figure 12A, and the hierarchical construction resulted in a 3D pore structure
providing a better electrochemical performance. The authors reported an energy density
of 20.91 μWh·cm−2 and a power density of 6.4 mW·cm−2. The specific capacitance re-
tention rate was 98.6% after 200 bend cycles and 90% after 10k regular charge–discharge
cycles (Figure 12C).
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Figure 12. (A) Schematic of the fabrication of an FASC. (B) Electrochemical performances of FASC:
(a) CV curves at various scan rates ranging from 10 to 1000 mV·s−1; (b) GCD curves at the current
densities from 0.5 to 8 mA·cm−2; (c) areal and volumetric specific capacitances at various current
densities; (d) Nyquist plots carried out in a frequency range from 100 kHz to10 MHz. The inset shows
the enlarged plot in the high-frequency region (C): (a) CV curves for the asymmetric capacitor at
a scan rate of 50 mV·s−1, under different bending states, with the inset showing an illustration of
an asymmetric supercapacitor at different bending angles; (b) GCD curves at a current density of
2 mA·cm−2 for the asymmetric supercapacitor under different bending states; (c) Ragone plots of
the presently and previously reported supercapacitors; (d) capacitance retention during 10,000 GCD
cycles. The inset shows a LED lit up at 2.4 V by two asymmetric supercapacitors in series. Reprinted
with permission from [68].
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Table 4 summarizes the current asymmetric SCs reported recently with details about their
configuration, electrodes, electrolyte, working voltage, and electrochemical performance.

5.3. Use of Electrolytes with a Wide Potential Window

Electrolytes with a wide potential window can increase the working voltage to improve
the device’s performance. The most commonly used electrolytes in SCs are aqueous
solutions based on sodium sulfate (Na2SO4), potassium hydroxide (KOH), and sulfuric
acid (H2SO4). These have the following advantages:

• High ionic conductivity;
• Environmental benignity;
• Non-flammability;
• Small ionic radius.

However, their PW is limited to 1.23 V due to the earlier mentioned reasons. Another
option is to use organic electrolytes with a greater potential window of 2.5–3 V. Nevertheless,
organic solvents are flammable, volatile, toxic, and unsafe. Additionally, the power density
could be poor due to the low conductivity of the organic electrolytes. Another group of
non-volatile electrolytes is ionic electrolytes, which are less flammable with a PW greater
than 3. Therefore, it is the safest group among the above three. Gel polymer electrolytes
represent a recent group of electrolytes that are used widely for solid-state SCs. They are
made by mixing a polymer with an ionic or organic electrolyte and can provide a wide
voltage window that ensures good performance [3]. For example, Shanov’s group [50]
compared the specific capacitance of an oxygen-plasma-functionalized CNT fiber SC in
three electrolytes. The SC with the PVDF-EMIMBF4 electrolyte gave 25% and 65% more
capacitance than the PVDF-EMIMTFSI and PVA-H2SO4 electrolytes, respectively.

Table 4. Summary of the asymmetric supercapacitors and their characteristics recently reported in
the literature.

Electrodes

Positive Negative
Electrolyte,
Cell Voltage

Capacitance Energy Density (Ed)
Power
Density (Pd)

Capacity
Retention/No. of
Cycles

Ref

NCO/VG@
CNTF VG@CNTF PVA-KOH

(1.8 V)
188 F·g−1 @
5 A·g−1 65 Wh·kg−1 100 W·kg−1 93.1% after 5k

bending cycles [69]

PANI-CNTF FeC2O4/
FeOOH-CNTF

PVA-KOH
(2.1 V)
PVDF-EMIMBF4
(2.8 V)

- 0.05–4.07 μWh·cm−2

0.17–3.06 μWh·cm−2
0.18–0.92 μW·cm−2

0.26–0.97 mW·cm−2

96.76% of Ed
retention after 4k
bending
cycles

[70]

PEDOT: PSS CNTF Chitosan
(1.4 V) 21.4 F·g−1 5.83 Wh·kg−1 1399 W·kg−1 90% after 200

bending cycles [71]

NiCo2S4@CNTF VN@CNTF PVA-LiCl
(1.6 V)

86.2 F·cm−3

@ 0.1 mA·cm−3 30.64 mWh·cm−3 80 mW·cm−3 91.94% after 5000
bending cycles [72]

CNTF/Porous
CNT/PPY CNTF/RGO PVA-H3PO4

(1.6 V)
58.82 mF. cm−2

(12.8 F·cm−3) 20.91 μWh·cm−2 6.4 mW·cm−2
98.6% after 200 bend
cycles,
90% after 10k cycles

[68]

GCF@NC@NCO P-GCF PVA-KOH
(1.55 V)

33.6 mF·cm−2@
0.61 mA·cm−2 11.2 μWh·cm−2 472.1 μW·cm−2 93% after 10k cycles [73]

N doped CNT
on CNT/LTO

N doped CNT
on CNT

LiPF6 (in 1:1
EC/DEC)
(2.5 V)

- 0.296 mWh·cm−2 0.172 mW·cm−2 100% after 4k cycles [74]

CNT@PPY CNT@CuCo2O4
PVA-KOH
(1.6 V) 59.55 mF·cm−2 20 μWh·cm−2 5.115 mW·cm−2 80.1% after 8k cycles [75]

VO2@PPY/CNT VN@NC/CNT PVA-LiCl
(1.8 V) 60.6 F·cm−3 27.3 mWh·cm−3 225 mW·cm−3 88.9% after 4k

bending cycles [76]

Ni(OH)2@
NiCo2O4/
CNTF

MoS2@Fe2O3/
CNTpaper

PVA-KOH
(1.6 V)

373 F·cm−2

@2 mA·cm−2 0.13 mWh·cm−2 3.2 mW·cm−2 80.3% after 2k
cycles@ 20mAcm−2 [63]
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Table 4. Cont.

Electrodes

Positive Negative
Electrolyte,
Cell Voltage

Capacitance Energy Density (Ed)
Power
Density (Pd)

Capacity
Retention/No. of
Cycles

Ref

ZNCO@Ni(OH)2
NWAs/CNTF

VN@C
NWAs/CNTF

PVA-KOH
(1.6 V)

94.67 F·cm−3

@3 mA·cm−2 33.66 mWh·cm−3 396 mW·cm−3 93.6% after 3k
bending cycles at 90◦ [64]

Co3O4
NWAs/CNTF

VN
(NWA)/CNTF

PVA-KOH
(1.6 V)

44.4 F·cm−3

@0.4 A·cm−3
15.79 mWh·cm−3

3.232 W·cm−3
93.12% after 4k cycles
93.01% after 3k
bending cycles

[62]

MNCO/CNTF VN@C(NWA)/
CNTF

PVA-KOH
(1.6 V)

62.3 F·cm−3

@1 mA·cm−2 22.2 mWh·cm−3 213.3 mW·cm−3 90.2%after 3.5k
bending cycles [65]

ZNCO
NWA/CNTF VN/CNTF PVA-KOH

(1.6 V)
50.0 F·cm−3

@0.1 A·cm−3 17.78 mWh·cm−3 80.0 mW·cm−3 91.0% after 3K
bending cycles at 90◦ [77]

Ti@TiO2 CNTF PVA-H3PO4
(1.4 V) - 11.7 Wh·kg−1 2060.0 W·kg−1 91.0% after 1.2k

bending cycles [78]

CNT/MnO2 CF/PPY LiCl-PVA
(1.6 V) 66.27 mF·cm−2 23.56 μWh·cm−2 - 83% after 5k cycles [79]

MnO2/CNT PI/CNT CMC/Na2SO4
(2.1 V)

59.2 mF·cm−2

@0.74 mA·cm−2
36.4 μWh·cm−2

30.2 μWh·cm−2
0.78 mW·cm−2

15.6 mW·cm−2 96.3% after 2k cycles [66]

Na-
MnO2@CNTF MoS2@CNTF PVA/Na2SO4

(2.2 V)
265.4 mF·cm−2

@1 mA·cm−2 178.4 μWh·cm−2 1100.9 μW·cm−2 90% after 5k cycles [67]

6. Stretchability of Wearable Supercapacitors

One of the most critical and emerging requirements of wearable fiber-based energy
storage devices is the stretchability. In addition to other criteria for these devices such as
the safety, bendability, low gravimetric density, and durability, an important one factor is
the undeterred electrochemical properties during the deformations caused by the user’s
movements. An evaluation metric for the feasibility of such devices is their ability to
withstand the frequency of human motion, including small- and large-scale motions falling
in the frequency range of 0.1 and 10 Hz. At a minimum, such devices need to tolerate
strains of 100% [80]. This section summarizes the advancements in developing CNT fiber
supercapacitors by prioritizing the mechanical properties that can withstand high torsional
strains and bending, while maintaining high capacitance retention rates.

Several variations in the manufacturing process impact the CNT fiber supercapacitor’s
mechanical and electrochemical properties. As already mentioned, adding pseudocapaci-
tive materials such as metal oxides or organic polymers can improve the individual fibers’
electrochemical properties. The electrodeposition of MnO2, PANI, RuO2, and Au have all
been investigated. The results of their mechanical testing are presented in Table 5, which
is displayed later. The tradeoff between using metal oxides and organic polymers is the
material cost and the added weight to the fibers. Metals at optimal concentration contribute
a substantial portion to the total weight of the fibers. The varying configurations all utilized
different pseudocapacitive materials and were adopted to test the mechanical properties
of the fibers in different ways, making it difficult to draw direct comparisons from the
information available in the public domain.

6.1. Physical Configurations
6.1.1. Buckled CNT Sheets with an Elastomer Core

Buckling CNT sheets around an elastomer core are manufactured for creating individ-
ual stretchable electrodes utilized in supercapacitors. Their fabrication method includes
stretching an elastomer core and wrapping a single or several CNT sheets around the
elastomer. When the elastomer is relaxed, the CNT sheet buckles, as depicted in Figure 13,
which enables a high surface area to be in contact with the fiber [81].
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Figure 13. Schematic of the fabrication process of a stretchable linear elastomer-based FSC. (a) fabrica-
tion of the PANI@Aux@CNT electrode, where ‘x’ represents the deposition time of Au nanoparticles.
PANI was electrodeposited onto Aux@CNT sheets. (b) Stretching of elastic fiber, wrapping of the
electrodes, and twisting to fabricate the SC. Reprinted with permission from [81].

The buckling pattern is one of the topologically effective patterns used to save space
for an otherwise stretchable and lengthy fiber capacitor, which helps to meet one of the most
desirable requirements in wearable devices. The densification is often used to adhere the
CNT sheets to the elastomer. The latter does not improve the electrochemical properties of
the devices and adds additional weight and the benefit of enhanced mechanical properties.
Many elastomers have been utilized across the industry, including Eco Flex 0040 (silicone-
based), polystyrene, styrene-ethylene/butylene-styrene (SEBS), and others [81–84]. The
strain tolerances of such devices have ranged from 100% to 200%, with various changes
in capacitance retention. In a strained, bent, or twisted state, a decrease in the capacitance
retention of the fibers is observed due to the loss of a buckled contact, reducing the available
pathway for electron diffusion. Additionally, the coating of a PVA-based gel electrolyte seals
the two interfaces without any issues of delamination caused by various deformations [83].

6.1.2. Coaxial CNT Layers with an Elastomer Core

Another method utilizing an elastomer core includes layering two super shearable
CNT(ShCNT) sheets around a polydimethylsiloxane (PDMS) elastomer with PVA acting
as the gel electrolyte and sealant to prevent a shortage, as demonstrated in Figure 14 [85].
This method resulted in a CNT supercapacitor in one fiber able to withstand 20,000 rad/m
of twisting without significantly decreasing its capacitance retention. Minimal cracks and
damage were observed to the CNT alignment in the film after twisting. The super shearable
CNT film releases stress through the rearrangement of CNT fibrils instead of permanent
deformation. Further information regarding the mechanical properties of the CNT fiber is
displayed in Table 5.
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Figure 14. (a) The structure of a torsionable supercapacitor in cross-sectional and side views. (b) Digi-
tal photos showing the supercapacitor at different torsion levels. Reprinted with permission from [85].

6.1.3. Helical CNT Fibers with an Elastomer Core

An alternative method of manufacturing supercapacitors involves helically winding
CNT fibers in parallel around an elastomer core. This method utilizes dry or wet spun CNT
fibers, followed by doping with pseudocapacitive materials, which are then sealed with an
electrolyte gel, typically a PVA solution. Symmetrical or asymmetrical fibers employing
different pseudocapacitive materials are then wound helically around an elastomer core,
followed by a final coat of PVA gel electrolytes to adhere to the components. The process
is depicted in Figure 15 [86]. The SC in this figure is super elastic, sustaining strains as
high as 850%. Varying methods produce tightly wound CNT coils with good surface
contacts between the electrodes. When introduced to stress, the packing of the coils loosens,
enabling movement without permanent deformation to the CNT electrodes [86–89]. The
data regarding the performance of the devices under strain are summarized in Table 5.

Figure 15. Schematic illustration showing the fabrication of an ultra-stretchable wire-shaped superca-
pacitor [86].

A modified manufacturing method for helical CNT fibers wrapped around an elas-
tomer core was developed, demonstrating improved mechanical properties. The fibers
were produced from a solution of CNTs and graphene sheets. The graphene sheet helped
to create a porous structure that enhanced the ion diffusion during the electrochemical
performance and contributed to its improved mechanical properties. A PVA gel electrolyte
coat was applied to the individual fibers. The symmetrical electrodes were twisted together
in a spring-like configuration around a temporary metal rod. The two fibers were cast in
SEBS solution to provide a protective coating and to maintain a flexible spring-like design,
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as depicted in Figure 16a,b. Strain rates of up 800% without permanent deformation were
demonstrated [90].

Figure 16. (a) Schematic illustration of the fabrication of an FSC in which the yarn is coiled on a rod
and cast using SEBS polymer to fix the coil structure. The rod is removed, and the device is placed
in a mold to cover the coil yarn with rubber. (b) Illustration of the prepared supercapacitor with
different strain rates up to 800%. Reprinted with permission from [90].

6.1.4. Freestanding Helical CNT Fibers

The presence of an elastomer contributes additional weight to the CNT supercapacitors
without improving the electrochemical performance. Ideally, physical configurations
without elastomers are preferred but are limited due to the inherent mechanical properties
of the CNT fibers. Innovative arrangements of CNT fibers have produced mechanically
competitive supercapacitors [91]. Tightly coiling individual CNT fibers in a helical pattern
followed by a coating of PVA allows the fibers to be elongated without damaging the
connectivity. Two symmetrical CNT fibers coated with PVA can produce a freestanding
helical supercapacitor (Figure 17a) with similar mechanical properties to elastomer-based
supercapacitors. Figure 17b,c depict the configuration of the freestanding supercapacitor in
a position of rest and elongation [92].

Two variations of the applications of this method produced CNT supercapacitors with
remarkable mechanical properties. One method utilized a solution of bacteria culture (BC)
cellulose structure, CNT, and poly(3,4-ethylene dioxy-thiophene) (PEDOT) to spin helically
coiled fibers sealed in PVA. The PEDOT and BC support the mechanical structure while
providing a highly porous surface for improved interaction with PVA [93].

The other variation utilized multiple CNT fibers spun helically, followed by a priming
coat of amine groups to improve the adherence to metal–organic frameworks (MOF)
grown directly on the fibers, as depicted in Figure 18. The MOF improved the mechanical
integrity of the fibers while also providing a porous surface for increased diffusion of the
gel electrolyte [94]. The observed mechanical properties are provided in Table 5.

6.1.5. Other Configurations

A configuration that does not fit into the general categories previously discussed is
the CNT knitted coaxial supercapacitor. CNT fibers are knitted uniformly using a machine,
producing a freestanding flexible structure coated in PVA. A double-walled electrode is
made by sheathing one of the knitted structures inside the other to produce a single fiber
for the supercapacitor (Figure 19). The drawback of such a material is the quantity of
CNT fiber required to manufacture the knitted fiber. A strain of 100% was observed with
minimal impact on the capacitance retention. A specific area capacitance of 511.28 mF/cm2

was demonstrated [95].
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Figure 17. Fabrication of self-stretchable fiber-shaped supercapacitors. (a) Schematic of the freestand-
ing helical CNT yarn SC fabrication process. Two of such yarns were twisted into a double-helix
supercapacitor. (b) Photograph of manually stretched (1.5 times the original length) double-helix
CNT yarn supercapacitor. (c) SEM images of a 6.9-mm-long supercapacitor in its original state
(l1 = 6.9 mm, ε = 0) and after stretching to l2 = 13.6 mm, ε = 100%, showing uniform deformation
of helical loops and a continuous electrolyte coating on the surfaces of the yarns. Reprinted with
permission from [92].

Figure 18. Schematics illustrating the synthesis process used to fabricate IRMOF3@mDWNTY
(IRMOF3 = ligand-based isoreticular metal–organic framework; mDWNTY = modified double-walled
nanotube yarn). Reprinted with permission from [94].
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Figure 19. Schematic and images of knitted MnO2@CNT fiber SC. (a) Fabrication scheme of a double-
walled knitted MnO2@CNT FSC. (b) Optical image of non-stretched (ε = 0) and stretched (ε = 100)
knitted structures (scale bar: 1 mm). (c) SEM image of a knitted MnO2@CNTfiber supercapacitor
(scale bar, 500 μm, and 50 μm). (d) EDX mapping images of knitted MnO2@CNTfiber supercapacitor
(scale bar: 20 μm). Reprinted with permission from [95].

One alternative approach for a wearable supercapacitor configuration utilizes two
CNT fibers arranged sinusoidally and encased in a poly(acrylamide) (PAAm) hydrogel.
The latter is biocompatible, stretchable, and has excellent ionic conductivity when doped
with LiCl salts. Figure 20 demonstrates the physical configuration of the CNT fibers in
PAAm hydrogel [80]. This multifunctional composite can also be used as a strain sensor, as
discussed in the next section.

Figure 20. Schematic diagram of the CNT fiber/PAAM hydrogel (CFPH) composite preparation
process. Reprinted with permission from [80].
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Table 5. Summary of the stretchable supercapacitors and their characteristics, as recently reported in
the literature.

Configuration
Pseudocapacitive

Material/Electrolyte

Strain,
Capacitance
Retention

Bend,
Capacitance
Retention

Ultimate
Strength

Capacitance Ref

Symmetrical coiled CNT
sheets, Nylon core

MnO2/
PVA-LiCl

150%,
88% - -

68 MPa
5.4 mF·cm−1

40.9 mF·cm−2 [96]

Wire-Drawn-Die _
Free Standing Symmetrical

Helical CNT-PPy
composite fiber

PPY/
PVA-H3PO4

-
180◦ , 100%/

100% after 1k cycles
@90◦

- 69 F·g−1 [91]

Free Standing Symmetrical
Helical CNT yarn PPY/PVA-H3PO4

150%,
94% - - 19 F·g−1 [92]

Asymmetrical Buckled CNT
sheets Eco Flex 0040

Elastomer Core

MnO2/PEDOT/
PVA-LiCl

200%,
97.7% 150%, 96.8% - 2.38 mF·cm−1

11.88 mF·cm−2 [82]

Symmetrical Buckled CNT
Sheets, SEBS Elastomer Core

Au and PANI/
PVA-H3PO4

400%/
100% after 1k cycles - - 8.7 F·g−1 @1A·g−1 [81]

Asymmetrical Helical
Oxidized CNT Fiber,

Elastomer Core

MnO2@PEDOT:PSS@
OCNTF (positive)

MoS2@CNTF(negative)
PVA-LiCl

100%,
92% after 3k cycles - - 278.6 mF·cm−2 [87]

Symmetrical Coaxial
Layered CNT Sheets, Eco flex

Elastomer Core

-
PVA-H3PO4

650%,
88% - - 2.42–2.68 mF·cm−1 [85]

Twisted symmetrical
Buckled CNT Sheets, SEBS

Elastomer Core

MnO2 & RuO2
PVA-H3PO4

200%,
100% - - 25.0 F·g−1 [83]

Symmetrical CNT Dipped
Yarns/Ag plated
Double-covered

yarn polymer

(PVDF-HFP)/
EMIMBF4

150%,
75% 5k cycles 120◦ , 80%, 5k cycles 46.6 MPa 4.8 F·cm−3

@200 mA·cm−3 [88]

Symmetrical Buckled CNT
Sheets Elastomer Core

PANI
PVA-H2SO4

100%,
98%, 100 cycles - - 394 F·g−1

[84]

Helically Coiled CNT/
Graphene Fibers, Coated

in SEBS

PANI
PVA-H3PO4

800%, 99.2%
800%, 77.3%, 5k

cycles
- - 138 F·g−1 [90]

Helically Coiled Symmetrical
CNT/Graphene Fibers, Eco

flex Elastomer Core

MnO2
PVA-H3PO4

850%,
82% after 1k cycles @

700% strain
90◦ , 100%, 1k cycles - 14.02 mF·cm−2 [86]

Helically Coiled Symmetrical
CNT Fibers, Spandex

Elastomer Core

MnO2
PVA-KOH

80%,
92.1%, 500 cycles

180◦ , 95.3%, 500
cycles - 685 mF·cm−2 [89]

Coaxial Knitted CNT Fibers MnO2
PVA-LiCl

100%,
98%, 500 cycles 160◦ , 100% - 321.08 mF·cm−1

511.28 mF·cm−2 [95]

Parallel/Symmetrical
Sinusoidal CNT Fibers,

PAAm Hydrogel

-
PAAm-LiCl

50%,
90.4%, 3k cycles - 130 MPa 10.6 mF·cm−2 [80]

Helically Coiled
Symmetrical CNT Fibers,
Silicone Elastomer Core

PVA-HCl 70%,
97%, 1k cycles 180◦ , 97%, 1k cycles - 170 mF·cm−2 @100

mV·s−1 [97]

Helically Coiled Symmetrical
PEDOT@BacterialCellulose

(BC)/CNT Fiber

PEDOT, BC
PVA-H3PO4

1000%, 94.4%, 1k cycles - - 175.1 F·g−1 [93]

Helically Coiled Symmetrical
CNT Fibers in

Metal-Organic Framework

MOF,
PVA-DMSO - 88%, 500

cycles 492.8 MPa 225.2 F·cm−3 [94]

7. Multifunctional CNT Supercapacitors

Although the review is focused on CNT fiber supercapacitors, some novel applications
of these devices have also been highlighted.

7.1. Strain Sensors

One application of CNT supercapacitors lies in their tolerance to deformation, under-
going twisting and stretching while returning to an original state with negligible changes in
the capacitance retention. Choi et al. manufactured an asymmetrical buckled supercapaci-
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tor with a dielectric rubber core by doping both electrodes with MnO2, where the anode
was treated with poly(3,4-ethylenedioxythipene) (PEDOT). Both electrodes were exposed to
PVA-LiCl gel electrolyte around an elastomer comprised of Ecoflex 0040 [82] (Figure 21A).
The supercapacitor fiber was then subjected to various twists and stretching, corresponding
to a predictable change in the capacitance of the wire. The increase in capacitance was due
to the decrease in fiber thickness, which increased the surface area contact between the
electrodes. The device reliably displayed capacitance changes of 115.7% and 26% during
elongation of 200% and twisting at 1700 rad/m, respectively (Figure 21B) [82].

Figure 21. (A): (a) Twistable and stretchable sandwich fiber with dielectric Ecoflex 0040 rubber
core and two symmetric buckled CNT electrodes. (b) Photograph of a 20 cm long sandwich fiber
integrated into a glove. (c) SEM images, unstrained and (d) strained (60%) (scale bar: 8 mm);
(e) photograph of the sandwich fiber wound around a 7mm diameter glass tube (scale bar: 50 mm),
with SEM images showing microscopic CNT buckles at two levels of magnification, (f) low (scale
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bar: 50 μm) and (g) high (scale bar: 20 μm), which were formed during fiber relaxation from the
fabrication strain. (B) Effects of severe stretching, twisting, and bending on sandwich-based fiber
supercapacitors that contained MnO2–infiltrated buckled CNT electrodes, which were coated with
15 wt.% PVA−LiCl gel electrolytes: (a) comparison of CV curves for pristine, stretched, twisted, and
bent sandwich fiber supercapacitors; (b) CV curves obtained at a scan rate of 10 mV·s−1, measured
during the successive application of (i) 200% stretching, (ii) 1700 rad·m−1 twisting, (iii) release of the
tensile stretching, and (iv) fiber untwisting to provide the initial state, with the CV curve before these
mechanical deformations (black line) presented for comparison; (c) Nyquist curves (frequency rates
range from 0.2 Hz to 100 kHz), with the inset showing the high-frequency region; (d) capacitance
retention graph. The inset shows CV curves at 10 mV·s−1 measured before and after these 1000 cycles.
Reprinted with permission from [82].

An alternative approach to strain sensing is to use CNT fibers as a piezoelectric
harvester to generate a voltage upon the physical strain. This voltage generation is due to
homochiral and heterochiral CNT fibers that twist in the opposite direction when strained.
The output voltage of the fiber is dependent on the strain and was used to charge a
CNT supercapacitor, showing promising potential for the application in a self-powered
strain sensing device [97]. These devices are flexible and lightweight, enabling them to be
incorporated into fabrics for real-time strain sensing applications.

7.2. Chromatic Supercapacitors

One novel utilization of CNT supercapacitors includes the application of fluorescent
dye particles to produce electrodes that are visible in dark environments (Figure 22). Two
methods of production exist, co-spinning and direct dipping. The co-spinning method
involves dipping CNT sheets in a uniform aqueous solution of fluorescent dye particles
before spinning the CNT fibers. The co-spinning process creates a uniform distribution
of dye particles throughout the fiber. The direct dipping method includes dipping CNT
fibers in a dye solution to anchor the particles to the fiber’s surface. The electrochemical
and mechanical properties of the dye-doped fibers are not diminished. Both methods can
utilize a wide range of dye colors; however, it has been shown that the co-spinning process
produces more distinguishable colors [98].

7.3. Self-Healing CNT Supercapacitors

During the wide range of motion, a break in fibers can inevitably occur in wearable
electronics devices. For most of them, this can cause the failure of the entire device.
Investigating the CNT supercapacitors with self-healing capabilities is a promising solution
to this problem. One method of developing self-healing CNT supercapacitors involves
using a self-healing polymer (SHP) fiber as a core wrapped in CNT sheets to produce a
fiber electrode. The CNT/SHP fiber has self-healing properties that enable the reconnection
of a broken fiber. The polymer forms hydrogen bonds between the two pieces separated
via fracture sections when the two pieces are brought into contact.

Additionally, the CNTs interact via van der Waals forces. Although weak, the huge
number of individual CNTs in the sections contribute to the adhesive forces. Pressing
the two sections together enhances the hydrogen and van der Waals force for improved
healing. In a reported study, a CNT fiber was subjected to breaking five times, displaying
mechanical strength rates of 79.1% and 72.5% after the first and fifth break, respectively [99].
Two CNT self-healable polymers were twisted with PVA-H2SO4 as a gel electrolyte. The
maximum capacitance observed with the self-healable SC was 140 F·g−1, and 92% was
restored after self-healing (Figure 23A,B). The specific capacitance was assessed with and
without PANI, and the SC with PANI gave a higher capacitance rate. The approach of
employing self-healing polymers for the fabrication of CNT supercapacitors paves the way
for improving the durability of wearable electronics.
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Figure 22. (A): (a,b) Photographs of twenty fluorescent supercapacitor fibers with four colors woven
into a black textile under natural and ultraviolet light, respectively. (c,d) Sixteen fluorescent superca-
pacitor fibers are divided into four groups and woven into a glove to power four red-light-emitting
diodes. (e) Eighteen fluorescent supercapacitor fibers integrated into a commercial heart rate moni-
toring strap to extend its running time (inset: photograph of the integrated system under ultraviolet
illumination). (B): (a,b) Optical images and spectra of various colored fiber electrodes, (c) GCD curves
of fluorescent fiber SC based on bare MWCNT at various current densities, (d) CV curves at different
scan rates, (e) spectra of green fluorescent SCs under various bending angles, and (f) capacitance
retention rates after 10k GCD cycles. (Inset: spectrum before and after 10k GCD cycles). Reproduced
with permission from [98].

7.4. Shape-Retaining CNT Supercapacitors

Wearable electronics will be exposed to various strains and movements, stressing the
devices. A CNT supercapacitor that relieves stress by returning to its originally intended
shape is desirable to maintain the long-term health of the device. Combining a CNT su-
percapacitor with a shape memory polyurethane (SMP) substrate produced a device that
retained its original shape, despite experiencing deformation (Figure 24A). The electrochem-
ical performance of the shape memory polymer fiber SC (SMPFSC) is given in Figure 24B.
The desired shape can be set by heating the SMP-encased CNT fiber above its transition
temperature and then cooling it in the desired configuration. Various shape-retaining
polymers can be used that have different transition temperatures. This process does not
harm the electrochemical properties of the CNT supercapacitor. It has also been shown
that the same CNT fiber can be remolded repeatedly by heating it above the transition
temperature [100]. The potential for a device to be reused in various applications while
also preserving the device’s health is a promising application of shape retention polymers.
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Figure 23. (A): (a–c) Photographs of a self-healing polymeric fiber (SHP) serving as a conducting wire
to power a LED before breaking, after breaking, and after healing, including being bent. The voltage
was set at 3.2 V. (B): (a) Dependence of the specific capacitance on the thickness of the aligned-CNT
film. (b) GCD curves of a wire-shaped supercapacitor with increasing current densities at a CNT
thickness of 0.38 μm. (c) GCD curves before breaking and after healing at a current density of
0.08 A·g−1. (d) CV curves at a scan rate of 50 mV·s−1 after 1, 3, and 5 healing cycles. (e) CV curves of
wire-shaped supercapacitors based on aligned CNT/SHP fibers before and after incorporating PANI.
(f) GCD curves for a PANI-incorporated SC before breaking and after healing at a current density of
0.17 A· g−1. Reprinted with permission from [99].

Figure 24. Cont.
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Figure 24. (A) Schematics of the fabrication process for a full shape memory polymer fiber SC
(F–SMPFSC). (B) Electrochemical performance of solid-state F–SMPFSC at different shape memory
cyclic stages in a two-electrode configuration. CV curves for (a) an as-prepared F–SMPFSC with the
inset showing that the PANI layer can significantly increase the volumetric capacitance of SMPFCS,
(b) a programmed SMPFSC with a temporary strain of 103%, (c) a recovered F–SMPFSC with a
residual strain of 15%, (d) a healed F–SMPFSC obtained by immersing a recovered F–SMPFSC in a
liquid H2SO4/PVA solution for 2 h, (e) the cycle life of the F–SMPFSC (scan rate: 10 mV/s), and (f) a
comparison of the volumetric capacitance rates with the scan rates at different shape memory cyclic
stages. Reprinted with permission from [100].

8. Current Challenges Related to CNT-Based Fiber Supercapacitors

Despite the rapid progress, there are challenges to overcome, both in terms of the prac-
tical applications and fundamental research on wearable CNT-based and multifunctional
SCs. Some of them are listed below:

• The energy densities of the CNT SCs are low compared to other energy storage devices
such as microbatteries. The CNT fiber electrodes used as scaffolds and active materials,
even with a high specific surface area, result in moderate energy density. This could be
due to the non-accessibility of the electrolytes to the electrode. Modifying the surface
area to make it electrolyte-accessible and matching the electrode’s pore diameter with
the electrolyte ions’ size could result in higher performance. The optimization of the
fiber design and configurations to ensure the complete utilization of the electrode
needs to be considered;
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• Most of the current wearable SC research is conducted using PVA-KOH electrolytes,
as they are mechanically robust with good electrochemical stability and low costs.
However, this causes the limitation of a narrow PW, resulting in a relatively low energy
density. As an alternative, electrolytes with wider PWs with an organic or ionic nature
can be used. Additionally, the development of new electrolytes that are safer and
ionically conductive with wide PWs need to be pursued;

• Electrolytes based on sulfuric acid, phosphoric acid, and KOH are corrosive. Most
research studies do not use encapsulation, making their use unsafe. Wearable SCs
employing corrosive electrolytes must be encapsulated with a polymer that does not
affect the device’s electrochemical performance;

• The unit cost of CNT yarn is still high, which hinders the scalability and mass produc-
tion of CNT-yarn-based devices. Nevertheless, inexpensive CNT fibers are expected
to appear on the market in the near future;

• As wearable electronics represent a rapidly advancing field, there is a huge market for
products such as smart textiles, which necessitate scalability combined with low-cost
production. Moreover, the mechanical strength aspects of the CNT fibers (flexibility,
stretchability, stiffness, and good endurance life after dynamic mechanical stress
cycles) must match the textile standards for the satisfactory integration with the fabric
via knitting, sewing, or weaving. Therefore, more collaborations between textile or
garment experts and CNT fiber researchers are necessary, which will bring to life
technologies that will align the CNT fibers’ physical and mechanical properties with
the conventional fabric materials, thereby resulting in viable wearable electronics.

9. Conclusions

The comprehensive review conducted here confirms that the CNT fibers are valuable
candidates for making wearable energy storage devices. We believe that there is a huge
amount of room for developing wearable CNT-based SCs and multifunctional devices. The
research on using smart CNT yarns as sensors, actuators, and energy harvesters, along
with integrating CNT-based SCs with advanced electronic devices, is still in its nascent
stage. Breakthroughs could be accomplished in this arena via the joint efforts and insights
of researchers and industrialists, supplemented by advanced materials engineering and
technology developments.
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Abstract: In the recent rechargeable battery industry, lithium sulfur batteries (LSBs) have demon-
strated to be a promising candidate battery to serve as the next-generation secondary battery, owing
to its enhanced theoretical specific energy, economy, and environmental friendliness. Its inferior
cyclability, however, which is primarily due to electrode deterioration caused by the lithium poly-
sulfide shuttle effect, is still a major problem for the real industrial usage of LSBs. The optimization
of the separator and functional barrier layer is an effective strategy for remedying these issues. In
this article, the current progress based on the classification and modification of functional separators
is summarized. We will also describe their working mechanisms as well as the resulting LSB elec-
trochemical properties. In addition, necessary performance for separators will also be mentioned in
order to gain optimized LSB performance.

Keywords: lithium sulfur battery; rechargeable battery; separator; electrochemistry; anode; cathode

1. Introduction

The propagation of modern human society based on the electronic industry has
demanded stronger and cheaper energy storage systems. Among these, lithium ion batteries
(LIBs) have been aggressively studied and developed because of their high endurance
against electrochemistry variation and their stable usage for application in various types
of electronic devices, including smart phones, mobile phones, EVs, etc., even though LIBs
still suffer from limited capacity, high price, and safety issues, including their flammable
nature. Due to these reasons, it would be difficult for LIBs to fulfill the demand for
upcoming new industrial applications, such as drones, EVs, military power supplies,
and stationary electrical power stations, because they always demand higher capacity
as well as safer and economically friendly rechargeable batteries [1–3]. In this regard,
lithium sulfur batteries (LSBs) could be one of several alternative candidate rechargeable
batteries because of their high theoretical capacity and energy density (1675 mAh g−1 and
2600 Wh Kg−1, respectively). The corresponding values for LIBs are 240–280 mAh g−1 and
350–400 Wh Kg−1, respectively. Apart from the nature of LIBs, the electrochemical reaction
of LSBs is different from that of LIBs due to the presence of a sulfur cathode, and can be
expressed as:

S + 2Li → Li2S (E0 = 2.20 V vs. Li/Li+) (1)

As a result, LSBs can offer 5–7 times higher energy density than that of LIBs. Combined
with its other advantages, i.e., sulfur being naturally abundant, cheap, and a non-toxic
element, LSBs can be considered as one of the candidates for next-generation rechargeable
batteries [4–7]. The typical configuration of an LSB is shown in Figure 1.

Lithium metal is the anode and a carbon–sulfur composite is the cathode [8]. As an
ordinary battery, the separator and an electrolyte exist between the anode and cathode.

When the LSB is discharged, sulfur is reduced to Li2S by a series of electrochemical
reaction while forming various types of polysulfide intermediates. Figure 2 indicates an
ordinary LSB profile during a charge–discharge electrochemical reaction [9].
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Figure 1. Structure image of LSBs with liquid electrolyte [8].

During the electrochemical reaction, sulfur is reduced to Li2Sx (x = 2–8) via a stepwise
electrochemical reaction to form each lithium sulfide compound. The lithium polysulfide
(LiPS) compound with a relatively long chain (Li2Sx (x = 4–8)) can be highly soluble. On
the other hand, the solubility of Li2Sx (x = 2–4) with short chain is lower compared to
the long-chained one in the electrolyte [10]. The lithiation of sulfur occurs stepwise. At
a voltage of around ~2.3 V, S8 as the solid state is reduced to soluble S8

2− via an initial
electrochemical reaction. After that, dissolved S8

2− is electrochemically reduced to S4
2−

on the cathode. During this sequential chemical process, LiPS intermediates such as S6
2−,

S3
2−, and S3 are formed [11,12].

As LiPS concentration increases gradually throughout the electrochemical reaction, the
viscosity of the electrolyte is enhanced. Gradual voltage decrease can be seen at this stage
of reaction. After these events, one can observe a prolonged voltage of around 2.0–2.2 V,
which is the major origin of LSB capacity. During this stage, an electrochemical reaction,
which transforms soluble low-ordered LiPS to insoluble Li2S2 or Li2S, takes place.

At the final stage, Li2S2 would become Li2S via a reduction process. However, it
should be noted that since this is the solid–solid phase reaction, the kinetics are slow
due to sluggish ion diffusion. The insulating characteristics of both Li2S2 and Li2S are an
additional cause for a slow electrochemical reductive reaction [13].
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Figure 2. An ordinary charge/discharge profile curve for LSBs [9].

In spite of these advantages, LSBs still face with obstacles for practical industrial usage.
For example, sulfur as a cathode active material has insulating characteristics for both the
electron and the ion. LiPS as byproducts are formed in the liquid electrolyte (shuttle effect)
during the discharge process, which reduce the mass and utilization of cathode sulfur. In
addition, the dendrite formation of a lithium anode may cause fire once they reach the
other side of the electrode through a state of battery short circuit. Furthermore, volume
expansion induced by the electrochemical reaction of S to Li2S would result in loosing
stability in the cathode structure [14,15].

A tremendous amount of effort has been carried out to overcome these problem-
atic issues by increasing the cathode materials’ conductivity as well as by reducing LiPS
dissolution in the electrolyte [16–19]. For example, an increase in conductivity in the cath-
ode structure is being attempted by researchers by applying conductive carbon, carbon
nanotube, graphene, as well as conductive polymer. To prevent LiPS dissolution in the elec-
trolyte, various kinds of oxides, sulfides, nitrides, and carbides, alongside some functional
materials such as quantum dot and a metal organic framework, have been replaced with
carbon to reduce the shuttle effect [20–23].

Further challenges facing the cathode and electrolyte development for LSBs have been
recently accelerated due to the strong influence upon the electrochemical properties. The
key function of an LSB electrolyte is to transport Li+ ions in the battery efficiently, and
this requires a high level of Li+ conductivity. The composition of electrolyte also largely
influences the cathode electrode reaction as well as the behavior of LiPS byproducts [24–26].

In addition to designing cathodes and electrolytes, a separator is also a critical LSB
component to effect its performance, especially in terms of suppressing the LiPS problem
as separators can be reservoirs or capturing materials for polysulfide intermediates. Addi-
tionally, when separators have conductivity, for example, they can behave as the second
current collector for electrons, which would result in enhancing the LSB electrochemical
performance [27]. Nevertheless, it should be mentioned here that any additional separator
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weight due to modifications should be carefully regulated to maintain the battery energy
density as a whole [28].

In general, polypropylene (PP) and polyethylene (PE) are utilized as separators, al-
though it would be difficult for these nonpolar and hydrophobic materials to suppress the
LiPS shuttle effect, because lithium polysulfide is more polar in nature [29]. As a prepara-
tion procedure, direct coating, slurry coating, or the filtration of functional materials onto a
commercial separator would be enough to make such separators in order to prevent the
LiPS shuttle effect. Besides LiPS suppression, such functional separators are also expected
to possess catalytic activity and good mechanical strength for LSBs [30].

Fortunately, this kind of process, such as the direct coating of functional materials
which ink or slurry onto the separator, can be applied to an industrial manufacturing
process easily. In particular, important parameters, including thickness, weight, size, and
the kind of functional materials on a separator, can be readily controlled and applied to
real practical industrial processes, even though sulfur, as an active material, is essentially
an electrical insulator, and so it needs to be encapsulated in a conductive carbon matrix to
provide appropriate electronic contact.

Furthermore, it is necessary to provide ionic pathways through the entire cathode to
ensure the conversion reaction between the sulfur and lithium ions. Thus, intimate contact
and particle distribution among the carbon, sulfur, and additives is a critical factor. On
top of that, the practical slurry manufacturing of actual pouch cell mass production is still
challenging. In this regard, Kaskel et al. introduced the ball milling procedure for a scalable
preparation method in order to achieve high sulfur utilization and loading. They clarified
the carbon/sulfur agglomeration breakdown, decreasing particle size, suitable pore size
volume, and distribution, which resulted in enhancing the electrical conductivity of the
carbon/sulfur composite as well as achieving a higher electrochemical performance [31].
Similar studies of an improved electrochemical performance by introducing the high-
energy ball milling method can be found in some other literature works [32,33]. Younes
also investigated the aggregation process between carbon nanomaterials and metal oxide
particles, and improved the dispersion status in aqueous solutions [34].

Since commercial separators possess a hydrophobic nature in general as explained
above, it is more ideal to use hydrophilic materials to capture LiPS and prevent the shuttle
effect. The thickness, weight, as well as porosity of functional layers on separators also
need to be taken into consideration because they directly influence the rate of electrons and
lithium ions, as well as liquid electrolyte uptake [35].

One has to also consider the modified separators: whether they are either facing the
anode or cathode side. This is because the separator’s role is largely influential, depending
on whether they are placed toward the anode or the cathode direction. Although the
main issue with LSBs is the shuttle effect induced by LiPS, lithium dendrite growth during
the electrochemical process is another problematic issue. Lithium metal dendrites are
formed by a side chemical process between polysulfide and lithium metal. Thus, functional
interlayers on the anode side could be one of the possible solutions to prevent dendrite
growth by placing the internal layer at the extra space on the anode side. This kind of
interlayer may act as a second barrier layer against any leaked LiPS from the cathode side,
as well as preventing dendrite physical puncture to the separator. In addition, a functional
interlayer or separator could decrease the interfacial resistance of metallic lithium anode by
introducing a lithium compatible material. An anode-facing functional separator may also
act as the scaffold for lithium ion in order to suppress lithium dendrite growth [36].

Compared with cathode-facing separators, anode-facing separators should have a
somewhat lithiophilic nature, endowing them with a high compatibility with lithium metal,
in addition to their ability to functionally suppress the shuttle effect. This will control the
spatial distribution of lithium deposition during redox reactions. When these properties
are optimized, they can be expected to more efficiently hinder the dendritic growth of the
lithium metal [37].
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The remainder of this paper will explain: whether the functional layers or separators
face the anode or cathode side; the material classifications of separators and their working
mechanisms; and the electrochemical properties of the resulting corresponding assembled
LSB. The separator materials which we have selected for this review are as follows.

2. Separators Classified by Materials

2.1. Separator Material Facing Anode Side
2.1.1. Separator Material: Metal

Nanoparticle- or nanolayer-based materials can inhibit dendritic Li growth by con-
trolling lithium nucleation [38]. The nanoparticles in anode-facing separators behave as
nucleation sites for lithium metal during electrochemical reactions as they decrease the
Gibbs free energy of lithium metal electrodeposition. Initially, lithium crystal seeds would
gradually grow until they cover the entire surface of the separator surface. As the process
proceeds, dense lithium metal layers without dendrites are formed on the separator. Liu
et al. demonstrated this phenomenon by applying lithiophilic Mg nanoparticles to an
anode, whereby an LSB was prepared with this unique functional separator and which ex-
hibited high-capacity retention (>80% after 400 cycles) [39]. Furthermore, the morphology
of nanoparticles can confer the cathode structure with appropriate pores and voids, which
could be a favorable lithium ion transportation channel to enhance LSB electrochemical
performance. It should be noted here that Mg, Ag, and Au are also known to lower the
Gibbs free energy of lithium electrodeposition.

Zuo et al. investigated the Li metal deposition phenomenon in a symmetrical cell
system. As a result, lithium dendrites were seen on the surface of the pristine Li metal
anode after an electrochemical discharge process, as confirmed and shown in Figure 3a.
When Ag was co-deposited, Li dendrites had a tendency to fill the interspace among the
Ag particles, which resulted in a lateral growth (Figure 3b). When the cross-sectional SEM
image was observed, without Ag introduction, clear Li dendrites were seen after 50 cycles
of the electrochemical charge–discharge process (Figure 3c). When Ag was introduced to
the Li metal, in contrast, the electrode surface with a dense Ag–Li alloy layer without any
Li dendrites was observed (Figure 3d). This surprising Li-dendrite-suppression effect of Ag
introduction to the Li metal anode was suggested to be due to the strong affinity of Li with
Ag metal. We would like to look at one example of LIB apart from LSB. With this interesting
mechanism, Li ions were deposited uniformly during an electrochemical charge–discharge
process. As a result, when LiFePO4|Li full cell was prepared with Ag, introducing the Li
metal as anode, it exhibited a 131 mAh g−1 capacity, even after 300 cycles [40]. Not only
was a metal material introduced, but copper was also functionalized to the lithium metal
anode to prepare a 3D Cu/Li and copper mesh/Li composite anode. Yang et al. clarified
that Li dendrite growth was successfully suppressed with a 3D Cu/Li-structured anode,
which can operate for 600 h and demonstrated low voltage hysteresis [41,42].

2.1.2. Separator Material: Ceramic

Boron nitride was applied to optimize the commercial separators, owing to its intrinsic
high levels of insulation and high thermal conductivity [43]. Boron nitride (BN)/carbon-
modified composite separator was prepared with a coating method on a separator. Figure 4A
shows a schematic figure and the functions of the BN/carbon separator in an LSB. During
discharge, LiPS spreads out from the sulfur cathode toward the lithium anode metal. The
carbon layer hinders the diffusion of the LiPS acting as the first blocking layer, and any
LiPS that diffuses through the carbon layer is subsequently trapped by the BN layer acting
as the second blocking layer. This BN/carbon separator was made by direct ink casting (ink
composed of carbon nanopowder and BN nanopowder) onto a polypropylene separator via
the slurry coating method. Owing to this simple procedure, large-scale separator fabrication
(dimensions 150 mm long and 60 mm wide) could be achieved (Figure 4B). The prepared
separator had sufficient mechanical strength and was able to resist physical twisting due to
the strong level of adhesion between the separator, carbon, and BN nanopowders, having
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been bonded using a polyvinylidene fluoride (PVDF) binder (Figure 4C). Figure 4D shows
the surface of a pristine commercial polypropylene separator, on which some distributed
pores can be observed. After coating the separator with BN (particle size ~ 100 nm;
Figure 4E) and carbon (particle size ~ 50 nm; Figure 4F) nanopowders, the pores were fully
covered. BN and the carbon layer thickness were approximately 7 and 6 μm, respectively
(Figure 4G). Some of the electrochemical properties of the prepared LSBs were measured.
After the surface modification, lithium dendrite formation was suppressed by forming
on the Li surface by an ideal Li plating/striping process (Figure 4H). Fortunately, LiPS
diffusion was mitigated by an additional BN layer on the separator, thus resulting in
obtaining a higher LSB electrochemical performance (Figure 4I) [43].

 
Figure 3. Surface observation: (a) bare lithium; (b) Ag co-deposited lithium with SEM. SEM observa-
tion of cross-sectional (c) bare lithium; (d) Ag co-deposited lithium [40].

In addition to controlling the lithium metal growth and nucleation, the oxide functional
interlayer could also be ideal in suppressing the LiPS effect. Silica (SiO2) is one such
material effective for preventing the LiPS shuttle effect and improving LSB performance.
One of its advantages is its abundance. The thermal stability of SiO2 is also a good feature
in order to confer the separator with high thermal stability [44]. However, its direct
contact with the cathode should be prevented as SiO2 is known to react with lithium
metal [45]. However, it should be noted that one of the SiO2-coated separator example
will be presented in a later section. In addition, SiO2 has high affinity with LiPS, making it
suitable for suppressing the LiPS shuttle effect [46]. Therefore, SiO2 utilization as functional
LBS separators could be one of several effective methods. Li et al. attempted an SiO2 coating
of a polypropylene (PP) separator using the tetraethoxysilane (TEOS)-based sol–gel method.
They have elucidated that by applying PP–SiO2 separator, wettability and thermal stability
were properly improved. As a result, rate and cyclic voltammetry performance improved,
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owing to suppressed LiPS shuttle effect as well as promoting lithium ion transport inside
LSBs [47].

Figure 4. (A) Speculated image of the BN-carbon separator role. (B) Separator of BN coating layer.
(C) Bent BN-coated separator image. Top view of SEM image of (D) intact separator. (E) BN side
separator. (F) Carbon side of a BN-carbon separator. (G) Cross-sectional SEM view of a BN–carbon
separator. (H) Photographs of a lithium metal anode of LSB prepared with described type of
separators in each picture, after 250 cycles. (I) Cycle performances of various kinds of separators at
0.5 C [43].

The chemical stability and LiPS adsorption ability of alumina (Al2O3) are relatively
high. Hou et al. elucidated that the oxygen atom with a lone electron pair of oxide materials
such as Al2O3 and SiO2 has strong dipole–dipole interactions with LiPS [48]. Wang et al.
prepared a purely inorganic separator with Al2O3 nanowires. In general, a purely inorganic
separator without any base organic polymer would have a brittleness problem compared
to conventional organic PP separators, whereas the advantages of a ceramic separator are a
higher uptake of liquid electrolyte and higher porosity. They often also exhibit improved
thermal stability and enhanced conductivity compared to the organic ones. This mechanism
can be applied not only for LSBs, but also LIBs. For example, when an alumina separator
was applied for Li|LiFePO4 (LFP), the battery electrochemical characteristics were better
than a conventional PP separator-based battery [49].

Regarding LSB, He et al. prepared an Al2O3 thin film on a commercial separator
on the anode-facing side in order to examine the lithium dendrite formation prevention
effect. It was found that the Al2O3 layer successfully mitigated the chemical reactions
between LiPS and the lithium anode. They also discovered that the porous structure of
the prepared Al2O3 accelerated uniform lithium nucleation, which resulted in preventing
lithium dendrite growth to form a smooth and dense lithium anode [50].
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2.1.3. Separator Material: Solid Electrolyte

Li6.4La3Zr1.4Ta0.6O12 (LLZTO) is the lithium ion conductive solid electrolyte, and it
was coated on the PP separator on the anode side. Smooth lithium deposition was achieved
due to a uniformly dispersed transportation path for the lithium ion in three-dimensional
structure in LLZTO. It was also clarified that lithium ion deposition was further enhanced
by adding a higher content of LLZTO by localizing a higher content of anions. Owing to
these improvements, the prepared LSB presented an improved electrochemical performance
with better safety due to solid electrolyte stability [51].

2.1.4. Other Functional Separator Materials

As we have seen above, a modified anode-facing separator could act as a simple
barrier to push back LiPS immigration from the cathode to the anode, and this would also
be expected to impede Li dendrite formation. For example, there is a kind of conducting
polymer that is known to capture LiPS, promoting Li ion flux and electron transportation.
Li et al. prepared a conductive polypyrrole (PPy) film for a commercial anode-facing
separator and succeeded in improving LSB electrochemical properties [52]. They deposited
the PPy film on the separator by applying an Fe-based precursor and pyrrole monomer
and succeeded in obtaining a PPy-modified separator (Figure 5a,b). A scanning electron
microscope (SEM) observation of the pristine commercial separator exposed 100–200 nm
sized nanopores (Figure 5c). In contrast, slightly smaller nanopores with sizes of 30–50 nm
were observed on the PPy-coated separator (Figure 5d). The thickness and weight of the
coated PPy layer were as small as 15–25 nm and ~0.13 mg cm−2, respectively, which is
advantageous for industrial use in terms of energy density per weight (Figure 5e). X-ray
photoelectron spectroscopy (XPS) was carried out upon both separators. We have observed
a peak at 399.8 eV, which can be ascribed to N 1s with the PPy-coated separator (Figure 5f).
Nitrogen-originated peaks, including –N= (399.6 eV), –N– (400.7 eV), and N+ (401.7 eV), are
observed from PPy [53,54]. From these spectra results, we suggest that the hydrophilicity
of PPy is effective in capturing and suppressing LiPS from the shuttle effect [55,56]. PPy
also chemically adsorbed LiPS, owing to its special structure and functional group. As a
result, Li dendrite formation was suppressed by the enhancement of the homogenous Li
ionic flux and Li plating/stripping.

Preparing a physical barrier by introducing some kinds of lithium compound to a
separator is an alternative way to reduce the unfavorable reactions between LiPS and
lithium metal. This concept is different from using a material that would not react with
any LSB component. Based on this concept, the lithium compound, LiF, was applied to a
separator. Lewis acid lithium atoms in LiF could relate with 1,2-dimethoxyethane (DME)
as Lewis alkali to form LiF–DME clusters. These clusters are viscous sol and form dense
layers that would behave as a shield to prevent the shuttle effect of LiPS. Li et al. utilized
this method to improve the electrochemical properties of LSBs [57].

Cathode-facing functional separators could also be effective as anode-facing counter-
parts because they can serve as the first barrier to LiPS, potentially increasing the chances
of sulfur utilization as an active material. To date, polymers, metal compounds, ceramics,
carbonaceous material, and their composites have been used to alter commercial separators
in order to endow them with additional positive properties [58]. Separators should be
mechanically strong, chemically and electrochemically stable, and lightweight in order to
avoid negatively impacting the density of energy of the final LSB product. Furthermore,
they should possess an enhanced ionic conductivity and the ability to suppress the shut-
tle effect of LiPS. The functions of a cathode-facing separator can be generally classified
as physical adsorption, chemical adsorption, catalytic conversion, and dual-mechanism
functions, as shown in Figure 6 [35].
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Figure 5. (a) The speculated image of PPy layer on a commercial separator by a vapor–phase
polymerization method. (b) Actual image of commercial separator with and without PPy treatment.
SEM image of commercial separator (c) without and (d) with PPy treatment. (e) Comparison and other
examples of the weight and thickness with various types of coating in this work and previous studies.
(f) XPS spectra of a separator with and without PPy treatment. The spectrum of N is originated from
the PPy-treated layer. (g) Expanded N 1s spectrum of the separator with PPy treatment [52].

2.2. Separator Material Facing Cathode Side
2.2.1. Separator Material: Carbonaceous Materials

Commercial separators are composed primarily of PP and PE and are considered
to be purely physical barriers. In light of this, a great number of research were carried
out to study the influence of applying carbonaceous material to the cathode side of the
separator, owing to its high electrical conductivity. These carbonaceous materials, including
conductive carbon black, carbon nanotube, and graphene, are being studied with an aim
to enhance LiPS suppression, cycle stability, and capacity of LSBs [59,60]. The improved
electrochemical characteristics of LSBs are mainly the result of high electrical conductivity,
which can confer them to behave as additional current collectors to lower the battery
resistance [61]. In addition, a sulfur cathode-facing carbon-loaded separator would act as
an obstacle to suppress the shuttle effect of LiPS.
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Figure 6. Classification and functional mechanism of functional separators in LSBs [35].

For example, eight separators coated with the conducted carbon of various nano-
porosities were investigated by Huang et al. to see how the material characteristics con-
tributed to LSB separator performance [62]. The LSB with the nonporous carbon-loaded
separator demonstrated a 1112 mAh g−1 capacity at a C/10 cycling rate, and even after
200 cycles, a stable reversible capacity of 710 mAh g−1 was maintained [63].

Kim et al. prepared a separator treated with carbon nanotubes conjugated with
hydroxyl groups. The experimental results and theoretical calculation confirmed that the
hydroxyl groups on carbon nanotube surface promoted good LiPS-capturing effect on
the cathode side. Furthermore, the LiPS migration decrease to the anode side conferred
the lithium electrode with good stability. In addition, the high conductivity of carbon
nanotube with hydroxyl group assisted in the reuse of adsorbed intermediates for further
electrochemical reaction (Figure 7). Because of these efforts, the prepared LSB demonstrated
1056 mAh g−1 at the beginning and a capacity fading rate of 0.11% per cycle over 400 cycles
at a 0.5 C rate [63].

Besides conductive carbon and carbon nanotubes, graphene can be also considered
as an attractive functional coated material to improve the separator properties. In general,
graphene possesses high electrical conductivity, is super lightweight, has high chemical
stability and ductility, and is mechanically strong. The separator coated with graphene
blocks pores in the polyolefin separator, which can prevent LiPS dissipation. Reduced
graphene oxide (rGO) was obtained using Hammer’s method, and it was dispersed in
DMF (dimethylformamide) and combined with sodium ligno-sulfonate (SL) and hexam-
ethylene diisocyanate (HDI). SL is rich in hydroxyl, carboxyl, and dendritic groups and it is
considered an industrially cheap and available material. IR spectra elucidated a broad peak
at 3400 cm−1, which can be ascribed to stretching vibrations of the hydroxyl group, and
1634 cm−1, 1402 cm−1, and 1112 cm−1 peaks were originated from carbonyl C=C, –OH,
and C–O bonds in GO and SL, respectively [64–66]. The -OH bond peak disappeared at the
GO/SL composite material after reacting with HDI and SL; this is due to GO reduction to
rGO (Figure 8B). Zeta-potential for the rGO/SL composite was 75.14 mV. This indicates
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that the significantly strong electrostatic repulsion force is formed against polysulfide ions,
which is negatively charged, in order to suppress the LSB shuttling effect [67,68].

 

Figure 7. Speculated image of LiPS capture by the separator coated with CNTOH [63]. (a) LiPS
transport to the anode side through separators, resulting in a decreased sulfur utilization. (b) In case
of the separator with CNTOH application, hydroxyl functional groups on CNTOH would adsorb
LiPS and utilized it to create polysulfides with short chains. (c) Surface treatment method of CNT via
a hydrothermal procedure to form CNTOH.

This type of prepared rGO/SL composite solution was applied to a commercial PP
separator using a facile vacuum filtration process. Sulfonic groups in the lignin can confer
a separator with enough negative charge and reduce negatively charged LiPS diffusion.
Applying this reduced graphene oxide/sodium ligno-sulfonate/separator achieved a
capacity retention of 74% over 1000 cycles [69].
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Figure 8. Synthesis procedure, microscopic observation and preparation of the rGO/SL composite
and rGO/SL/PP separator [69]. (A) Preparation steps to make rGO/SL. (B) FTIR spectra of GO,
SL, and rGO/SL. (C) Scanning electron microscopy images of the rGO/SL composite. (D) HRTEM
observation of the rGO/SL composite. (E) Elemental analysis of C, N, and S for rGO/SL. (F) Prepa-
ration for the rGO/SL/PP separator. (G) Scanning electron microscopy picture of the rGO/SL/PP
separator. (H) rGO/SL/PP separator image against mechanical stresses. (I) Speculated image of the
rGO/SL/PP separators for suppressing LiPS shuttle effect.

In addition to simply physically blocking LiPS, chemical bonding between polar sub-
stances is an alternative procedure to suppress LiPS diffusion. To capture polar polysulfide,
polar materials are superior to hydrophobic carbon materials. Carbonaceous materials
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doped with various kinds of elements (e.g., N, B, S, P, F, O, Cl, Co, Ni, Fe) tend to possess
polarity and have greater ability to capture LiPS [70]. The composite material composed
of a nitrogen-doped reduced form of graphene oxide with CoS2 and NiS2 was made via
a hydrothermal method [71]. Figure 9a shows the adsorption–desorption isotherms and
pore size distribution of the cobalt nickel sulfur/nitrogen-doped reduced graphene oxide
(CNS/N-rGO) composite and the one combined with sulfur, respectively. BET-specific
surface area of CNS/N-rGO was 177 m2/g, and the pore volume was 0.416 cm3/g. The
desorption isotherm of Barrett–Joyner–Halenda (BJH) is presented in Figure 9b. An obvious
strong peak at 4 nm is proof of the porous structure of the sample, which can promote
lithium ion transportation and help adsorb the LiPS, thus improving the LSB electrochemi-
cal performance [72,73]. However, after combining with sulfur, the pore volume and surface
area significantly reduced, suggesting that the CNS/N-rGO was deeply immersed with
sulfur. Figure 9c is the XRD pattern of the CNS/N-rGO composite material. A 26◦ broad
peak can be ascribed to the (002) facet of the graphite. One can deduce that 53.04◦, 49.03◦,
and 32.01◦ peaks corresponded to the (200), (220), and (311) CoS2 facets, respectively [74].
Furthermore, characteristic peaks at 1350 cm−1 (D band) and 1580 cm−1 (G band) as can
be observed in the Raman spectra are inferred to have derived from the structural defect
and the stretching mode of the C–C bond of graphene, respectively [75]. Wu et al. coated
this composite material onto a separator surface and used it in an LSB [71]. Owing to its
morphological advantages and LiPS affinity, the LSB exhibited 1524 mAh g−1 at the first
discharge and 610 mAh g−1 at 0.1 C and 8 C, respectively. It exhibited good long-term
stability, with a 700 mAh g−1 capacity even after 350 cycles under 1 C. It was deduced
that nitrogen doping and cobalt nickel, and sulfur nanoparticles in the composite, could
provide a favorable electrochemical structure and active sites for capturing soluble LiPS
and promote LiPS conversion in redox reactions, thus preventing the shuttle effect [74].

Some study. applied sulfur and metal, nitrogen co-doped carbon nanoparticles as
the separator material for LSBs [76,77]. They were applied onto the separator to suppress
LiPS diffusion. It was found that for nitrogen, the sulfur co-doped carbon nanoparticles
improved both capacity and cycle characteristics. The capacity was 841 mAh g−1 at 0.2 C
even after 100 cycles with a 99.3% of coulombic efficiency.

Song et al. used a lightweight, functional layer composed of porous iron and nitrogen-
co-doped carbon nanofiber materials to modify a PP separator for LSB. The Fe–N-co-doped
carbon possesses high conductivity and LiPS adsorption capability to the separator, which
was effective in preventing LiPS diffusion. Prepared separator behaved as the conductive
current collector to reuse the active sulfur-based compounds as well.

Figure 9. Cont.
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Figure 9. (a) The adsorption–desorption isotherms of N2. (b) BJH pore size distribution curves of
the CNS/N-rGO composite and CNS/N-rGO/S. (c) XRD pattern of the CNS/N-rGO composite.
(d) Raman spectrum of the CNS/N-rGO composite [72].

2.2.2. Separator Material: Metal Oxide

Metal oxides were investigated for application as LSB separators as they can generate
different bonds for LiPS. Metals lose their electrons in certain conditions and become metal
ions, which can generate chemical bonds to capture LiPS to prevent the shuttle effect.
In addition, the metal oxides in nanostructure states would be easier to combine with
polymers to become functional separators. It has been shown that LiPS diffusion can be
suppressed with the Al2O3-coated layer on the separator’s cathode side as a physical block
layer for LiPS. The first discharge capacity of the LSB prepared with an Al2O3-applied
separator was 967 mAh g−1 at 0.2 C and deteriorated to 593.4 mAh g−1 after 50 cycles.
The electrode resistance was reduced because of the porous structure of the Al2O3-coated
layer that worked as an ion-conducting scaffold for capturing sulfur containing active
materials [78].

Han et al. created a PP separator with a TiO2/carbon-coated layer and applied it to an
LiPS capturing barrier for LSB [76]. The highly conductive carbon with its porous structure
endowed the separator with the ability to adsorb LiPS while acting as a second electrical
current collector. In addition, TiO2 on the porous carbon surface captured LiPS. Owing to
these properties of the TiO2/porous carbon composite material, 926 mAh g−1 capacity was
observed initially at 0.1 C; also, it maintained a 75% capacity even after 150 cycles [79].

Gao et al. also prepared a separator coated with a TiO2/surface-modified carbon
nanotube composite. The LSB assembled with this type of separator—having strongly
polar TiO2 and highly conductive carbon nanotubes—demonstrated an enhanced battery
performance. The capacity was initially 1104 mAh g−1 and was still as high as 848 mAh g−1

even after 200 cycles at 0.5 C, demonstrating a capacity decay of only 0.066% per cycle over
900 cycles [80].

A SiO2 nanoparticle-modified PP separator was made by Li et al. by dipping a PP
separator into a sol–gel TEOS solution and Tween-80 [78]. This kind of separator has high
wettability and thermal stability, and the resulting LSB showed considerable improvement
in its electrochemical performance. The capacity decay of the LSB prepared with this
SiO2–PP separator was 64% after 200 cycles at 0.2 C, which was superior than the one
made with a commercial separator (45%). In addition, the capacity of LSB with SiO2–PP
separator achieved 956.3, 691.5, 621, and 567.6 mAh g−1 at a 0.2, 0.5, 1, and 2 C current
density, respectively [81].

Increasing the ratio of sulfur utilization would increase LSB capacity. Thus, it is neces-
sary to not only capture LiPS, but also to reactivate sulfur [82]. Certain types of separators
with adsorption abilities cannot satisfy this requirement. Therefore, it is necessary to look
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for the material which can play a role for LiPS reutilization. In addition, the material with
catalytic ability is also important.

During the LSB charging process, fast-reaction kinetics is achieved only when the
energy which is higher than the activation energy of solid Li2S2/Li2S conversion to poly-
sulfide is applied [83]. Fast battery reaction rate can be accelerated when activation energy
is lowered so that one needs a good catalyst to lower the activation energy. This concept
differs from the LiPS adsorption materials, which we have previously described above.
This kind of catalytic material can accelerate the oxidation reduction rate so that the re-
action of polysulfides’ conversion reaction to Li2S2/Li2S can be enhanced. This is also a
highly efficient way to prevent the LiPS shuttle problem besides using LiPS adsorption
materials. Electrons on the catalytic material can transport to the S–S bond of LiPS to
become Li2S2/Li2S. In addition, the catalyst can reduce the overpotential of the sulfur
species, which would enhance the sulfur electrochemical reactions [84]. Therefore, finding
the appropriate catalytic material that can accelerate LiPS conversion into Li2S2/Li2S is
highly recommended.

In this regard, La2O3 was coated onto a commercial PP separator in order to adsorb
LiPS and accelerate redox reactions at the same time [85]. Charge/discharge measurements
demonstrated that the resulting LSB showed a 966 mAh g−1 capacity on the first cycle
at 1 C and the capacity became 720 mAh g−1 after 200 cycles. It was suggested that the
enhanced electrochemical properties were due to the LiPS capturing effect of La2O3 as
well as being a chemical catalyst to promote the electrochemical reaction by lowering the
activation energy [85].

2.2.3. Separator Material: Metal Sulfide

Some metal sulfides are known to adsorb LiPS, owing to their polar nature, and thus
have been studied for use as a separator material. Tan et al. prepared a reduced graphene
oxide/MoS2 (rGO/MoS2) layer on the cathode side of the commercial separator. The
rGO behaves as a barrier for LiPS diffusion and an extra current collector, while MoS2
can capture LiPS. The prepared LSB demonstrated 1122 mAh g−1 at 0.2 C, with a low
capacity fading rate of 0.116% for 500 cycles at 1 C, and an excellent performance rate of
615 mAh g−1 at 2 C [86].

Another study demonstrated the potential use of edge-rich MoS2/C hollow micro-
spheres as LSB separators. The MoS2/C hollow microspheres were prepared via hy-
drothermal synthesis with MoO3, aniline, thiourea, and sucrose, following a carbonization
process [87]. Carbonization was carried out in order to improve the graphitization de-
gree of the carbon in MoS2/C hollow microspheres (Figure 10). The prepared MoS2/C
hollow microspheres carry a high chemical absorption property and a high density of
LiPS-capturing sites, resulting in showing excellent LiPS diffusion prevention. In addition,
the phase conversion reversibility of the active sulfur species could be regulated in a stable
matter with this MoS2/C composite material particularly at high C-rates and sulfur loading.
Thus, the LSB arranged with the MoS2/C separator exhibited a capacity of 935 mAh g−1 at
an initial cycle atof 1.0 C and it was 494 mAh g−1 even after 1000 cycles [88].

Functional separators using two-dimensional exfoliation nanosheets could efficiently
contain LiPS for long-life LSBs. Mao et al. fabricated new two-dimensional ZnS exfoliation
nanosheets using the microwave-assist exfoliation method, and then combined it with
graphene to modify a commercial separator. The nanosheet dispersion was mixed with
graphene and filtered on the separator to form ZnS exfoliation nanosheets/graphite/Celgard
separators. An LSB assembled with this type of separator exhibited an 1165.9 mAh g−1 as
initial capacity and became 685.3 mAh g−1 after 100 cycles. Capacity was 58.8% compared
to the initial one at 0.1 C and 0.036% of capacity decay per cycle when the cycle was carried
out for 1000 times at 0.5 C [89].
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Figure 10. Schematic model of the operation and preparation of the Edge-MoS2/C/PP separators [87].
(a) Image illustration of polysulfides’ capture in LSB with Edge-MoS2/C/PP separator. (b) Image
illustration of Li2S deposition on the separator with edge-MoS2/C/PP and PP. (c) Synthesis procedure
of the Edge-MoS2/C hollow microspheres and illustration of the Edg-MoS2/C hollow microspheres.

Yao et al. utilized the high conductivity and absorption ability of SnS, and the strong
catalytic property of ZnS, to prepare a ZnS–SnS heterojunction [84]. A polydopamine-
derived nitrogen-doped carbon was coated onto this ZnS–SnS composite material and
was compared with its single-component counterparts (ZnS/N-doped carbon shell and
a SnS/N-doped carbon shell). When coated onto the separator, the ZnS–SnS/N-doped
carbon-based LSB demonstrated a high reversibility of 1149 mAh g−1 capacity for 300 cycles
at 0.2 C, and a 661 mAh g−1 at 10 C, and capacity decay was 0.0126% each cycle after
2000 cycles at 4 C [90].

In addition, it was reported that a WS2/Prussian blue (PB)–PPy composite material-
modified separator could inhibit the back and forth movement of LiPS and the formation
of inactive sulfur-related substances. Lithium ions, however, could still be transferred
homogeneously inside the battery. When compared with the LSB with ordinary commercial
PP separators, the capacity and cycle properties of this modified LSB were remarkably
ameliorated and showed high capacity (1050 mAh g−1) and improved capacity retention
(650 mAh g−1 after 300 cycles) as well as a capacity retention rate that reached 62%. This
study also showed that three porous layers as an ion-sieve structure indeed prevents the
transfer of LiPS through the electrolyte to the anode [91].

2.2.4. Separator Material: Metal Carbide

Titanium carbide (TiC) is regarded as a representative non-oxide ceramic material with
high electrical and thermal conductivity, robust hardness, and high chemical stability [92].
In a recent study, TiC is acknowledged to be utilized for energy storage purposes owing to
these excellent properties. Especially for LSBs, TiCs are considered to improve the cycle
stability via its high polarity to capture sulfur species and its ability to reduce the LiPS
shuttle effect [93]. In addition, the high electrical conductivity of TiC is an additional good
reason for it to be an ideal sulfur scaffold material.
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Liu et al. synthesized TiC nanoparticles from waste polytetrafluoroethylene as a
carbon source at 500 ◦C, that is lower than general TiC synthesis temperature. They used
this TiC as a coating material for an LSB separator and successfully mitigated the shuttling
problem. The visual influence was investigated by dispersing prepared TiC nanoparticles in
an LiPS solution. At the TiC–Li2S6 bottle, the yellowish color became more transparent after
two hours of adsorption, whereas the bottle without TiC remained unchanged, as presented
in Figure 11A,B. These results clearly imply that waste polytetrafluoroethylene-derived
TiC nanoparticles have high potential in reducing LiPS shuttle effect in LSBs [94]. The
bending exam proved TiC’s strong adhesion to the separator as shown in Figure 11C. One
can easily visualize that the dissolved LiPS shuttle effect could be suppressed with this
separator. A capacity as high as 1242 mAh g−1 was detected at the first cycle with the
LSB prepared with the TiC-attached separator, and even after 100 cycles, a 736 mAh g−1

capacity was retained, which are superior results compared to an LSB with a commercial
separator (respectively, 827 and 373 mAh g−1). They also proved that the high electronic
conductivity of the TiC resulted in a low capacity decay during rate performance [95]. Zhao
et al. also fabricated a novel TiC-modified PP separator and applied it as an LBS separator.
Compared to the commercial separator, the TiC-modified separator exhibited superior
wettability and adsorption ability for LiPS. As a result, the LSB with a TiC-modified PP
separator displayed a higher specific capacity and more stable cycling performance [96].

Figure 11. The pictures of LiPS capturing: (A) Before and (B) after 2 h. (C) Digital image of the
TiC-coated separator and bent testing image [94].

Moon et al. made an LSB assembled with a separator that contained mesoporous
tungsten carbide (meso-WC) and reduced graphene oxide [91]. The battery exhibited good
performance: ~950 mAh g−1 at 1 C after 100 cycles. It was deduced that the improved
characteristics were due to the shuttle effect reduction due to the high adsorption of
LiPS, the effective reutilization of active materials, and the acceleration of the conversion
reaction [97].

A Co3W3C/C composite was prepared by Zhao et al. [94] using a simple pyrolysis
procedure, and it was applied on a commercial separator. The Co3W3C/C-modified
separator was effective in reducing the shuttle effect. In addition, it worked as a catalytic
membrane to promote the redox reaction of the sulfur species. For the LSB prepared with the
Co3W3C/C-coated separator, 1345 mAh g−1 at 0.1 A g−1 was observed as initial discharge
capacity. Rate performance was also good by achieving high capacity of 670 mAh g−1 even
at 7 A g−1. Cycle performance was also excellent since the decay rate was as low as 0.06%
per cycle within 500 cycles at 1 A g−1. These results indicate that this material utilizes Co–W
metallic carbide advantage in capturing LiPS and promote the electrochemical reaction to
gain high-performance LSB [98].

A nanocrystalline niobium carbide was synthesized using practical scalable autoclave
technology and was used as the interlayer material for an LSB by Cai et al. [95]. The
prepared nanocrystalline niobium carbide exhibited a strong ability to anchor LiPS species,
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which were highly effective in improving cycling performance and rate capabilities. The
conductive niobium carbide interlayer not only acted as a shield to confine LiPS within
the cathodic side, but also acted as the second current collector to reutilize the trapped
active material and significantly enhance sulfur utilization. Because of these superior
characteristics, the LSB assembled with this type of separator showed outstanding cycle
stability and electrochemical performance−2 [99].

2.2.5. Separator Material: Nitride

Transition metal nitrides have been applied as a catalyst and as electroanalysis devices
because of their high conductivity, reactivity, and stability [100]. For example, in contrast to
their oxide (1.0 × 10−3 Sm−1) and sulfide (9.7 × 10−2–103 Sm−1) counterparts, molybde-
num nitrides possess high electrical conductivity [101]. Chen et al. applied molybdenum
nitride on a commercial separator and the capacity of the assembled LSB was 566 mAh g−1

after 500 cycles at 0.5 C [102].
Kim et al. prepared a boron nitride nanotube (BNNT)-based separator for the cathode

side. Lithium stripping/plating analysis was conducted to elucidate the lithium metal’s
stability by observing the overpotential. When stripping/plating of lithium was conducted
at 0.35 mA/cm2, a similar overpotential profile was observed for LSBs composed of all
separator types; however, when it was carried out at 1 mA/cm2, the overpotentials of
the commercial and BNNT separator were much more obvious than those of the p-BNNT
(Figure 12a,b). This occurred because of dendrite formation and detachment caused by
non-uniform lithium stripping/plating. In contrast, the higher ionic conductivity of the
p-BNNT separator demonstrated the good stability of the lithium anode (Figure 12c–e).
The p-BNNT also showed a uniform pore structure due to partial charge on the surface,
which is a result of the electronegativity difference between B and N. Thus, in contrast
to the commercial separator, the p-BNNT-applied separator suppresses dendrite growth
on the Li metal anode, promotes ion transfer, and mitigates LiPS diffusion. Owing to
these characteristics, the capacity of the p-BNNT-loaded PP separators-based LSB was
1429 mAh/g and exhibited stability until 200 cycles [103].

Chen et al. also prepared high-quality boron nitride nanosheets using a scalable
exfoliation process and used them as a separator material [101]. They implemented the
sonication-assisted liquid-phase exfoliation scalable process and investigated the effects of
a spectrum of exfoliation factors (e.g., ultrasonic conditions and solvent and bulk material
feeding) on the boron nitride nanosheet yield. A high yield of 72.5% could be achieved
while maintaining the boron nitride nanosheets to a few layers and is defect free. Owing to
the Lewis acid sites of the boron atoms, the boron nitride nanosheets could interact with
the polysulfide anions in the liquid electrolyte and facilitate uniform lithium deposition,
with the end result being an LSB with a long life [104].

Carbon nitride was used as an LSB separator material by Luo et al. [99]. Co-doped
g-C3N4 nanosheets were synthesized via a calcination process. The capacity of the LSB
prepared with the Co–g-C3N4-modified separator was 1121 mAh g−1 at 0.2 C with a
high performance rate of up to 3 C. The Co–g-C3N4-modified separator-installed LSB
also indicated an excellent stability of 640 mAh g−1 after 250 cycles. This amelioration
was because of the restriction of LiPS diffusion owing to the high adsorption and high
efficiency of LiPS catalytic conversion induced by the Co–g-C3N4 nanosheet-implemented
separator [105].

2.2.6. Separator Material: Phosphide

Transition metal phosphides generally have good electrical performance, adequate
chemical adsorption ability, and significantly high catalytic capability for LiPS, which
makes them an interesting choice as a separator modifier for LSBs [106].

Chen et al. applied CoP nanospheres as a separator coating material for LSBs [101]. It
was found that the conductive CoP could efficiently anchor LiPS because of its polar nature
and partial surface oxidation state (as confirmed via the XPS analysis), which induce Co
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sites to chemically capture LiPS with Co–S bonding. Owing to these characteristics, this LSB
exhibited high electrochemical characteristics and excellent rate performance (725 mAh g−1

at 5 C) [107].

 

Figure 12. Lithium stripping/plating reaction with PP, BNNT, and p-BNNT-applied separator at
(a) 0.35 mA/cm2 and (b) 1 mA/cm2. Top view of SEM observation of lithium metal after lithium
stripping/plating reaction with (c) PPY (d) BNNT-PP-0.5, and (e) p-BNNT-PP-0.5 [103].

Lin et al. also investigated the possibility of CoP as a separator coating material [106].
They modified a PP membrane with nano-cubic CoP/C. CoP/C-deposited separator cap-
tured LiPS with high efficiency via its strong chemical affinity. The LSB arranged with the
CoP/C-deposited separator presented a minimum capacity decay as low as 0.08% per cycle
over 500 cycles at 1 C with a 938 mAh g−1 capacity as the initial cycle. Rate performance
was 594 mAh g−1 at 4 C [108].

Another transitional metal phosphide was also studied by Zhao et al., who prepared
FeP/spongy carbon composites with multiple adsorptions and catalytic sites as a modified
material for an LSB separator [109]. The spongy carbon was shown to possess suitable
structural stability and long ion/electron transmission channels. The addition of the
FeP-endowed spongy carbon reacted with the LiPS to block shuttling and catalyze the
conversion of sulfur. It was found that the FeP/spongy carbon-modified separator could
reduce the flammability of the completed LSB. Benefiting from these features, the prepared
LSB exhibited high cycling stability and the LSB could retain a 618 mAh g−1 capacity even
after 150 cycles [109].
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A heterostructured Ni/Ni2P-embedded mesoporous carbon nanosphere composite
(Ni/Ni2P–MCN) was developed to accelerate polysulfide catalytic conversion in LSBs.

Figure 13 indicates cyclic voltammetry curves of an LSB prepared with four types of
separators. Two cathodic peaks can be ascribed to the sulfur transition of soluble polysul-
fides to solid-state Li2S2/Li2S, and they are stronger for the LSB prepared with Ni/Ni2P–
MCN. Thus, it can be suggested that Ni/Ni2P–MCN can enhance the efficiency of polysul-
fide conversion kinetics [110]. One can also observe the anodic peak approximately at 2.4 V.
The one with Ni/Ni2P–MCN/PP indicated an anodic peak with a lower potential than the
remaining three types, proving an enhanced Li2S2/Li2S oxidation reaction [111,112].

 

Figure 13. (a) Cyclic voltammetry. (b) Rate performances of LSB prepared with Ni/Ni2P-MCN/PP,
Ni-MCN/PP, MCN/PP, and commercial PP. (c) Charge–discharge profiles of LSB prepared with
Ni/Ni2P-MCN/PP at various current densities from 0.1 to 5 C. (d,e) LSB cyclic performance prepared
with Ni/Ni2P-MCN/PP, MCN/PP, and pristine PP at 0.2 and 0.5 C. (f) LSB cycling performance
prepared with Ni/Ni2P-MCN/PP at 0.2 C. (g) LSB cycling performance prepared with Ni/Ni2P-
MCN/PP, MCN/PP, and commercial PP at 1 C [110].

The Ni/Ni2P–MCN/PP LSB also presented the strongest capacity among all LSBs
(Figure 13b). Figure 13c presents the charge–discharge curves and the Ni/Ni2P–MCN/PP
LSB showed a weak degree of polarization, a typical discharge plateau, indicating its
relatively high sulfur utilization. As shown in Figure 13d, the Ni/Ni2P–MCN/PP LSB
delivered an initial discharge capacity of 1315 mAh g−1 at 0.2 C and retained a capacity of
1086 mAh g−1 after 125 cycles. When the applied current was increased to 0.5 C (Figure 13e),
the discharge capacity was still 916 mAh g−1 and a high capacity retention was maintained
to keep approximately 87.9% even after 275 cycles.
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The Ni/Ni2P–MCN/PP LSB indicated an enhanced discharge capacity of 815 mAh g−1

even after 120 cycles (Figure 13f). An extended cycling performance test was conducted and
the Ni/Ni2P–MCN/PP LSB presented a discharge capacity of approximately 953 mAh g−1

at 1 C (Figure 13g). It had an excellent discharge capacity of approximately 518 mAh g−1

even after 1500 cycles. Thus, we can say that the Ni/Ni2P-mesoporous carbon nanosphere
composite-deposited separator not only suppressed the LiPS diffusion by their chemical
capturing sites, but also possesses strong catalytic abilities for the polysulfide reactions.

2.2.7. Separator Material: Metal Organic Framework-Based Materials

Metal organic frameworks (MOFs) are the class of porous materials composed of metal
ions and organic ligands. One of MOF application can be molecular sieves and selective
gas separation on a molecular scale [113–117]. MOF and MOF-based composite materials
have been investigated as porous host materials for LSB cathodes to retain sulfur due
to their large specific surface area and catalytic effect for LiPS. A porous material with
optimally regulated pore sizes can work as a sieve to separate desirable ions from an ionic
solution such as LiPS, thus resulting in reducing their shuttle effect. In this regard, MOF
and MOF-based materials are good candidate materials for LSB separators owing to their
tunable pore size and specific surface area.

Songyan et al. prepared an MOF-based LSB separator to investigate its effectiveness
in mitigating the LiPS shuttling issue [118]. The separator behaved as an ionic sieve for
LSB and successfully sieved Li+ ions while mitigating LiPS migration to lithium metal
anode side.

One example is in applying MOF–graphene oxide composite as a separator material.
The preparation procedure is exhibited in Figure 14a. The MOF layer was grown initially.
A desirable amount of graphene oxide (GO) solution, which was obtained by filtration, was
applied onto uniformly dispersed crystalline MOF particles. It was confirmed that the MOF
and GO layers were strongly adhered onto the membrane. This procedure was repeated
several times to assure the quality of the preparation process. The MOF nanoparticles
filled the void space tightly near the grain boundaries. A self-standing separator can be
obtained by peeling off this type of material from the filter. It was found that the structural
scaffold of the MOF remained intact even after over 200 electrochemical cycles. (Figure 14c).
The morphological observation of the MOF/GO separator is presented in the SEM image
(Figure 14d,e). When this type of MOF-based separator was implemented as a separator,
the resulting LSB exhibited a low decay rate, as low as 0.019% per cycle in a long duration
of up to 1500 cycles. Almost no capacity fade was observed at the initial 100 cycles [118].

Dang et al. prepared a composite membrane separator composed of cerium-based
UiO-67 (MOF) and a glass fiber. The prepared Ce-UiO-67 efficiently adsorbed LiPS and
catalyzed its conversion, thus suppressing the associated shuttle effects. In addition, this
type of MOF theoretically provides rich lithiophilic functional groups to attain rapid Li+

ion transportation, leading to achieving stable Li plating and stripping. The resulting
LSB delivered 919 mAh g−1 at initial cycle and a small decay rate of 0.04% per cycle for
500 cycles at 1 C [119].

Su et al. also prepared a cerium-based MOF separator and used Ce-UiO-66-NH2 as
the MOF material. Strong interaction between LiPS and the metal sites in UiO-66-NH2,
as well as being the physical barrier for LiPS, enabled this type of separator to inhibit the
shuttle effect. The assembled LSB offered a high capacity of 1366 mAh g−1 initially with a
stable cycling property at 0.2 C. In addition, capacity decay was only 0.09% per cycle at
300 cycles at 1 C [120].

A conductive carbon (Ketjenblack) and zeolite imidazole framework-8 (ZIF-8)/polypro
pylene composite separator was prepared by Ma et al. [115]. ZIF-8 and Ketjenblack were
mixed in a 1:4 mass ratio in ethanol for 24 h, and then ultrasonically dispersed for 20 min.
After that, the homogeneous solution was coated onto a commercial separator via vac-
uum filtration and was followed by vacuum drying at 60 ◦C for 24 h. The resulting
separator comprised Ketjenblack, ZIF-8, and PP with a low coating load of 0.06 mg cm−2.
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Ketjenblack/ZIF-8/PP can efficiently absorb LiPS due to a Lewis acid–base interaction
between ZIF-8 and LiPS. This interaction could decrease the dissolution of LiPS as well as
the shuttle effect, thereby enhancing the electrochemical properties of the assembled LSB.
When 0.1 C of current density was applied, the assembled LSB exhibited low polarization,
a capacity of 1235.6 mAh/g initially, and good capacity retention rate of 59.27% after
100 cycles [121].

 

Figure 14. Preparation and material characteristics of MOF/GO separators [118]. (a) Illustration
of preparation method to make MOF/GO separators. (b) Schematic image of HKUST-1. (c) PXRD
patterns of MOF/GO separators. MOF structure remains unbroken after the discharge/charge
process. (d) SEM photographs of the MOF/GO separator. The inset presents a digital image from the
MOF side aspect. (e) SEM photograph of GO layer. The inset is an image from the GO side aspect.

2.2.8. Separator Material: Quantum Dot

Quantum dots (QDs) are generally super small crystalline particles with a size range
of 1.0–10 nm. Recently, QDs have gained much attention for being interesting materials
for electrochemical energy storage due to their large specific surface area, tunable size,
short ion/electron transportation path, adjustable photoluminescence, and feasible surface
functionalization [122,123]. In addition, it was reported that QDs can modify separators to
suppress the shuttle effect, owing to their effective interaction with LiPS [124].
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Atomic-layer deposition method was applied to prepare a TiO2 quantum dot-modified
multiwalled carbon nanotube as the deposition material for LSB separators and succeeded
in preventing the LiPS shuttling effect and improving the coulomb efficiency and cycle
stability (Figure 15a) [121]. It was suggested that these positive effects were achieved
due to an interaction between TiO2 quantum dots and LiPS that could adsorb soluble
polysulfide compounds, leading to suppressing the shuttle effect. The interlayer also had
abundant spacing and excellent conductivity because of the multiwalled carbon nanotube.
The assembled LSB showed 1083 mAh g−1 as the initial capacity and kept a cycle capacity
of 610 mAh g−1 after 600 cycles at a rate of 838 mAh g−1. Capacity decay rate was only
0.072% per cycle (Figure 15b) [125].

A superlight PP-coated film with multiwalled carbon nanotubes/nitrogen-doped
carbon quantum dots (MWCNTs/NCQDs) was synthesized by Pang et al. (Figure 15c) [126].
The weight of the MWCNT/NCQD coating per area was as low as 0.15 mg cm−2 (Figure 15d).

It was found to have superior capacity retention and self-discharge suppression
compared to the LSB made by Chung et al. with an MWCNT-modified separator [127].
The synergistic influence of the MWCNTs and NCQDs was ultimately positive, resulting
in 1331 mAh g−1 as an initial capacity and presenting a stable cycling performance. The
capacity decay was as low as 0.05% per cycle at 0.5 C, over 1000 cycles (Figure 15e).

Yu et al. developed a Mo2C quantum dot (MQD)-anchored nitrogen-doped graphene-
deposited separator (MQD/NG) [128]. Figure 15f shows the optical and TEM pictures of
the separator with MQD/NG/PP surface after 200 cycles. Polar Mo2C QDs offer a uniform
lithium deposition and good chemical adsorption of LiPS. The LSB operated more than
1600 h with dendrite-free lithium deposition at a current density of 10 mA cm−2. The
capacity of 1230 mAh g−1 was observed under stable cycle performance after 100 cycles at
0.2 C without obvious capacity decay (Figure 15g).

Liu et al. developed a zinc sulfide quantum dot/reduced graphene aerogel-modified
separator [126]. The ZnS quantum dots were effective as LiPS-anchoring and catalytic sites,
which could promote the redox reaction of sulfur and mitigate the shuttle effect. The 3D
porous reduced graphene aerogel assisted in physically blocking the migration of LiPS. As
a consequence, 1211 mAh g−1 at initial capacity was observed at 0.1 C and presented a
stable cycling performance over 500 cycles at 1 C [129].

Figure 15. Cont.
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Figure 15. (a) Speculated image of the synthesis procedure of MWCNTs/TiO2 quantum dots and LSB
with conventional PP and applied MWCNTs/TiO2 quantum dots. (b) Cycle tests of LSB prepared with
PP, MWCNTs/PP, and MWCNTs/TiO2 quantum dots/PP. (c) Speculated image of MWCNTs/NCQDs
composite and HRTEM picture of NCQDs anchored on MWCNTs surface. (d) SEM image of MWC-
NTs/NCQDs -applied separator and cross-sectional view of MWCNTs/NCQDs-applied separator.
(e) Cycle test of the LSB assembled with MWCNTs/NCQDs-applied separator. (f) Digital and SEM
image of lithium metal after plating/stripping experiments carried out with MQD/NG/PP separators
for 200 cycles. (g) Cycle performance of LSB prepared with PP, G/PP, and MQD/NG/PP [125–128].

Zhang et al. applied MoP quantum dot and nitrogen, phosphorous co-doped polypyr-
role (PPy) composite material to a commercial separator for LSBs [130]. The MoP quan-
tum dots exhibited chemisorption and catalytic conversion performance for LiPS capture
and conversion. In addition, N,P co-doped PPy substrates offered flexible pathways for
Li+/electron transportation and also behaved as a physical barrier to mitigate the shuttling
effect. The capacity of 739 mAh g−1 at 3 C was observed with a stable cycle performance
(600 mAh g−1 at 1 C after 600 cycles, 0.052% decay per cycle). Density functional theory
calculations elucidated that the MoP quantum dots possess enough adsorption energy for
S8 and Li2Sn, which could lower the nucleation energy barrier of Li2S that might be helpful
to accelerate Li2S reaction kinetics.

Cobalt aluminum-layered double-hydroxide quantum dots (LDH-QDs) was combined
with nitrogen doped graphene (NG) as a coated material for LSB separator [125]. Experi-
mental results and analysis, including XPS, clarified that the porous LDH-QDs/NG owned
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rich active hydroxyl groups and Co2+ sites that were effective in catching LiPS through
strong chemical interactions and promote the conversion reaction kinetics. The average
thickness of the prepared LDH-QDs/NG-coated separator was approximately 17 μm and
had a high ionic conductivity of 2.67 mS cm–1 [131].

2.2.9. Separator Material: Mxenes

“MXenes” are materials known as two-dimensional transition metal carbides, nitrides,
and carbonitrides and have been gaining significant attention owing to their high conduc-
tivity, rich functionality on Mxene surface, and exclusive two-dimensional morphologies,
especially for energy storage devices [132,133].

Gogotsi et al. prepared Ti3C2 by removing Al atoms selectively from layered hexagonal
ternary carbide in 2011, Ti3AlC2, with hydrofluoric acid (HF) treatment in water [134]. This
study focused on Ti3C2 as a typical MXene material and prompted more researchers to
investigate its physical and electrochemical properties [135,136]. In general, MXenes (such
as Ti3C2Tx and V2CTx) are two-dimensional layered materials, which can be obtained
from transition metal carbides, nitrides, and carbonitrides (denoted as the MAX/Mn+1AXn
phase) [137]. These interesting materials can be acquired by selectively etching SP element
layers from their corresponding three-dimensional MAX phases. MAX phases indicate
layered ternary metal carbides, nitrides, or carbonitrides, with a formula of Mn + 1AXn
(n = 1, 2, 3), in which M, A, and X express early d-block transition metals, main group SP
elements, and either or both C and N atoms, respectively. Thus far, more than 70 MAX
phases have been reported [138]. Typical MXene are Ti3C2 [139], Ti2C [140], (Ti0.5, Nb0.5)2C,
(V0.5, Cr0.5)3C2, Ti3CN [141], Ta4C3, Nb2C, V2C, and Nb4C3, etc. Additional interesting
properties of Mxene is that the surfaces generally terminate with F, OH, and/or O groups.
Therefore, these terminated MXene species will be regarded as Mn + 1XnTx, in which T
indicates the surface groups (F, OH, and/or O) and “x” is the number of terminations [142].
These surface groups can also assist in capturing LiPS diffusion.

Glass fiber and Ti3C2 composite separator were prepared by Lin et al. via a vacuum
filtration process [143]. As displayed in Figure 16a, a few layers of a conductive Ti3C2
nanosheet with an average thickness of 1–4 nm were deposited on a glass fiber separator.
This type of separator can offer strong LiPS adsorbing sites due to their high porosity, and
LiPSs shuttle effect was successfully reduced when compared to a glass fiber separator
without Mxene. The LSB assembled with Mxene/glass fiber composite separator offered a
capacity of 820 mAh g−1 at initial cycle and it was 721 mAh g−1 after 100 cycles at 0.5 A g−1,
that is approximately 15 times stronger than LSBs with commercial separators (Figure 16b).
High performance was achieved due to its conductive property and the strong interaction
of Ti3C2 toward LiPS.

TiO2–MXene heterostructures were prepared by Jiao et al. via the partial oxidation of
Ti3C2Tx nanosheets [144]. It was shown that this crafted structure had a large surface area,
strong ability to catch LiPS, and high conductivity and electrocatalytic activity. Figure 16c
depicts how TiO2 uniformly distributed over MXene sheets can offer numbers of effective
adsorbing sites to catch LiPS, while its heterostructure interface assures the rapid diffusion
of LiPS to MXene, leading to its high catalytic activity for rapid LiPS conversion. The
discharge capacity of LSB assembled with this TiO2–MXene-deposited separator was
662 mAh g−1 after 200 cycles at 0.5 C, which indicates 93% of capacity retention, proving
its high sulfur utilization efficiency (Figure 16d).

MXene sulfation has also been studied. Yao et al. developed a flexible, conductive
MXene (Ti3C2Tx) sandwich-structured layer, and the heterostructure surface of TiS2/TiO2
was created via vulcanization [145]. The TiO2 nanoparticles worked as an adsorbent to catch
LiPSs and the TiS2 functioned as a catalyst to accelerate the long-chain LiPSs conversion
to short-chain Li2S2/Li2S, with the help of the high conductivity of Ti3C2Tx. It was found
that the prepared layer protected the lithium anode by suppressing LiPS depositing on
its surface. As a result, the long-term stability of a high electrochemical performance was
achieved (capacity decay rate was 0.048% per cycle up to 500 cycles at 1 C).
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Figure 16. (a) Speculated image of the cell with a GF or GF/Ti3C2 separator. (b) Cycling performance
and coulombic efficiency at 0.5 A g–1. (c) Speculated image of the LiPS capture and process on
TiO2–Ti3C2Tx structures. (d) Cycling performance of LSBs with a Ti3C2Tx–GN with different amounts
of sulfur loadings [143,144].

Mxene has been combined with other functional materials to create even more desir-
able separators. Covalent organic frameworks (COFs) obtained with guanidinium salts
have been gaining increasing attention as they possess strong covalent bonds and rich
pore channels. It was suggested that guanidinium salts could capture LiPS, owing to
their electrostatic interaction nature. Li et al. prepared ionic covalent organic nanosheets
with guanidinium salts to prevent Ti3C2 restacking and capturing LiPS. This material was
uniformly applied to a polymer separator with a simple vacuum filtration process. The
charge transfer resistance of LSB assembled with this type of separator was low so as to
demonstrate good performance [146].
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Combining Mxene with functional polymers can be a useful way to facilitate Li+

transport. Wang et al. prepared a laminar Nafion–MXene composite [147]. Interestingly,
Nafion worked as a surfactant, or dispersant, which led to obtaining an ordered-structured
MXene. When this composite was compared to each Nafion and MXene material, the
shuttle effect was mitigated. LSB made with this functional separator exhibited good
stability, and the capacity decay was as low as 0.03% per cycle over 1000 cycles. It was
also found that the MXene promoted the reutilization of polysulfides, owing to its high
electrical conduction, and an effective Li+ transport was achieved by Nafion.

2.2.10. Other Functional Separator Materials

There are some additional functional materials that are being researched for use as
LSB separators that either demonstrate the ability to capture LiPS to suppress the shuttle
effect or provide catalytic sites to promote the redox reaction of sulfur-related species.

He et al. developed vanadyl phosphate (VOPO4) sheets for such a purpose [148].
Specifically, two-dimensional VOPO4 sheets with rich active sites were designed to adsorb
LiPS through V–S bond formation. Due to the intrinsic electrical repulsion between the
polysulfide anions, advanced time/space-resolved operando Raman analysis revealed
that polysulfides’ rich surfaces could further evolve to a “polysulfide-phobic” interface.
By implementing these “polysulfide-phobic” sites in the separator, the LSB would have
superior long-term cycling stability.

Pure Nafion, i.e., without Mxene, was coated onto a commercial separator by Huang
et al. [149] in order to create ion selectivity. SO3

− groups in sulfonate-ended perfluoroalkyl
ether groups in separators allowed for Li+ hopping as a positively charged species, but
did not allow for the hopping of negative ions, such as polysulfide anions (Sn

2−), due to
coulombic interactions. This cation-selective membrane worked as an effective electrostatic
shield for polysulfide anions and succeeded in confining the LiPS to the cathode side.

Some nature-derived materials have also been studied. A lignin nanoparticle-coated
commercial separator was prepared by Zhang et al. [150]. The lignin-coated separator had
abundant electron-donating groups and was expected to result in the chemical binding of
LiPS to reduce the shuttle effect. With an LSB, a cathode composed of sulfur and commer-
cially available acetylene black (approximately 73.8 wt% sulfur content) was assembled and
showed improved cycling stability compared to a commercial separator for over 500 cycles
at a current density of 1 C.

Cellulose is another abundant and environmentally friendly organic resource and can
be obtained from plant biomass. Nano-fibrillated cellulose (NFC) has been used to prepare
porous natural separator membranes with a process learned from the paper industry. A
separator composed of NFC was investigated regarding its porosity, thickness, wettability,
and electrochemical stability, and its electrochemical performance as a functional separator
for an LSB was evaluated. Interestingly, the mass of the commercial separator and the
thinnest separator prepared in their study were very similar, although the cellulose-based
separator was thicker. Top-down views of the NFC_20PO (the separator prepared by
adding paraffin oil and polyethylene glycol hexadecyl ether as a surfactant) and NFC_20
(the separator prepared without any additive in water dispersion) are shown in Figure 16.
The NFC_20PO (Figure 17a) separator has an open-pore structure with interconnected
pores of diameters between 100 nm and 1 μm. The addition of PO and surfactant enabled
the formation of pores; however, some parts remained partially closed, which implies that
the preparation procedure is still not fully optimized. In contrast, the separator prepared
without additives showed a much more closed, densely packed surface without any visible
macro-pore structure (Figure 17b). It was suggested that the NFC fibers tend to compactly
collapse from capillary action during the evaporation of water and are fixed with strong
hydrogen bonds of cellulose chains, thus yielding dense-structured membranes [151]. It
was also demonstrated that the electrochemical performance of the NFC separator was
superior to the conventional polyolefin separator [152].
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Figure 17. Morphology of the surface of separators prepared from water dispersion [152] (a) con-
taining NFC (nano-fibrillated cellulose) fiber, paraffin oil, and surfactant; and (b) containing only
NFC fibers.

It should be mentioned here that various types of materials were applied as LSB
separators, as described so far, and are classified based on whether they are on the anode
or cathode side of the separator. However, despite the explanation based on which side
of the separator they are applied, some of them are applied on both sides of the separator.
We explain this by emphasizing that the applied material acts as a functional material on a
particular side. One such example, which clearly states that the MnO2 functional layers
are on both the anode and cathode sides, is the study of Tian et al., who demonstrated
that MnO2 was able to suppress LiPS migration with its chemical adsorption ability, which
resulted in improving LSB electrochemical performance [153].

In addition, all of the materials applied to LSB separators in this study are summarized
in Tables 1 and 2, depending upon whether they are on the anode or cathode side. One of
the major roles for these separator materials are to capture LiPS in order to suppress the
shuttle effect. Furthermore, the applied materials with both lithium polysulfide adsorption
and catalytic activities are presented in Table 3 as multifunctional materials.

Table 1. Comparative performances of LSB with various types of materials on separator anode side.

Materials on Separator
Current Density

(C, 1675 mAh g−1)
Cycle Number

Initial Discharge
Capacity

(mAh g−1)

Capacity
Retention (%)
(Fadeing Rate)

Reference

Metal

Mg nanoparticles 400 135–140 80 [39]

Silver 0.5 300 131 92 [40]

Ceramic

Boron Nitride 4 250 1018 69 [43]

SiO2 Nanotubes 0.5 100 1266 [44]

Hollow Porous SiO2 Nanocubes 100 mAh g−1 30 919 (30th) [45]

SiO2 0.2 200 956.3 36 [47]

Al2O3 0.2 100 1067.7 75 [48]

Other Functional Materials

polypyrrole 0.5 250 (0.083% per cycle) [52]

porphyrin-derived graphene 0.5 300 (0.099% per cycle) [56]

lithium fluoride 0.2 200 69.30% [57]
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Table 2. Comparative performances of LSB with various types of materials on separator cathode side.

Materials on Separator
Current Density

(C, 1675 mAh g−1)
Cycle Number

Initial Discharge
Capacity

(mAh g−1)

Capacity
Retention (%)
(Fadeing Rate)

Reference

Carbonaceous Materials

Ketjen black 0.1 100 1318 [60]

carbon 0.1 200 1112 63.8 [62]

carbon nanotube 0.5 400 1056 (0.11% per cycle) [63]

Graphene Composite 2 1000 707 74.0% [69]

nitrogen-doped reduced GO/Co-Ni-S
composite 0.1 350 1524 [74]

nitrogen and sulfur doped carbon 2 500 841 (0.1C) (0.089% per cycle) [76]

Fe, nitrogen-doped carbon nanofibers
and 2D graphene 0.5 500 847.9 (0.053% per cycle) [77]

Metal Oxide

Al2O3 0.2 50 967 70.0% [78]

TiO2/carbon composite 0.1 150 926 75.0% [79]

TiO2 modified carbon nanotubes 0.5 900 1103.9 (0.066% per cycle) [80]

SiO2 0.2 200 956.3 64.0% [81]

CoSe2/grapheme oxide 6 500 916 50.1% [84]

Lanthanum oxide 1 200 966 74.5% [85]

Metal Sulfide

reduced Graphene Oxide@MoS2 0.5 500 1122 0.116% per cycle [86]

MoS2/C hollow microsphere 1 1000 935 (0.053% per cycle) [88]

ZnS nanosheet/graphene 0.1 100 1165.9 58.8% [89]

WS2 Prussian Blue-Polypyrrole 300 1050 62.0% [91]

Metal Carbide

TiC-TiO2 1 500 1218 58.6% [93]

WC/reduced Graphene Oxide
composite 1 300 83.0% [97]

Co3W3Carbide@C 1 A g−1 500 (0.06% per cycle) [98]

NbC 5 1500 (0.037% per cycle) [99]

Metal Nitride

MoNx 0.1 500 1298 (0.063% per cycle) [102]

BN Nanotube 0.3 200 1429 [103]

Co-doped g-C3N4 0.2 100 1121 95.0% [105]

Phosphide

CoP nanosphere 1 500 (0.078% per cycle) [107]

CoP/C 1 500 938 (0.08% per cycle) [108]

FeP/C 1 400 526 [109]

Ni/Ni2P-Carbon 5 1500 431 (0.031% per cycle) [110]

Metal Organic Framework

Ce UiO-67 1 500 919 0.04%/cycle [119]

Ce-UiO-66-NH2 0.2 300 1366.3 0.09%/cycle [120]

ZIF-8 0.1 199 1235.6 [121]

Quantum Dot

TiO2 Quantum Dot 600 1083 0.072%/cycle [125]

MWCNT/Nitrogen Doped Carbon
Quantum Dot 0.5 1000 1330.8 0.05%/cycle [126]

75



Electrochem 2023, 4

Table 2. Cont.

Materials on Separator
Current Density

(C, 1675 mAh g−1)
Cycle Number

Initial Discharge
Capacity

(mAh g−1)

Capacity
Retention (%)
(Fadeing Rate)

Reference

Mo2C quantum dot 0.2 100 1230 [128]

ZnS Quantum Dot 0.1 500 1211 [129]

MoP Quantum Dot 1 600 500 0.052%/cycle [130]

Mxene

Ti3C2 100 820 0.879%/cycle [143]

TiO2-Ti3C2Tx 0.5 200 662 0.035 %/cycle [144]

TiS2/TiO2-Ti3C2Tx 1 500 0.048 %/cycle [145]

Other Functional Materials

Lignin 1 500 487 [150]

Nano-fibrillated cellulose 1 580 [152]

Table 3. Comparative performances of LSB with various types of materials with both lithium
polysulfide adsorption and catalytic activities.

Materials on Separator
Current Density

(C, 1675 mAh g−1)
Cycle Number

Initial Discharge
Capacity

(mAh g−1)

Capacity
Retention (%)
(Fadeing Rate)

Reference

Lanthanum oxide 1 200 966 74.5% [85]

Co3W3Carbide@C 1 500 (0.06% per cycle) [92]

Co-doped g-C3N4 0.2 100 1121 95.0% [99]

FeP/C 1 400 526 [109]

Ni/Ni2P-Carbon 5 1500 431 (0.031% per cycle) [110]

MOF and MOF Composite [113]

ZnS Quantum Dot 0.1 500 1211 [126]

MoP Quantum Dot 1 600 500 0.052%/cycle [130]

TiO2-Mxene [144]

Each material has advantages and disadvantages. In addition, for future study, com-
bining these materials and creating composite materials could also be another strategy to
gain even better performance.

3. Necessary Properties for LSB Separators

We have explained the actual materials for which attempts have been made to apply
them to LSB separators so far. Now, we would like to further discuss the necessary
properties for LSB separators.

In general, electronic resistance and ion conductivity need to be high for LSB separators.
Ionic conductivity is related to separator structure, including porosity and tortuosity.
Porosity is necessary to save enough electrolytes in order to keep ionic transference in
an enhanced level. Tortuosity is an additional important factor. Tortuosity is the amount
to explain the morphology. As tortuosity becomes smaller, conductivity will be higher.
Furthermore, wettability is also a key factor to determine ionic conductivity. Obviously, a
higher electrolyte permeation could serve as an easier way for lithium ion transportation. It
should also be noted that the pore size and tortuosity should be uniform in order to obtain
stable current density [154].

3.1. Separator Porosity, Pore Size, and Thickness

In general, a thinner separator should possess reduced ionic resistance, which would
result in gaining a higher energy density. So far, separator thickness ranges within 20–50 μm,
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whereas that of commercial separator thickness is 20–25 μm [155]. A thinner separator
tends to be more fragile, which would be the reason for short circuits and explosions. The
uniformity and equality of thickness can be critical because an uneven separator can be the
reason for dendrite formation, which would cause disaster during battery operation.

In addition, separator porosity can be expressed by the following equation:

Porosity (%) = (1 − ρm/ρp) × 100 (2)

where ρm is the apparent density and ρp is the density of the separator material [156].
In general, the porosity is calculated by the weight difference before and after separator

immersion in the liquid, as shown in the equation:

Porosity (%) = W − w0/ρLV0 (3)

where W is the intact separator weight and w0 is the weight of the separator after liquid
immersion; ρL and V0 denote the liquid density and the separator volume, respectively.

Porosity needs to be optimized so that electrolytes are filled in the pores to assure ion
conductivity. For example, the separator itself would be weak if porosity is too high. In
contrast, if the porosity is too small, ion conductivity would not be high enough to ensure
good electrochemical performance. The optimized porosity of separators for a commercial
lithium ion battery is known to be approximately 40%, and that of lithium sulfur battery is
still controversial, since there are not as many commercialized lithium sulfur batteries in
number [157].

3.2. Tortuosity and Permeability

Tortuosity for a separator can be a factor indicating the influence of the separator
shape upon the ionic conductivity [158], and can be expressed by the following equation:

τ = sqrt (ε × Rs/R0) (4)

where ε is the porosity, Rs and R0 are the separator resistance before and after being soaked
in liquid electrolyte, respectively.

Geometric effective transport coefficient can be a measure of the effective ionic trans-
port of separators’ morphology, and can be calculated as δ = ε/τ.

The permeability is similar to tortuosity. Geometric structure can influence the ionic
conductivity by pressure difference and the permeability can be applied in this respect.

Darcy’s law can be applied to define the rate of the fluid through the porous surface,
which can be expressed by the following equation:

u = −κ/η ∇P (5)

where η is the viscosity, ∇P is the applied pressure gradient, and u is the average velocity
of the fluid when penetrating the porous surface [159].

3.3. Wettability

Wettability is also one of the critical factors because it influences the electrolyte absorp-
tion. When wettability is high, one can say that the separators’ resistance becomes small,
which would be ideal for the LSB performance [160]. It is also known that wettability is
related to the porosity, pore size, morphology, and characteristics of each separator.

3.4. Mechanical Properties and Thermal Behavior

Mechanical strength is necessary for separators to suppress the dendrite growth and
short circuit. Tensile and puncture strength are the most important mechanical properties.
Particularly, high tensile strength is necessary in the stretched directions for separators,
whereas the puncture strength is the weight which is necessary for a needle to make a
puncture on the separator [158]. Puncture strength has been applied to define how hard
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separators can bear a short circuit during battery assembly, manufacture, and electrochemi-
cal reactions. Sufficient puncture strength is necessary to confirm that separators do not
break, or otherwise, a short circuit will occur, which would cause critical damage to the
battery. The separator should also not deform or shrink because of temperature rise.

In summary, even though there are many strategies and candidate materials for
separators, which may improve the LSB electrochemical performance, the abovementioned
characteristics, such as separator thickness, porosity (pore size), tortuosity, electrolyte
wettability, and permeability, need to be carefully considered when selecting the materials.
Moreover, the mechanical strength of a separator is also important. In brief, one has
to choose good separator materials and they need to be optimized to achieve high LSB
performance.

The author group of this article also successfully improved the LSB electrochemical
performance by optimizing the cathode materials and composition, electrolyte composi-
tion, and separator. The separator was coated with a metal organic framework-derived
ink to enhance its LiPS-capturing ability [115,117,161]. Details will be described in a
forthcoming paper.

4. Conclusions

In summary, it is necessary to think about whether an applied material on a separator
is facing the anode or cathode side because of the different roles the orientation plays.
The main roles of a separator are to adsorb LiPS to suppress the shuttle effect, boost
catalytic activity to promote the sulfur-based redox reaction, function as a physical or
chemical barrier to minimize LiPS migration from the cathode to the anode, and provide
lithium affinity to control the lithium metal dendrite growth on the anode. For these
purposes, materials such as metals, carbonaceous materials, oxides, nitrides, carbides,
metal organic frameworks, quantum dots, Mxenes, biomass-derived lignins, and cellulose
have all been studied. One also needs to remember that it is important to optimize necessary
characteristics such as thickness, porosity, electrolyte permeability, and mechanical strength
for separators to obtain high LBS performance. Each material and mechanism has its
own merits and demerits and these intensive research efforts are necessary to improve the
electrochemical properties of LSBs.
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Abstract: Flexible electronic products, with their characteristics of flexibility and wearability, have
attracted significant attention and have become an important direction in the research and devel-
opment of the electronics industry. Planar micro-supercapacitors (MSCs) with flexible composite
electrodes can provide reliable energy support for these products, propelling their further devel-
opment. The research employed a quick, effective, and environmentally friendly method of laser
scribing to create shape-controllable flexible composite electrodes on composite films of Poly(3,4-
ethylenedioxythiophene) and graphene oxide (PEDOT/GO), which were subsequently assembled
into MSCs. An analysis of the composite electrode morphology, structure, and elemental distribu-
tion was conducted through the utilization of SEM, TEM, and XPS techniques. Following this, a
comprehensive evaluation of the electrochemical performance of the flexible MSCs was carried out,
which included cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and assessment of
cyclic stability. The analysis of the CV results indicated that the MSCs achieved the areal capacitance
of 5.78 mF/cm2 at 5 mV/s. After 5000 cycles at a current density of 0.05 mA/cm2, the capacitance
retention rate was 85.4%. The high areal capacitance and strong cycle stability of MSCs highlight the
potential of PEDOT/reduced graphene oxide (PEDOT/rGO) electrodes in electrode applications.

Keywords: flexibility; micro-supercapacitors; laser scribing; Poly(3,4-ethylenedioxythiophene);
graphene oxide; composite electrode; areal capacitance

1. Introduction

Due to the depletion of fossil fuels and the exacerbation of environmental pollution [1],
attention has shifted towards the development of renewable energy sources. However, the
production capacity of renewable energies, such as wind and solar energy, is unstable and
cannot be directly stored, existing only in the form of electricity [2]. This has accelerated
the development of batteries and supercapacitors [3]. Supercapacitors, which are also
referred to as electrochemical capacitors, are a modern form of energy storage that falls
between conventional capacitors and batteries [4,5]. Supercapacitors are well known for
their impressive power density [6,7], making them candidates for rapid power supply and
charging [8]. Based on their charge storage mechanism, supercapacitors are categorized into
electric double-layer capacitors (EDLCs) and pseudocapacitors [9,10]. Carbon materials,
with their excellent conductivity, stable chemical properties, high specific surface area, low
cost, and mature processing technology, are considered high-quality electrode materials
for EDLCs [11,12]. The electrode materials for pseudocapacitors mainly include metal
oxides and conductive polymers [13,14]. Pseudocapacitors store energy through reversible
reactions on the surface of the electrode, demonstrating a mechanism that is more intricate
than that of EDLCs [15–18].

In recent years, with the rise of new wearable electronic products, there has been an
increasing interest in research on flexible planar micro-supercapacitors (MSCs) [19–21].
Graphene, due to its unique properties, has shown great potential as an electrode material
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for MSCs [22]. The mainstream fabrication techniques for graphene electrode materials
include inkjet printing [23], laser scribing [24], and laser-induced approaches [25–27], with
laser scribing being significantly more efficient than inkjet printing and comparable to
laser-induced methods. Firstly, the laser scribing technique is lauded for its exceptional
precision and high resolution, capable of achieving micrometer-level intricate patterns.
This precision is crucial for applications requiring high-resolution patterns, such as the
fabrication of graphene electrodes in supercapacitors, where exact electrode patterning can
significantly impact device performance. In contrast, the preparation of graphene electrodes
via inkjet printing requires the pre-processing of graphene powder to formulate the ink.
Due to the hydrophobic nature of graphene, it is common to add sodium carboxymethyl
cellulose (CMC) to enhance the stability of the dispersion. While CMC helps stabilize the
ink, its addition can introduce impurities that may weaken the electrochemical perfor-
mance of supercapacitors by influencing both the conductivity and the electrochemical
reactivity of the electrode material. MSCs based on graphene electrode materials possess
advantages such as short charging times, long cycle stability, and greater power density,
holding tremendous application prospects in flexible micro-electronic devices [28–31].
Poly(3,4-ethylenedioxythiophene) (PEDOT), as a conductive polymer material, exhibits
good conductivity, electrochemical stability, and reversible redox properties [32], making it
suitable for use as an electrode material in supercapacitors [33–36]. It is noteworthy that
most high-performance MSCs are currently based on composite electrode materials. The
use of graphene alone as an electrode material for MSCs is limited by its lower electro-
chemical activity, affecting the electrode’s specific capacitance and reliability. Similarly,
using PEDOT alone as an electrode material for MSCs is not ideal, as PEDOT nanoparticles
have a lower specific surface area than graphene, meaning there are fewer active areas
available for reactions between the electrode and the electrolyte, thus reducing the per-
formance of the capacitor. Therefore, combining graphene and PEDOT into a composite
electrode material is expected to overcome their individual limitations and improve the
performance of MSCs, pushing the development and application of supercapacitor tech-
nology. Fuwei Liu [37] developed a supercapacitor utilizing the rGO/PEDOT/polyaniline
composite electrode, which achieved a specific capacitance of 535 F/g and exhibited good
cyclic stability. However, the fabrication process for the composite electrode is complex,
making it unsuitable for direct use in flexible micro-supercapacitors (MSCs). In another
study, Shiyuan Li [38] successfully fabricated an rGO/PEDOT composite electrode using a
hydrothermal polymerization technique, which achieved a conductivity of 88.5 S/cm and
a specific capacitance of 202.7 F/g. Nevertheless, the fabrication process for this electrode
is challenging to control.

In this work, novel flexible PEDOT/rGO composite electrodes with controllable shapes
were fabricated through an extremely simple and highly effective laser scribing technique.
PEDOT not only provides additional electrochemical activity to enhance the performance
of MSCs, but also improves the mechanical strength and flexibility of the electrodes, thereby
increasing the reliability of MSCs. The high electrical conductivity of rGO facilitates rapid
electron transport on the electrode surface, and its high specific surface area means that
there are more active sites available for electrochemical reactions, further enhancing the
electrochemical performance of MSCs. The electrochemical testing results of the flexible
MSCs indicate that the maximum areal capacitance achieved by the PEDOT/rGO electrode-
based MSCs is 5.78 mF/cm2 at 5 mV/s. Repeated charge/discharge tests conducted on the
MSCs with optimal performance show that, under a current density of 0.05 mA/cm2, the
retention of capacitance stands at 85.4% following 5000 cycles. All of these demonstrate
that the fabricated flexible PEDOT/rGO composite electrodes hold application potential in
electrodes for planar MSCs.
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2. Experiment

2.1. Materials

The uniform, precipitate-free, single-layer graphene oxide (GO) dispersion with a con-
centration of 2 mg/mL, synthesized using an improved Hummers method, was obtained
from Tanfeng Technology Co., Ltd., located in Suzhou, China. The Orgacon conductive poly-
mer PEDOT:PSS dispersion, containing an active chemical content of PEDOT:PSS at 1.2%
wt, was provided by Agfa-Gevaert N.V., Belgium. Polyvinyl alcohol (PVA) was obtained
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China, and crystalline lithium
chloride was sourced from Aladdin Biochemical Technology Co., Ltd., Shanghai, China.

2.2. Fabrication of PEDOT/rGO Electrodes

First, 10 mL of GO dispersion was mixed with no more than 1 mL of PEDOT:PSS
dispersion in a beaker, and the mixture was thoroughly stirred on a magnetic stirrer
to ensure uniformity. Subsequently, a polyethylene terephthalate (PET) substrate with
a diameter of 8 cm was prepared. The PEDOT/GO mixture was carefully drawn into a
syringe and evenly dispensed onto the surface of the PET substrate. A coating rod was used
to gently spread the mixture, ensuring the formation of a uniform and smooth layer. The
mixture was then left to cure naturally at room temperature, forming a PEDOT/GO film.
Finally, to pattern the PEDOT/GO film, a laser engraving machine with a wavelength of 405
nm and the maximum output power of 1.5 W was used. The laser power was set to 27.1%.
Under these settings, the interdigital PEDOT/rGO electrode was fabricated within two
minutes. Figure 1 presents a photograph of the fabricated PEDOT/rGO electrode sample.

 

Figure 1. The physical sample of the PEDOT/rGO electrode.

2.3. Electrolyte

Here, 0.6 g of polyvinyl alcohol (PVA) powder was mixed with 5 mL of deionized
water. Using a constant temperature magnetic stirrer, the mixture was steadily heated to 85
◦C under vigorous stirring by a water bath method, and the stirring was continued until
the mixture completely turned into a transparent gel. After cooling to room temperature,
the transparent gel was further processed by adding 1 mL of a 0.6 g/mL LiCl solution.
Upon thorough stirring, the PVA/LiCl gel electrolyte was obtained.

2.4. Construction of Planar MSCs

The interdigital PEDOT/rGO electrode with a length of 10 mm, finger width of 0.7 mm,
and inter-finger spacing of 0.4 mm was uniformly coated with the PVA/LiCl gel electrolyte.
To enhance electrical conductivity, copper strips were added to both sides of the electrode.
Additionally, a low-temperature conductive silver paste, curing at 80–150 ◦C, was applied
at the interfaces between the copper strips and the electrode to ensure excellent electrical
contact performance. Subsequently, the entire assembly was placed in an electrically
heated, constant-temperature, air-circulating oven set at 80 ◦C to accelerate the curing
process. Approximately twenty minutes later, the conductive silver paste had solidified.
The solidification of the conductive silver paste secured the copper strips, ensuring the
reliability and stability of the electrical connections. Finally, to complete the encapsulation
process and protect the electrode, a layer of PI tape was carefully applied over the electrode
that was coated with the electrolyte. After the encapsulation process, the dimensions of
the micro-supercapacitor (MSC) were measured to be 13 mm in length and 8 mm in width.
Figure 2 shows the sequential steps involved in the encapsulation process of MSC.
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Figure 2. The encapsulation and testing processes of MSCs based on PEDOT/rGO electrodes.

2.5. Characterization

The morphology of the electrodes was analyzed using field emission scanning electron
microscopy (FESEM, Regulus 8100, Hitachi, Tokyo, Japan). The GO dispersion doped with
PEDOT:PSS dispersion was analyzed using transmission electron microscopy (TEM, Talos
F200X G2, Thermo, Waltham, MA, USA). Raman spectra were measured using a Raman
spectrometer (Scientific DXR, Thermo, Waltham, MA, USA). The elemental composition
was determined by X-ray photoelectron spectroscopy (XPS, Scientific K-Alpha, Thermo,
Waltham, MA, USA).

2.6. Electrochemical Measurements

The CHI660E (Chenhua, Shanghai, China) system was used to test the electrochemical
performance. Cycling performance tests were carried out on a BTS-3000 (Neware, Shenzhen,
China). Analyses of electrochemical involved cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), electrochemical impedance spectroscopy (EIS), and cyclic stability
assessment. According to the CV curve, the areal capacitance at different scanning rates
was calculated according to the equation CA =

∫
IdV/SΔVv, where CA (mF/cm2) denotes

the areal capacitance,
∫

IdV signifies the integral under the CV curve, S denotes the area
of supercapacitor, ΔV (V) represents the voltage window, and v (mV/s) indicates the
scanning rate.

3. Results and Discussion

3.1. Surface Morphology Analysis

The alterations in surface morphology of the PEDOT/rGO composite electrode due
to laser scribing were analyzed through Scanning Electron Microscopy (SEM), illustrated
in Figure 3a–d. Figure 3a presents the surface appearance of the PEDOT/GO composite
material before laser treatment on the left, and the surface appearance of the PEDOT/rGO
composite electrode on the right. This observation suggests that the laser scribing process
successfully converts graphene oxide (GO) to reduced graphene oxide (rGO). Figure 3b
demonstrates a rough surface of the composite electrode, showcasing a distinct layered and
interconnected porous structure. Figure 3c depict the surface appearance of the composite
electrode at increased magnifications, and the SEM image in Figure 3d displays a significant
quantity of PEDOT nanoparticles adhering to the rGO framework.

Figure 4 presents the TEM images of a mixture of GO dispersion and PEDOT:PSS
dispersion. From Figure 4a, it can be observed that GO is highly electron transparent and
exhibits a wrinkled shape. In Figure 4b, PEDOT nanoparticles are observed on the surface
of GO. The high-resolution TEM (HRTEM) image in Figure 4c reveals that GO exhibits a
few-layer structure of 2–3 layers, with an interlayer distance of about 0.34 nm, which is
comparable to the interlayer distance of graphite.
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Figure 3. Analysis of material morphology: (a) the alteration in surface texture of the PEDOT/GO film
due to laser scribing; (b) SEM image at low magnification; (c,d) SEM images at higher magnification.

 

Figure 4. TEM images of the mixture of GO dispersion and PEDOT:PSS dispersion at different
magnifications: (a,b) TEM images with a scale bar of 100 nm; (c) TEM image with a scale bar of 2 nm.

3.2. Structure Analysis

Figure 5 presents the Raman spectra of rGO and PEDOT/rGO electrode materials.
The D peak, G peak, and 2D peak associated with rGO are located 1342 cm−1, 1578 cm−1,
and 2650 cm−1, respectively (where the D and G peaks are the Raman characteristic peaks
of carbon atom crystals, and the width of the 2D peak correlates with the uniformity of
interlayer spacing and the degree of defects). For the PEDOT/rGO electrode materials, the
D and G peaks appear at 1350 cm−1 and 1582 cm−1, indicating the presence of carbonaceous
components within the composite electrode material [39]. Further analysis reveals that
the intensity ratio of the D to G bands (ID/IG) for PEDOT/rGO is 0.97, which is higher
than the 0.89 of rGO, suggesting that the presence of PEDOT nanoparticles promotes the
formation of disordered multilayer graphene [40]. Additionally, a very broad 2D peak
appears at 2700 cm−1 in the Raman spectra of PEDOT/rGO, reaffirming that the presence
of PEDOT nanoparticles favors the production of disordered multilayer graphene [41].

Figure 5. Raman spectra of rGO and PEDOT/rGO electrodes.

Figure 6 displays the XPS analysis of the PEDOT/rGO composite electrode material.
The XPS technique reveals information on the chemical composition and chemical bonds of
PEDOT/rGO. From the full XPS spectrum shown in Figure 6a, a significantly high peak of
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C 1s, along with lower peaks of O 1s, N 1s, and S 2p, can be observed. Figure 6b presents
the high-resolution XPS spectrum of C 1s, showcasing three peaks located at 284.8, 286.3,
and 289.1 eV, corresponding to the C−C, C−O, and C=O bonds [42]. Figure 6c, the high-
resolution XPS spectrum of O 1s, exhibits two typical peaks corresponding to the C=O
(530.6 eV) and C−O (533.6 eV) bonds [43]. The high-resolution XPS spectrum of N 1s
shown in Figure 6d is fitted with three peaks at 397.9, 399.8, and 401.5 eV, attributed to
pyridinic N, pyrrolic N, and graphitic N bonds [44]. Figure 6e shows the high-resolution
XPS spectrum of S 2p, with the presence of C−S 2p3/2 (164.0 eV) and C−S 2p1/2 (165.3 eV)
bonds, proving the formation of chemical bonds between sulfur and carbon atoms [45].

Figure 6. XPS spectra of the composite electrode: (a) full spectrum; (b) C 1s; (c) O 1s; (d) N 1s; (e) S
2p.

3.3. Electrochemical Performance Analysis

Figure 7 demonstrates the study of the electrochemical performance of MSCs and the
optimization of PEDOT/rGO composite electrodes, where the varying content of PEDOT
directly affects the performance of individual PEDOT/rGO composite electrodes, with
a specific ratio yielding optimal electrode performance. The fabrication of a reduced
graphene oxide (rGO) electrode begins with its precursor, a GO film. After patterning
the GO film using the laser scribing technique, the surface of the film is converted into
an rGO electrode. For convenience, the MSC assembled based on this rGO electrode is
designated as pristine rGO MSC. The fabrication of a PEDOT/rGO electrode begins with
a composite precursor film. Initially, 10 mL of a GO dispersion with a concentration of
2 mg/mL is mixed with a specific volume of a PEDOT:PSS dispersion containing 1.2% wt
active chemical content of PEDOT:PSS. After curing, the mixture forms a PEDOT/GO-V
film, where ‘V’ denotes 100 times the volume of the PEDOT:PSS dispersion in the mixture.
Subsequently, the PEDOT/GO-V film is precisely patterned into the desired electrode shape
via laser scribing technique, thereby resulting in the formation of a composite. Finally,
this composite electrode is assembled into a PEDOT/rGO-V MSC. Figure 7a presents the
CV curves of the MSCs. For pristine rGO MSC, the shuttle-like contour of the CV curve
indicates that the areal capacitance of pristine rGO MSC is solely provided by the electric
double-layer capacitance (EDLC). In contrast, for PEDOT/rGO-V MSC, the fluctuating CV
curves reveal that the areal capacitance of PEDOT/rGO-V MSC is provided by both EDLC
and pseudocapacitance. Additionally, the integral area of the CV curves increases from
pristine rGO MSC to PEDOT/rGO-25 MSC, and then decreases from PEDOT/rGO-25 MSC
to PEDOT/rGO-35 MSC. Figure 7b illustrates the GCD curves of the MSCs, which show
that the discharge time of PEDOT/rGO-V MSC follows a similar trend of initial increase
followed by a decrease, aligning with the changes observed in the integral area of the CV
curves. The areal capacitance of the MSCs shown in Figure 7c are calculated based on the
CV curves presented in Figure 7a. After uniformly mixing 10 mL of GO dispersion with
0.25 mL of PEDOT:PSS dispersion, a PEDOT/GO-25 film is formed, which contains 20 mg
of GO and 3 mg of PEDOT. Based on this specific composition of precursor film, a composite
electrode is subsequently fabricated and assembled into a PEDOT/rGO-25 MSC. According
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to Figure 7c, the PEDOT/rGO-25 MSC exhibits the highest areal capacitance, indicating that
the composite electrode made from the PEDOT/GO-25 film exhibits optimal performance.
This further suggests that even slight variations in the PEDOT content of the composite
precursor film can significantly impact the electrochemical performance of the electrode
material. Figure 7d–f display the electrochemical impedance spectroscopy (EIS) graphs
for PEDOT/rGO-15, PEDOT/rGO-25, and PEDOT/rGO-35, respectively. Understanding
the mass content of PEDOT and GO in the composite precursor film is beneficial for EIS
analysis. After mixing 10 mL of GO dispersion with 0.35 mL of PEDOT:PSS dispersion,
a PEDOT/GO-35 film is formed, which contains 20 mg of GO and 4.2 mg of PEDOT.
Based on this specific composition of precursor film, a composite electrode is subsequently
fabricated and assembled into a PEDOT/rGO-35 MSC. In the high-frequency domain,
the x-coordinate at which the impedance curve intersects the real axis represents the
equivalent series resistance (ESR) of the MSC, incorporating the resistances of both the
electrode and the electrolyte. According to the insets in the EIS graphs, which provide
a magnified view of this domain, the ESR values are 45.7 Ω for PEDOT/rGO-15 MSC,
52.8 Ω for PEDOT/rGO-25 MSC, and 146.5 Ω for PEDOT/rGO-35 MSC. Analysis of the
three EIS graphs reveals that the intercept on the real axis, which represents the ESR of
the MSC, progressively increases as the concentration of PEDOT in the precursor film
rises. Thus, with the electrolyte held constant, it is evident that the resistance of the
electrode increases as the PEDOT concentration rises. Figure 7d–f demonstrate that the
resistance of the electrode fabricated from the PEDOT/GO-35 film is significantly higher
than those prepared from the other two precursor films. While the variation in ESR between
PEDOT/rGO-15 MSC and PEDOT/rGO-25 MSC is slight, a significant increase observed
between PEDOT/rGO-25 MSC and PEDOT/rGO-35 MSC clearly demonstrates the impact
of higher PEDOT concentrations on the performance of PEDOT/rGO composite materials.
The porous structure of rGO in these materials typically enhances ion and electron transport,
thereby improving overall conductivity. However, the impact of PEDOT concentration
is critical: a moderate concentration of PEDOT slightly increases the resistance, while
excessively high concentrations significantly increase it, leading to detrimental effects.
Specifically, high concentrations result in the clogging of rGO pores and the accumulation
of polymer chains, which impede both ion and electron mobility within the composite
material, thereby reducing its conductivity. The reduced conductivity leads to uneven
charge distribution across the electrode material, which restricts effective charge storage in
specific areas. Consequently, this condition causes wastage of active electrode material and
decreases the areal capacitance. If the detrimental effects of reduced conductivity, caused by
an excessive concentration of PEDOT nanoparticles in the electrode material, outweigh the
benefits of enhanced electrochemical activity, the areal capacitance of the PEDOT/rGO-35
MSC will be lower compared to that of the pristine rGO MSC.
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Figure 7. Electrochemical characteristics of the PEDOT/rGO MSC: (a) the CV curves at 5 mV/s;
(b) the GCD curves at 70 μA/cm2; (c) the areal capacitance of MSCs; (d) the EIS graphs of the
PEDOT/rGO-15 MSC; (e) the EIS graphs of the PEDOT/rGO-25 MSC; (f) the EIS graphs of the
PEDOT/rGO-35 MSC.

Figure 8 presents the results of CV and GCD tests for pristine rGO MSC and PEDOT/
rGO-25 MSC. Figure 8a shows the CV curves of pristine rGO MSC, where the curve at
5 mV/s exhibits a shuttle-like contour. This indicates that pristine rGO MSC is capable
of accumulating and releasing charge without any chemical reaction, relying solely on
electric double-layer capacitance (EDLC) for the storage and release of energy. The EDLC
arises from the electrostatic accumulation of electrolyte ions at the graphene electrode
surface in pristine rGO MSC. Based on the CV curve at 5 mV/s, the areal capacitance of
pristine rGO MSC is calculated to be 3.19 mF/cm2. Figure 8b shows that the GCD curves
of pristine rGO MSC at 30–90 μA/cm2 form approximately isosceles triangles, indicating
that pristine rGO MSC, fabricated from GO film, exhibits good electrode reversibility and
capacitive characteristics. Figure 8c displays the CV curves of PEDOT/rGO-25 MSC at
5–100 mV/s, where noticeable redox peaks are observed. This finding indicates that the
PEDOT/rGO-25 MSC stores energy through a combination of EDLC and pseudocapac-
itance. The pseudocapacitance in the PEDOT/rGO-25 MSC originates from rapid and
reversible Faradaic processes associated with PEDOT. These processes involve the transfer
of electrons and ions at or near the surface of the electrode material, thereby facilitating the
efficient storage and release of energy. In the CV testing of the PEDOT/rGO-25 MSC, even
as scan rates increased, the displacement of the redox peaks on the CV curves remained
very slight. This observation indicates that the electrode material can rapidly facilitate
charge transfer reactions even under fast scanning conditions, while the ionic diffusion
within the electrolyte is sufficiently swift to promptly adjust to changes in potential. This
rapid responsiveness confirms the high reversibility of the electrode reactions across a
range of scanning rates, thereby demonstrating excellent electrochemical kinetics at the
electrode/electrolyte interface. The areal capacitance of the PEDOT/rGO-25 MSC is calcu-
lated to be 5.78 mF/cm2 based on the CV curve at 5 mV/s, meaning that PEDOT/rGO-25
MSC has achieved an 81% performance improvement compared to pristine rGO MSC.
Figure 8d illustrates the GCD curves of the PEDOT/rGO-25 MSC at current densities
ranging from 30 to 90 μA/cm2. Notably, a plateau observed during both the charging
and discharging phases corresponds to the oxidation and reduction peaks identified in the
CV curves. Furthermore, as the current density increases, the discharge time essentially
halves, indicating that even under higher loads, PEDOT/rGO-25 MSC can respond quickly,
demonstrating excellent rate performance.

92



Materials 2024, 17, 2144

Figure 8. Electrochemical performance tests: (a) CV curves of the pristine rGO MSC at 5–100 mV/s;
(b) GCD curves of the pristine rGO MSC at 30–90 μA/cm2; (c) CV curves of the PEDOT/rGO-25
MSC at 5–100 mV/s; (d) GCD curves of the PEDOT/rGO-25 MSC at 30–90 μA/cm2.

Figure 9 illustrates the flexibility and cyclic stability tests of the PEDOT/rGO-25 MSC.
Flexibility testing is performed by bending the MSC to various angles, while CV testing
is employed to assess the electrochemical performance of the MSC under these different
bending conditions. This method is used to evaluate the stability and reliability of its
performance when subjected to changes in physical form. Specifically, CV measurements
were performed on the MSC bent at various angles, including 135◦, 90◦ (forming a right
angle), 45◦, and 0◦ (flat), with all tests conducted at scan rates of 5 mV/s. The flexibility of
the MSC is assessed by comparing the integrated areas of the CV curves obtained at different
bending angles. From Figure 9a, it is evident that the four CV curves closely overlap,
demonstrating that the PEDOT/rGO-25 MSC exhibits nearly identical performance across
all bending angles. This straightforward testing method confirms the robust flexibility
of the fabricated PEDOT/rGO-25 MSC. Figure 9b illustrates the cyclic life curve of the
PEDOT/rGO-25 MSC following 5000 charge/discharge cycles at a current density of
0.05 mA/cm2. An analysis of the curve reveals that the capacitance retention is 85.4%; this
high level of capacitance maintenance suggests that the PEDOT/rGO-25 MSC exhibits
excellent durability and stability.

Table 1 lists three types of previously reported MSCs, including the types of electrodes
and electrolytes used, along with their respective areal capacitances. The data clearly
demonstrate that MSCs utilizing PEDOT/rGO composite electrodes exhibit a certain lead-
ing edge in performance.

Figure 9. Flexibility and cyclic stability testing of the PEDOT/rGO-25 MSC: (a) CV curves obtained
at various bending angles including 135 degrees, 90 degrees, 45 degrees, and 0 degrees; (b) the cyclic
life curve.
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Table 1. Performance comparison of the PEDOT/rGO MSCs with other graphene-based MSCs.

Electrode Electrolyte
Areal Capacitance

(mF/cm2)
Ref.

NiOOH/Ni(OH)2/Graphene PVA/KOH 0.75 [46]
rGO/CNT PVA/H3PO4 2.6 [47]

Graphene/MWNT PVA/H3PO4 2.54 [48]
PEDOT/rGO PVA/LiCl 5.78 This work

4. Conclusions

The energy storage mechanism of PEDOT/rGO MSCs is a composite mechanism,
relying on both pseudocapacitance and electric double-layer capacitance (EDLC) for ef-
ficient energy storage. The pseudocapacitance originates from the rapid and reversible
Faradaic processes of PEDOT, involving the transfer of electrons and ions in the surface
or near-surface region of the electrode material, thus enabling the storage and release of
energy. The conductive polymer framework of PEDOT provides a wealth of active sites and
excellent conductivity, allowing it to exhibit high pseudocapacitive performance in elec-
trochemical reactions. On the other hand, EDLC is generated by charge separation in the
rGO layers, where charges form electrostatic attractions between the electrode surface and
the electrolyte. This mechanism does not involve the chemical transformation of charges,
making it a non-Faradaic process. By combining these two mechanisms, PEDOT/rGO
MSCs not only achieve high energy storage, but also maintain good cycle stability and
rapid charge–discharge capability. The preparation strategy of this composite material,
by optimizing the interaction and ratio between PEDOT and rGO, further enhances its
electrochemical performance, thereby expanding the application scenarios of flexible MSCs
based on PEDOT/rGO composite electrodes.
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Abstract: Porous carbon materials (PCs) were prepared via hydrothermal carbonization from calcium
lignosulfonate (CL) based on enzymatic hydrolysis and alkali activation. The effects of enzymatic
hydrolysis and different KOH feeding ratios on the structure and electrochemical properties of
enzymatic hydrolysis CL (EHCL)-derived PCs were evaluated in detail. The results showed that the
EHCL-derived PCs showed a higher SSA than that of CL. When the mass ratio of KOH/EHCL was
3/2, the PCs exhibited a honeycomb-like microscopic morphology with a specific surface area of up
to 1771 m2/g and a 3D hierarchical porous structure composed of abundant micropores, mesopores,
and macropores. As an electrode in a supercapacitor, the highest specific capacitance was 147 F/g at
a current density of 0.25 A/g, and it maintained 78% of the initial value at a high current density of
10 A/g. The excellent electrochemical cycle and structural stability were confirmed on the condition
of a higher capacitance retention of 95.2% after 5000 times of galvanostatic charge/discharge. This
work provides a potential application of CL in high-performance supercapacitors.

Keywords: calcium lignosulfonate; enzymatic hydrolysis; alkali activation; hierarchical porosity;
supercapacitors

1. Introduction

As a basic demand for social progress and development, the energy demand in
transportation, electronics, smart devices, and other fields of the world has significantly
increased in recent years, and new energy technologies have gradually become the focus of
researchers [1,2]. Relatively clean energy conversion technologies such as new batteries
and supercapacitors are considered to be the key to solving the future energy crisis [3,4].
Among these, supercapacitors with higher power densities, high-efficiency energy storage
systems, and excellent durability have attracted relatively strong attention, and have been
widely used in electronic equipment in daily life, national defense, and military fields [5,6].
These green and sustainable energy storage devices can effectively avoid the excessive
consumption of fossil raw materials—especially high-efficiency, environmentally friendly,
and low-cost supercapacitors with excellent performance—because most carbon source
materials are currently related to fossil fuels such as ethanol, acetylene, and pyridine [7,8].
Biomass energy has a large storage capacity, low development cost, and low environmental
pollution in nature, and it is crucial to switch to bio-renewable carbon sources [9]. Gener-
ally, the performance of supercapacitors is mainly determined by their electrode materials,
and high-performance electrode materials can endow superelectric devices with a higher
energy density [10]. Carbon materials have been the research focus in the field of electrode
materials due to their high stability and preferred electrical conductivity. Importantly,
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their structural adjustability makes it possible to obtain porous carbon materials with a
high specific surface area (SSA) and an ideal pore structure [11–13]. Compared with other
new carbon-based electrode materials (nano-onions, nanotubes, nanospheres, aerogels,
graphene, etc.), porous carbon has the advantages of a wide source of precursors, des-
ignability of diversified morphology, relatively simple preparation process, and low cost,
resulting in the main direction for the future development of supercapacitor electrode
materials [14–16].

Compared with fossil fuels and their derivatives, the use of sustainable, inexpen-
sive, and environmentally friendly bio-based materials to prepare porous carbons is more
attractive [17,18]. Biomass materials as new energy are mainly composed of polysac-
charides, lignin, proteins, chitin, nanocellulose, and wood, which can be modified by
physical or chemical methods to prepare renewable carbon materials in the presence of
an activator [19–23]. As an amorphous polymer, lignin is a type of natural biomass fuel
with abundant reserves on earth, and its molecular structure endows it with a high carbon
content. At present, lignin and its derivatives are the primary by-products of the paper
industry, with an amazing output in the world every year. The main treatment method
is to directly burn it to recycle new energy, but this also causes serious environmental
pollution [24,25]. The molecular unit of lignin is based on hydroxyphenylpropane, which
is linked by carbon–carbon bonds or other chemical bonds [26]. This type of high-carbon
macromolecular structure makes lignin widely used in the field of flame-retardant poly-
mers [27,28]. Moreover, the chemical composition of lignin includes three propane-type
phenol units, and this macromolecule with a high carbon content is an ideal precursor for
preparing porous carbon materials. In recent years, low-cost lignin-derived carbon materi-
als have also been used in dye adsorption, titanium dioxide capture, and energy storage
technology to explore potential ways to solve environmental and climate problems [29–31].
Compared with pure lignin and lignosulfonates, the enzymatic hydrolysis of lignin has
no influence on its main chemical structure; the carbon skeleton can be doped with some
nitrogen and oxygen at the same time, which has been demonstrated to be an effective
approach to enhance the hydrophilicity and electrochemical performance of lignin-derived
carbon materials [32,33].

Unlike the metal oxide click materials used in most pseudocapacitors, carbon-based
materials mostly feature double-layer capacitance, in which electrostatic charges are ac-
cumulated and released in the electric double-layer formed at the interface between the
electrode and the electrolyte [34–36]. This type of electric double-layer capacitor (EDLC) is
expected to overcome the poor cycle stability and poor conductivity of pseudocapacitors,
and has a high-cost performance [37]. Nevertheless, SSA and hydrophilicity are important
indicators of EDLC electrode materials, and hydrophilic porous structures with a high
SSA can increase the contact area of electrodes and electrolytes and provide enough reser-
voirs and smooth channels for electrolyte diffusion and ion transport [38,39]. Although
traditional porous carbon materials (PCs) have a high specific surface area, the pore size
distribution (0.5–1.1 nm) of their microporous structure is usually narrow, which leads
to a poor rate performance due to the nanoporous structure, severely limiting the ion
diffusion [40]. Materials such as carbon nanotubes (CNTs), graphene, and carbon fibers
(CFs) have been often used as a support for flexible electrode materials, and the surface
needs to be chemically modified to reconstruct a suitable porous structure [41–43]. In terms
of improving the double-layer capacitance rate performance, novel PCs with hierarchical
porosity have more advantages in the field of double-layer capacitors than those with a
uniform pore size distribution [44]. Specifically, macropores can provide reservoirs for
ion buffering, mesopores can shorten the distance that ions are transported to internal
channels, and micropores can provide more ion accumulation sites. The preparation of
PCs with hierarchical porosity by the template method is the common method reported in
the literature. The template materials involved include zeolite, silica, and metal–organic
frameworks [45–47]. However, the complex synthetic steps and expensive price of these
template materials make them unable to be mass-produced.
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It has been fully proved that chemical activation also provides a facile and effective
method to obtain porous structures with a high SSA. For example, under an inert gas
environment, carbon precursors can be mixed with KOH, K2CO3, etc., and then pyrolyzed
to produce a porous structure through multiple chemical and physical reactions at high
temperatures [48]. Among them, template-free KOH pore-forming technology is regarded
as relatively easy and inexpensive to produce a carbon material with hierarchical porosity, in
which the pore structure and electrochemical properties tend to be more dependent on the
precursor and KOH feed ratio [49]. In addition to the type of activator and activation process
parameters, the intrinsic structure difference of precursors also leads to the diversification
of the PCs’ microstructure during carbonization [50,51]. Generally speaking, precursors
with smaller molecular weights are beneficial to the formation of carbon materials with a
high porosity, improving the graphitization degree when under direct carbonization. The
decomposing enzyme contained in the bacterial strain can effectively reduce the molecular
weight of lignin. It has been reported that the biotransformation of lignin to lipids, adipic
acid, and polyhydroxyalkanoate can be easily realized in the presence of some bacteria [52].

Calcium lignosulfonate (CL), as the main by-product of the paper industry, is often
used as a multi-component polymer anionic surfactant. CL may also be preferred as a more
ideal precursor of porous carbon materials than lignin, which endows it with a potential
application in porous carbon electrode materials for supercapacitors [53]. A large number of
natural small molecular compounds and calcium ions in CL act as a template and activating
synergist, respectively, which promotes the development of the pore structure in PCs [54].
Laccase is a type of commonly used lignin-degrading enzyme, which is widely distributed
in plants, insects, fungi, and bacteria. Enzymatic hydrolysis lignin shares a similar chemical
composition to that of native lignin, and nitrogen and oxygen can be doped to the carbon
skeleton through biological fermentation during the enzymatic hydrolysis process, thus
enhancing the hydrophilicity of carbon materials and introducing pseudocapacitance [55].
For CL, in addition to the above advantages, the deep degradation of CL by laccase can
also improve the uniformity of calcium ion distribution in CL, obtaining a more ideal
pore structure.

Hence, in this work, hierarchical PCs were prepared from low-cost calcium ligno-
sulfonate (CL) by combining enzymatic hydrolysis and KOH activation. Firstly, CL was
enzymatically hydrolyzed with laccase to depolymerize the macromolecules and promote
carbonization. Secondly, the enzymatic hydrolysis CL (EHCL) obtained was carbonized
in the presence of KOH to generate 3D hierarchical PCs composed of abundant cross-
linked macropores with incalculable micropores and mesopores based on the template-free
method. The prepared PCs were subsequently used as EDLC electrodes in liquid elec-
trolytes, and the effect of enzymatic hydrolysis and the lignin/KOH feed ratio on the
microstructure and electrochemical performance was investigated in detail. This work
promotes the application of low-cost biomass resources in supercapacitors. The preparation
of 3D-structured hierarchical PCs is an ideal approach to broaden the application field of
lignin and its derivatives.

2. Materials and Methods

2.1. Materials

The calcium lignosulphonate (CL; industrial grade) was supplied by Gongyi Shengshi
Refractories Co., Ltd. (Gongyi, Henan, China). Potassium hydroxide (AR), sulfuric acid
(98 wt%), and hydrochloric acid (36–38 wt%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Laccase (99 wt%) was bought from Tianjin Mingshi
Biotechnology Co., Ltd. (Tianjin, China). Poly(vinylidene fluoride) (PVDF; 9000 HD) was
supplied by Arkema Inc. (Serquigny, France). All raw materials and reagents were used
directly without any pretreatment.
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2.2. Preparation of Enzymatic Hydrolysis Calcium Lignin (EHCL)

In a 500 mL three-necked flask, 10 g of CL was mixed with 100 mL of HCl (pH = 4), and
then 1 mL of laccase was added. After full dissolution, the solution was continuously stirred
at 50 ◦C for 6 h under nitrogen protection. After the reaction, the product—enzymatic
hydrolysis calcium lignin (EHCL)—was filtrated and repeatedly washed with ultrapure
water, followed by drying to a constant weight at 80 ◦C.

2.3. Preparation of KOH-Activated PCs

In an alumina ark, 3 g of EHCL and 50 mL of 5 wt% H2SO4 were introduced. After thor-
ough mixing, the ark was placed in an oven at 180 ◦C for 24 h for pre-carbonization and then
naturally cooled to room temperature to afford hydrochar. After being washed and purified
by ultrapure water, 2.4 g of acid-treated EHCL hydrochar and KOH (KOH/EHCL = 1:2,
2:3, 1:1, and 3:2) were mixed and then evenly ground in a planetary ball mill. During the
grinding process, about 50 mL of ultrapure water was added to form a uniform slurry.
Subsequently, under nitrogen protection, the slurry was heated up to 300 ◦C and kept
for 2 h, and then further heated up to 800 ◦C at 5 ◦C/min. After carbonization at 800 ◦C
for 3 h, the residual samples were cooled, washed with HCl (4 mol/L) several times, and
thoroughly washed with ultrapure water to neutrality. The prepared PCs were completely
dried at 120 ◦C in an oven and named EHCL-Ka, EHCL-Kb, EHCL-Kc, and EHCL-Kd.
Meanwhile, CL was directly activated with KOH under a mass ratio of 3/2 (KOH/CL) to
prepare the comparative sample, which was named CL-K.

2.4. Preparation of Solid Electrolyte

The supercapacitor electrodes were prepared according to the method reported previ-
ously [32]. Typically, the EHCL-Ks (‘s’ indicates a, b, c, and d), poly(vinylidene fluoride)
(PVDF), and acetylene black (mass ratio of 8:1:1) were mixed with 10 mL of ethanol to form
a homogeneous slurry and then molded together with foamed nickel at 3 mPa. Finally,
the volatile product was thoroughly removed in a vacuum oven at 100 ◦C to obtain the
solid electrolyte.

2.5. Characterization

Fourier transform infrared (FTIR; Avatar 460, Thermo Nicolet, Madison, WI, USA) was
performed to confirm the chemical composition at a frequency range of 500–4000 cm−1 in
transmission mode. Raman spectra (Raman, DXR, Thermo Scientific, Waltham, MA, USA)
and X-ray diffraction (XRD; XRD-6000, Shimadzu, Kyoto, Japan) were used to confirm the
physical structures. The microstructure observation of carbon materials was performed
using scanning electron microscopy (SEM; JSM-6360LA, JEOL, Tokyo, Japan). The SSA
values of different carbon materials were determined by nitrogen adsorption–desorption
at 77 K on a TriStar II 3020 micropore analyzer (Micromeritics, Norcross, GA, USA) after
degassing at 150 ◦C for 12 h. The SSA and PSD values were calculated based on the
Brunauer–Emmett–Teller (BET) density functional theory (DFT) method. The average
molecular weights of CL and EHCL were determined by gel permeation chromatography
(GPC). A sodium nitrate aqueous solution of 0.1 mol/L and sodium polystyrene sulfonate
with a narrow distribution were used as the eluent and reference, respectively.

The electrochemical performance measurement was tested using three–electrode sys-
tems under ambient conditions on an electrochemical workstation (CHI660E, Shanghai
Chenhua Instruments, Shanghai, China), and the cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS) curves were
recorded. The mass loading of the active material in the PC electrode was about 1.0 mg/cm2.
A total of 6 M KOH and platinum foil containing Hg/HgO were used as the reference and
counter electrode, respectively, and formed a three–electrode system with the PC electrode.
The CV curves were recorded at an operating voltage from −0.2 to −1 V, EIS was conducted
in the frequency range of 10 mHz to 100 kHz, and the GCD curves were recorded on a
LAND CT2001A tester. The gravimetric specific capacitance was obtained from the GCD
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tests via the following equation (Equation (1)), where C was the specific capacitance (F/g),
I was the discharge current (A) during the GCD test, Δt was the discharge time, ΔV was
the potential change during the discharge, and m was the weight of the PC electrode.

C = (I × Δt)/(ΔV × m) (1)

The electrochemical performance of EHCL-Kd was also evaluated by a two−electrode
system using an assembled symmetrical supercapacitor. In a coin cell, two identical
working electrodes were separated by a filter paper separator (the active material load of
a single electrode is 3 mg). The electrochemical performances were also determined by
the CV and GCD results. The specific capacitances were calculated using the following
equation (Equation (2)), where m was the mass of the loading of EHCL-Kd on a single
working electrode.

C = 2(I × Δt)/(ΔV × m) (2)

The energy density E (Wh/kg) and power density P (W/kg) were calculated based on
the following equations (Equations (3) and (4)).

E = C × ΔV2/(2 × 4 × 3.6) (3)

P = 3600 × E/Δt (4)

3. Results

SEM characterization was carried out to investigate the morphology of the different
precursors and carbon materials. As seen in Figure 1a,b, the surface of CL presented an
uneven, porous (1–4 μm), and rough morphology, and the CL-derived hydrochar presented
many broken carbon balls (Figure 1c,d). After enzymatic hydrolysis, EHCL exhibited a
relatively smooth surface with an obviously decreased particle size (Figure 1e,f), and the
structure of the EHCL-derived hydrochar was significantly looser compared with that of CL
(Figure 1g,h). The hydrochar derived from CL and EHCL exhibited dramatically different
microstructures, which indicated that enzymatic hydrolysis had a significant effect on the
carbonization process. The EHCL-derived hydrochar was almost completely composed
of carbon blocks with a regular carbon skeleton, higher surface area, and smooth surface.
The microstructures of CL-K and EHCL-Kd were further compared (Figure 1i–l). CL-K
exhibited collapsed structures with irregular holes, and the inner surface of these holes was
distributed with individual small holes with irregular structures (Figure 1i,j). Compared
with the EHCL-derived carbon materials, the particles of EHCL-Kd were further loosened
and refined, and the single particle showed a distinct porous structure (Figure 1k). In the
high-resolution image (Figure 1l), EHCL-Kd presented a honeycomb-like microstructure
with a smooth pore wall, interconnected pores, and hierarchical porosity. Macropores with
diameters of 100–450 nm could be observed from the high-resolution SEM images, and
were interconnected by a large number of mesopores with diameters of 20–80 nm. The
SEM results directly demonstrated that enzymatic hydrolysis combined with an alkali
catalysis was the necessary step to convert CL into 3D hierarchical porous carbons through
the hydrothermal carbonization process.

The morphology and microstructure of EHCL-Kd were also analyzed by the TEM
method, and Figure 2 shows the TEM images of EHCL-Kd with different magnifications. In
Figure 2a, EHCL-Kd presents a two-dimensional gauze-like structure similar to graphene,
which promoted the formation of mesopores. In Figure 2b, at a higher magnification,
parallel graphene lattice stripes can be observed around the mesopores, which were formed
from the aromatic ring of CL at a high temperature. This two-dimensional structure rich
in nanopores could optimize the transport and storage of ions, and the graphite structure
could improve the electron transport ability of PCs.
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Figure 1. SEM images: (a,b) CL; (c,d) hydrochar derived from CL pre-carbonized at 180 ◦C; (e,f) EHCL;
(g,h) hydrochar derived from EHCL pre-carbonized at 180 ◦C; (i,j) CL-K; and (k,l) EHCL-Kd.

 

Figure 2. TEM images of EHCL-Kd: (a) 50,000 and (b) 1,000,000 magnifications.

The above morphology analysis results indicated that the carbon skeleton of EHCL-Kd
contained abundant mesopores and micropores as well as interconnected macropores,
in which the micropores and mesopores were evenly distributed on the surface of the
macropores. This unique 3D structure with a high SSA enlarged the electrode/electrolyte
contact interface for EDLCs. Importantly, with the contribution of hierarchical porosity,
the high SSA could significantly improve the electrochemical performance. Micropores,
mesopores, and macropores play a role in promoting charge accumulation, accelerating ion
diffusion, and providing storage buffering space for ions.

The changes in the chemical groups of CL before and after enzymatic hydrolysis
were compared by FTIR, and the results are shown in Figure 3a. For CL, 3370 cm−1 was
the O−H stretching vibration; 2949 and 2837 cm−1 belonged to the antisymmetric and
symmetric stretching vibration of C-H in the methoxy group, respectively; and the benzene
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ring skeleton vibration gave two peaks at 1595 and 1515 cm−1. The area near 1421 cm−1

was related to the C-H bending vibration. The two sharp peaks at 1163 and 1044 cm−1

corresponded with the sulfonic acid group, and the C-S stretching vibration was found
at 641 cm−1. In the spectra of EHCL, the characteristic peak corresponding with O-H
near 3400 cm−1 still existed after enzymatic hydrolysis, and the characteristic peaks at
2937 and 2844 cm−1 corresponding with C-H became more obvious. Meanwhile, a new
peak of C=O appeared at 1699 cm−1, which was mainly from the laccase molecule. The
peak at 1600 cm−1 was assigned to the benzene ring skeleton connected with the polar
groups; 1508 cm−1 was the superposition peak of the benzene ring, C=C, and O-H. The
area in the range of 1320–1470 cm−1 was the overlapping peaks of a series of groups,
mainly including the O-H bending and the in-plane bending of C-H in C=CH. The peak at
1217 cm−1 corresponded with the asymmetric stretching of =C-O-C connecting the benzene
ring, and 831 cm−1 was caused by the out-of-plane vibration of C-H in the multi-substituted
benzene ring. Comparing the FTIR spectra of CL and EHCL, it was found that characteristic
peaks such as C-H, the benzene ring, and C-O related to organic components in EHCL
were more obvious. Therefore, it could be speculated that enzymatic hydrolysis led to
the degradation of chlorine and a reduction in the average particle size. It could be seen
from the GPC results of CL and EHCL that enzymatic hydrolysis reduced the average
molecular weight of CL by about 11%, and the polydispersity index decreased from 1.15 to
1.05 (Figure S1).

Figure 3. (a) FTIR spectra, (b) TG curves, and (c) DTG curves of CL and EHCL; (d) XRD patterns,
(e) Raman spectra, and (f) N2 adsorption–desorption isotherms of carbon materials derived from CL
and EHCL.

The differences in the carbonization process of CL and EHCL were compared by TGA
(Figure 3b,c). In general, the activation degree of the lignin chemical bonds in CL was
relatively high, so the TGA curve had a wide range of weight loss at 100–900 ◦C, containing
three stages [56]. The first stage, lower than 200 ◦C, was mainly due to the removal of
moisture in the CL, which resulted from the cleavage of some hydroxyl-containing side
chains. The violent decomposition stage after 200 ◦C lasted until about 490 ◦C, which was
mainly due to the decomposition of a large number of heat-labile aliphatic chains. As these
side chains contained hydroxyl groups and carbonyl-containing groups, the decomposition
generated a large amount of H2O, CO2, CO, etc., resulting in a higher weight loss ratio.
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Finally, the third stage, in the range of about 550–800 ◦C, appeared when most of the oxygen-
containing groups cracked and deoxygenated. In this main carbonization stage, the residual
substances and C-C and C-H in the benzene ring were further degraded to form charcoal
residue through the deprivation of hydrogen [57]. After enzymatic hydrolysis, the weight
loss ratio in the first stage of EHCL significantly increased, which was possible because
a large number of long branches were destroyed into shorter ones during the enzymatic
hydrolysis process with lower thermal stability. At the same time, the weight loss ratio of
the second stage was relatively lower than that of CL. In addition, the carbonization stage
of EHCL advanced; two weight loss peaks corresponding with the pyrolysis appeared on
the DTG curve of EHCL and a weak deep carbonization peak was found at about 800 ◦C.
All the changes in the TG and DTG curves demonstrated that the enzymatic modification
of CL could promote carbonation.

The crystal structures of the CL- and EHCL-derived hydrochars were compared with
an XRD analysis. Figure 3d shows the XRD patterns of the above two hydrochars. Both of
them showed broad amorphous carbon and sharp graphitized carbon diffraction peaks at
around 23◦ (002) and 44◦ (100) [58]. The peak at 23◦ of EHCL shifted to a lower diffraction
angle compared with that of CL, which proved that the interlayer spacing of the carbon
layer increased, possibly resulting from the doping of N elements during the enzymatic
hydrolysis process. The crystal structures of the two hydrochars were further proved by
Raman spectroscopy. As shown in Figure 3e, the Raman spectra of the two hydrochars both
showed D and G peaks at about 1345 and 1580 cm−1, corresponding with disordered and
graphitized carbon, respectively [59]. It was calculated that the value of ID/IG reduced
from 1.1 of CL to 0.96 of EHCL, indicating that enzymatic modification could increase
the graphitization degree of carbon materials due to the lower molecular weight and
distribution of EHCL [60].

The structural differences between the CL- and EHCL-derived hydrochars were fur-
ther compared by nitrogen adsorption–desorption isotherm experiments, and the results
are shown in Figure 3f. It could be seen that both carbon materials showed typical type
II adsorption isotherms with a lower N2 adsorption quantity, according to the IUPAC
classification. In the low-pressure region of p/p0 < 0.01, the sharp increment in the slope
of the curves suggested that there were a certain number of micropores in both carbon
materials. A hysteresis loop was observed in the region of p/p0 of 0.4~0.6 without lim-
iting adsorption in the high-pressure region, indicating the formation of mesopores and
macropores. Remarkably, the larger hysteresis loop of EHCL indicated that the carbon
skeleton structure was looser, and more mesopores and macropores were associated with
the EHCL-derived carbon material. The EHCL-derived carbon material exhibited a higher
SSA than that of CL (Table 1), and the BET SSA increased from 194 to 307 m2/g. In addition,
it was found that enzymatic hydrolysis could simultaneously increase the micropores and
mesopores as well as the average pore size.

Table 1. Porosity characteristics of different carbon materials.

Sample SBET (m2/g) Vtotal (cm3/g) Vmicro (m3/g) Vmeso (m3/g) Vmicro/Vtotal (%) D (nm)

CL 194 0.11 0.08 0.01 73 2.97
EHCL 307 0.18 0.13 0.03 72 3.94

EHCL-Ka 779 0.51 0.25 0.02 49 3.73
EHCL-Kb 1576 0.62 0.38 0.05 61 2.88
EHCL-Kc 1605 0.81 0.56 0.08 69 3.10
EHCL-Kd 1771 1.17 0.74 0.12 73 3.22

CL-K 1217 0.53 0.33 0.06 62 2.18

Under the same carbonization conditions, the effect of enzymatic hydrolysis on car-
bonization products was compared (Figure 4). The XRD and Raman spectra showed the
amorphous structure of the two samples (Figure 4a,b). It can be seen from Figure 3c that
EHCL-Kd exhibited a smaller average particle size than CL-K, which was consistent with
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the SEM results. The difference between the structure of EHCL-Kd and CL-K was revealed
by adsorption–desorption isotherms (Figure 4d). The isotherm curve of CL-K exhibited a
type IV hysteresis loop without an apparent saturated adsorption plateau, corresponding
with the irregular pore structure. The XRD and Raman results were also in accordance with
the SEM images. Moreover, CL-K owned a lower quantity of absorbed product, suggesting
that the SSA was lower than that of EHCL-Kd (Table 1). Conversely, EHCL-Kd transformed
into a type I isotherm with a higher adsorption capacity, which was due to the more regular
honeycomb-like pore structure with hierarchical porosity (Figure 1k,l).

Figure 4. (a) XRD patterns; (b) Raman spectra; (c) particle size distribution; and (d) N2 adsorption–
desorption isotherms of CL-K and EHCL-Kd.

The effect of the KOH/EHCL feed ratio on the structure of EHCL-derived PCs was also
researched. Figure 5a shows the XRD patterns of the PCs in the wide-angle region under
different KOH/EHCL feed ratios, and all spectra showed amorphous and graphitized
carbon diffraction peaks at 22◦ (002) and 44◦ (100), as expected. However, the diffraction
peak intensity at 44◦ was markedly decreased when compared with that of the EHCL-
derived carbon materials, which may have been due to the increase in disorder resulting
from the formation of micropores by KOH activation. Increasing the KOH/EHCL feed ratio
gradually enhanced the peak intensity at 44◦, which increased the graphitization degree.
The structure of the EHCL-derived PCs was further confirmed by Raman spectroscopy
(Figure 5b). D and G peaks appeared at 1330 and 1560 cm−1 in all spectra, corresponding
with disordered carbon and SP2-hybridized graphitized carbon, respectively. Meanwhile,
with the increase in KOH dosage, the ID/IG decreased from 0.98 to 0.91, confirming
that the graphitization degree gradually increased. The collapse and rearrangement of
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a framework during pyrolysis is beneficial to improve the graphitization degree and the
electrical conductivity of PCs.

 

Figure 5. (a) XRD patterns; (b) Raman spectra; (c) particle size distribution; and (d) N2 adsorption–
desorption isotherms of EHCL-Ks.

Figure 5c shows the particle size distribution of different PCs. When increasing the
KOH dosage, the particle size distribution of carbon materials significantly decreased with
a gradual increase in the pore volume, which was beneficial to improve the contact area
between the electrode and electrolyte, promoting the diffusion of ions in the internal pores
of the electrode. The diversity in the structure of PCs under different KOH dosages was
further revealed by nitrogen adsorption technology.

Figure 5d shows the isotherm nitrogen adsorption–desorption curves of different
PCs, and the relevant pore data are listed in Table 1. Compared with the EHCL-derived
carbon materials, the KOH activation significantly increased the N2 adsorption capacity,
and the curve gradually transformed from type II to type IV, and finally to type I, with
evident plateaus with the increase in the KOH/EHCL feed ratio. It suggested that KOH
could increase the content of pores, especially the micropore content in carbon materials.
As the amount of KOH increased, some micropores were squeezed and deformed, and
collapsed by the nearby macropores or mesopores due to the uneven pore size distribution,
causing the curve to transform into a type IV characteristic. When the amount of KOH
was further increased, the adsorption capacity of the curve in the low-pressure region
(p/p0 < 0.01) significantly increased, proving that the proportion of microporous structures
in the PCs was further increased. The relatively uniform distribution could stabilize the
micropore so that it was not prone to collapse, which corresponded with the characteristics
of type I. It can also be seen from Table 1 that the BET SSA and pore volume increased from
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779 m2/g and 0.51 cm3/g to 1771 m2/g and 1.17 cm3/g, respectively, with the increase in
the KOH/EHCL ratio. EHCL-Kd showed the highest contents of the total pore, micropore,
and mesopore volume than the others, in which the increased mesopore number facilitated
the diffusion of ions through the pores [61].

The electrochemical performances of EHCL-based PC electrodes were investigated by
a three–electrode configuration, and CV, GCD, and EIS tests were performed in a 6 M KOH
aqueous solution. The CV curves of carbon material electrodes at different KOH/EHCL
feed ratios are shown in Figure 6a; all the curves showed a similar rectangular shape,
with broadening oxidation-reduction peaks appearing in the range of −0.9 to −0.3 v. The
above results implied that the EHCL-derived PC electrodes were dominated by EDLC
behavior, whilst the corresponding pseudocapacitive behavior was caused by some oxygen-
containing functional groups [62]. Among all samples, the CV curve of EHCL-Kd showed
the largest area, indicating the best capacitance performance. This was mainly attributed
to EHCL-Kd exhibiting the largest SSA, with a unique hierarchical pore size distribution,
higher mesopore volume, and an appropriate graphitization degree. Figure 6b shows the
GCD curves of different PC electrodes; all curves were approximately isosceles triangles,
which further proved the dominating EDLC behavior. Unlike the charging process, the
discharge lines of all samples were not perfectly linear and the curvature corresponded
with a broadening peak in the CV curve. As expected, EHCL-Kd exhibited the longest
charge–discharge time at a current density of 1 A/g, which was consistent with the CV test
results. Based on Equation (1), the specific capacitance changes of different PC electrodes
under different current densities were calculated, according to the corresponding GCD
results (Figure 6c). EHCL-Kd exhibited the largest specific capacitance of 147 F/g at
0.25 A/g and maintained 78% of the initial value at 10 A/g, which indicated its excellent
rate performance. Electrolyte ions were first stored in the macropores in EHCL-Kd, and
then quickly entered the electrode through the mesopores and smooth pore walls [63].

The capacitive behavior of different PC electrodes during charge storage was further
tested by EIS (Figure 6d). In the low-frequency region (magnified figure), the EHCL-Kd
electrode distinctly exhibited an almost perpendicular line to the real axis, indicating
a relatively low mass transfer hindrance. The higher mesoporous ratio became a low-
resistance pathway for electrolyte ion diffusion, and the excellent EDLC properties of the
electric layer enabled the fast transport of ions in the electrolyte to the inner pores. A
smaller semicircle radius of EHCL-Kd in the high-frequency region indicated its lower
interfacial charge transfer resistance. The factors affecting ohmic resistance are not only
the resistance of the electrolyte, current collector, active material, coin cell, and separator,
but also the contact resistance between the current collector and active material, which
could be evaluated by the first intercept value on the real axis. It was known from the
EIS curves that the ohmic values of the EHCL-based supercapacitors were 0.83, 0.72, 0.62,
and 0.51 Ω, respectively. In addition, the equivalent series resistance of different carbon
electrodes could be calculated as 3.5, 2.8, 2.5, and 1.4 Ω, respectively, according to the
shorter Warburg-type line (45◦ slope) in the high-frequency region, indicating a faster ion
diffusion rate in the EHCL-Kd electrode due to the larger SSA and hierarchical porous
structure [64].

The effect of the 3D structure of EHCL-Kd on the electrochemical performance was
further confirmed (Figure 7). The CV curves of EHCL-Kd maintained a rectangular-
like shape at different scan rates from 10 to 200 mV/s, which indicated the main EDLC
characteristics and preferred rate capability. The GCD curves of EHCL-Kd exhibited in
Figure 7b showed high linearity and symmetry at different current densities, demonstrating
its excellent electrochemical reversibility and coulombic efficiency. As shown in Figure 7c,
the cyclic stability of EHCL-Kd was also evaluated by consecutive GCD for 15,000 cycles
at 10 A/g. After 15,000 cycles, the specific capacitance maintained 95.3% of the initial
value, indicating that the charge–discharge process was highly reversible. The GCD curve
remained close to its initial shape after 15,000 cycles, which also indicated high cycle
durability. In Figure 7d, when using EHCL-Kd as the electrode in an aqueous electrolyte
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for the symmetric supercapacitor, the highest energy density was 3.3 Wh/kg at a power
density of 25 W/kg, and maintained 2.0 Wh/kg at 2 kW/kg.

 

Figure 6. (a) CV curves at 100 mV/s; (b) GCD curves at 1 A/g; (c) rate performance in a three–
electrode system in 6 M KOH; and (d) Nyquist plots of EHCL-Ks.

Based on symmetrical two−electrode supercapacitors, the electrochemical properties
of the EHCL-Kd electrode were also evaluated (Figure 8). In the scanning rate range of
10–200 mVs, the CV curve of the device based on EHCL-Kd had a symmetrical rectangular
shape. At the same time, due to its good capacitance behavior and rate performance, the
current response rate of the device was faster when the voltage was reversed (Figure 8a).
As shown in Figure 8b, when the current density gradually increased from 0.5 A/g to
10 A/g, the GCD curve of the device presented approximate isosceles triangles, which
further reflected its excellent capacitance performance. Figure 8c shows the cyclic stability
of the device. As expected, after 10,000 cycles, the GC curve had no obvious change and its
specific capacitance retention rate remained above 98%, which further proved the cyclic
stability of the device.

The corresponding electrochemical performances of CL-K were carried out to compare
them with those of EHCL-Kd (Figure S2). The irregular hole structure and lower SSA of
CL-K led to a poor electrochemical performance. These results strongly suggested that
enzymatic hydrolysis combined with the alkaline activation method was an essential step
to convert CL into 3D hierarchical PCs for high-performance supercapacitor electrodes. Fur-
thermore, the above electrochemical properties were compared with those of the reported
biochar electrodes in a three–electrode system, and are summarized in Table 2 [65–69]. It
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was found that, in terms of specific capacitance, rate performance, and cycle stability, our
work was superior to that of other reported bio-based carbon material electrodes.

Figure 7. (a) CV curves, (b) GCD curves, and (c) the long-term durability of the EHCL-Kd electrode in
a three–electrode system in 6 M KOH (the inset shows the GCD lines of the 1st, 5000th, and 15,000th
cycle); (d) Ragone plots for the EHCL-Kd–based supercapacitors.

Figure 8. (a) CV curves, (b) GCD curves, and (c) the long-term durability of the EHCL-Kd electrode
in a two–electrode system in 6 M KOH (the inset shows the GCD lines of the 1st and 10,000th cycle).
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Table 2. Comparison of capacitive performance of EHCL in a three–electrode system.

Biomass
Precursor

Current
Density (A/g)

Capacitance
(F/g)

Rate Capability Capacitance Retention Ref.

Sugarcane bagasse 0.5 142 63.4% (10 A/g) 93.9 (5000 cycles at 10 A/g) [65]
Lignin 0.5 129 84% (5 A/g) 99% (10,000 cycles at 5 A/g) [66]

Redcedar wood 0.5 115 96% (2.5 A/g) >90% (5000 cycles at 10 A/g) [67]
Millet straw 0.2 144 68% (2 A/g) >95% (10,000 cycles at 10 A/g [68]

Wood 0.05 101 42% (10 A/g) 85% (10,000 cycles at 10 A/g) [69]
EHCL 0.25 147 78% (10 A/g) 95.3% (15,000 cycles at 10 A/g) This work

4. Conclusions

Several 3D hierarchical PCs were prepared by a low-cost and template-free method
using CL as the precursor. Enzymatic hydrolysis depolymerized the macromolecular CL,
promoting carbon formation and increasing the SSA and graphitization degree of the carbon
materials. Alkali activation enabled the carbonized products to exhibit a unique honeycomb-
like 3D hierarchical nanoporous structure whilst significantly increasing the SSA, micropore,
and mesopore content. The obtained EHCL-Kd (mass ratio of KOH/EHCL = 3/2) pos-
sessed the highest SSA (1771 m2/g), hierarchical porous structure, and good electrochemical
performance. Based on the above structural advantages, the EHCL-Kd electrode exhibited
a high capacitance (147 F/g at 0.25 A/g), significant rate capability (capacitance retention
of 78% at 10 A/g), and good long-term cycling stability, with a capacitance retention of
95.3% after 15,000 cycles in a 6 M KOH aqueous electrolyte. This study demonstrated that
the combination of enzymatic hydrolysis and alkali activation may be a promising route to
apply renewable lignin derivatives in high-performance supercapacitors.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/en16093824/s1, Figure S1: GPC curves of CL and EHCL;
Figure S2: (a) CV curves at 100 mV/s, (b) GCD curves at 1A/g, (c) rate performance in a three–electrode
system in 6 M KOH and (d) Nyquist plots of CL-K and EHCL-Kd.
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Abstract: Activated carbons (ACs) have been the most widespread carbon materials used in super-
capacitors (SCs) due to their easy processing methods, good electrical conductivity, and abundant
porosity. For the manufacture of electrodes, the obtained activated carbon based on sawdust (kara-
gash and pine) was mixed with conductive carbon and polyvinylidene fluoride as a binder, in ratios
of 75% activated carbon, 10% conductive carbon black, and 15% polyvinylidene fluoride (PVDF) in
an N-methyl pyrrolidinone solution, to form a slurry and applied to a titanium foil. The total mass of
each electrode was limited to vary from 2.0 to 4.0 mg. After that, the electrodes fitted with the separa-
tor and electrolyte solution were symmetrically assembled into sandwich-type cell construction. The
carbon’s electrochemical properties were evaluated using cyclic voltammetry (CV) and galvanostatic
charge–discharge (CGD) studies in a two-electrode cell in 6M KOH. The CV and CGD measurements
were realized at different scan rates (5–160 mV s−1) and current densities (0.1–2.0 A g−1) in the
potential window of 1 V. ACs from KOH activation showed a high specific capacitance of 202 F g−1

for karagash sawdust and 161 F g−1 for pine sawdust at low mass loading of 1.15 mg cm−2 and scan
rate of 5 mV s−1 in cyclic voltammetry test and 193 and 159 F g−1 at a gravimetric current density of
0.1 A g−1 in the galvanostatic charge–discharge test. The specific discharge capacitance is 177 and
131 F g−1 at a current density of 2 A g−1. Even at a relatively high scan rate of 160 mV s−1, a decent
specific capacitance of 147 F g−1 and 114 F g−1 was obtained, leading to high energy densities of 26.0
and 22.1 W h kg−1 based on averaged electrode mass. Surface properties and the porous structure of
the ACs were studied by scanning electron microscopy, energy-dispersive X-ray analysis, Raman
spectroscopy, and the Brunauer–Emmett–Teller method.

Keywords: sawdust; karagash; pine; activated carbon; supercapacitor

1. Introduction

Renewable energy sources have been urged for continual improvement because of the
increased demand for energy and depletion of fossil fuels. Therefore, the development of
feasible energy storage devices is crucial to creating a more prosperous society. Due to their
attractive advantages, including higher energy density and capacitance than conventional
capacitors together with their high power density, and better life cycle than batteries,
supercapacitors (SCs) are thought to be one of the most promising electrochemical energy
storage solutions of the future [1–10]. To put it other words, SCs bridge the technology
gap between batteries and dielectric capacitors due to their high power density along
with high stability and reversibility [11,12]. It is known that the substantial capacitance
produced by these systems results from a combination of the double-layer capacitance
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and pseudocapacitance associated with the participation of adsorbed intermediates in the
surface redox-type processes [13]. The highly tunable properties of SCs and possibilities
of coupling SCs with additional energy storage devices also serve as advantages for some
applications such as hybrid and/or electric vehicles, wearable electronics, and stretchable
devices [14–16].

It must be underlined that electrodes, current collectors, electrolyte, and spacers are
the main components that should be brought up for maintaining efficient energy storage on
SCs. Especially, electrodes that operate at the electrode/electrolyte interface are critically
required to maximize the power density and cyclability of SCs [17]. Conducting polymers,
metal oxides/nitrides, graphene, and several carbon materials are frequently employed as
supercapacitor electrode materials. Carbon-based capacitors have drawn a lot of interest
since they can have diversified morphologies and modification possibilities together with
high stability and conductivity [18]. In the literature, graphene, carbon nanotube, and
carbon nanofibers are reported as SC electrodes. It is known that graphene and carbon
nanotube-based SCs offer great specific capacitance, excellent energy and power density,
and can also increase the voltage window range, all of which enhance the material’s
electrochemical performance; however, their low-cost mass production is still a great
challenge [19–21]. Although the specific capacitance of the carbon fibers is very high, their
unique structure makes it possible for them to be well-combined with conductive polymers
such as polypyrrole, resulting in higher specific capacitance and energy density [22–24].
At this point, biomass-based porous carbons such as activated carbons seem attractive
in terms of cost and sustainability [25]. Moreover, the amount of the charge stored, and
its propagation during the charging/discharging, can differ significantly by altering the
porous structure, size, and shape of pores and their functionalities [14].

With this perspective, the requirements for a cost-effective and environmentally benign
approach from nonedible, abundant biomass sources have been anticipated to produce
electrodes for SCs.

In [26], the electrode material was made from activated banana peels at a carbonization
temperature of 900 ◦C using potassium hydroxide as an activating agent. It showed a
specific capacity of 165 F g−1 at a current density of 0.5 A g−1 in a two-electrode cell.

The authors of work [27] carried out hydrothermal precarbonization and then pyrolysis
of cucumber, transforming it into graphene-like carbon nanosheets. The obtained carbon
nanosheets showed a specific capacity of 143 F g−1 at a current density of 0.2 A g−1 in an
aqueous electrolyte 6 M KOH in the two-electrode cell setup.

In [28], biobased carbon materials from potato waste obtained by hydrothermal and
thermochemical conversion technologies and used as electrode materials for supercapaci-
tors showed an electrochemical performance of up to 134.15 F g−1.

Yakaboylu et al. [29] used the miscanthus grass biomass as the precursor for the sheet-
like activated carbon synthesis and a specific capacitance up to 188 F g−1 at 0.1 A g−1 was
achieved.

The waste wood-dust of Dalbergia sisoo (Sisau) was tested as a supercapacitor elec-
trode base and showed a lesser specific capacitance of 104.4 F g−1 [30].

Activated potassium citrate obtained from 750 ◦C showed the best capacitance perfor-
mance, exhibiting the highest specific capacitance of 242.5 F g−1 at 0.2 A g−1 [31].

Considering the performance of biomass-based carbonaceous electrodes has not
reached an excellent level yet, determination of the ideal characteristics of each biomass
material is essential to explore the appropriate methods for the activation technique as
physical activation and chemical activation. Moreover, the carbonization pathway and
parameters have a marked effect on the texture of the resultant activated carbon. For
instance, hydrothermal carbonization (HTC) is a preferred technique to alter the morphol-
ogy and porosity of biomass-based precursors under mild processing temperatures and
self-generated pressure carbonization using pure water as a solvent [32–34]. Additionally,
the combination of HTC with chemical activation may develop the desired specific surface
area, porosity for specific applications, and enhance the yield of the carbons [35–37]. In this
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study, activated carbons were prepared by two different sawdust samples, karagash (type
of elm which expanded in Kazakhstan) and pine, to compare the structural features and to
determine the influence of the precursor and carbonization temperature on the capacitive
performance of the porous carbon electrodes. Hydrothermal pretreatment and subsequent
high-temperature activation were used to produce activated carbons and KOH served as a
chemical activator in the process. To the best of our knowledge, no studies on the produc-
tion of AC using combined HTC and KOH using these two regional biomass samples have
been reported, specifically for electrode material in supercapacitor devices. Through the
structural characterization as well as the chemical properties via electrochemical tests, the
energy storage performance of the produced activated carbons as an electrode material was
explored. The products were tested as electrodes in a two-electrode cell and the results from
measurement of the impedance responses of the equivalent circuit model were obtained to
explain physically significant parameters that showed the capacitive characteristics of the
carbon electrodes.

This study showed that the use of electrode composites consisting of activated carbon
derived from an available biomass precursor leads to improved performance of energy
storage systems, in particular, electrochemical capacitors.

2. Experimental Procedure

2.1. Materials and Chemicals

Karagash sawdust was collected from Almaty (Kazakhstan). Then, it was crushed. The
chemicals used in this study were of analytical grade: hydrochloric acid (HCl, 36.6%), potas-
sium hydroxide (KOH, ≥85%, Sigma Aldrich, St. Louis, MO, USA), polyvinylidene fluoride
(PVDF, EQ-Lib-PVDF, MTI Corporation), conductive carbon black (EQ-Lib-SuperC45, MTI
Corporation), 1-methyl-2-pyrrolidone (NMP, ≥99.0%, Sigma Aldrich, St. Louis, MO, USA),
argon (99.993% Ikhsan Technogas Ltd.), and titanium foil (MF-Ti-Foil-700L-105, MTI Cor-
poration). Distilled water was used to prepare solutions and wash samples

2.2. Preparation of Activated Carbon

Activated carbons obtained from sawdust of karagash and pine were prepared by
the following method. Sawdust (karagash, pine) was dried at 105 ◦C overnight. For the
hydrothermal process, 5 g of sawdust was suspended in 100 mL of an aqueous solution of
KOH (5 wt. %) in an autoclave and treated at 120 ◦C for 2 h. Then, the resulting suspension
solution was separated by filtration through glass cloth (100 mesh). The resulting product
was dried without washing at 105 ◦C to constant weight. This mass was crushed and
carbonized at 700, 800, and 900 ◦C for 1 h in an inert argon gas at a heating rate of
5 ◦C min−1. The carbonized samples were washed with 2 M HCl solution and washed
with distilled water until neutral acidity, and then dried at 100 ◦C to constant weight. The
result was porous carbon from sawdust. Furthermore, the resulting material was ground
by a mill in a pulsed mode. Next, the resulting material was separated by a 260 mesh sieve.

These obtained samples were designated as activated sawdust samples: AKS-700,
AKS-800, AKS-900 and APS-700, APS-800, APS-900.

2.3. Characterization

Scanning electron microscopy (SEM, JEOL, model JSM-6490LA, FEI, USA) was used
to determine the morphology of the samples. Energy-dispersive X-ray analysis (EDAX,
JSM-6490LA, FEI, USA) was used for elemental analysis of the samples.

The specific surface area was characterized by the method of physical nitrogen adsorp-
tion at −196 ◦C with a surface area and adsorption analyzer (SORBTOMETR-M, Catakon,
Novosibirsk, Russia). The surface area was calculated using the Brunauer–Emmett–Teller
(BET) model.
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2.4. Electrochemical Measurements
2.4.1. Preparation of Electrodes

Activated carbon electrodes were prepared in the following way: activated carbon
(75 wt.%) was mixed with a binder based on polyvinylidene fluoride (PVDF) (15 wt.%),
carbon black (CB) (10 wt.%). |N-methyl-2- pyrrolidone (NMP) was used as a solvent for
PVDF and was added into the mixture (AC:PVDF:CB) in an amount of 5.3 mL per gram of
the mixture. The mixture was stirred for 20 min. The prepared suspension was applied to a
titanium foil current collector on an area of 1 × 2 cm2. Then, the prepared electrodes were
dried at 120 ◦C for 12 h.

2.4.2. Electrochemical Measurements

To measure the electrochemical characteristics of the fabricated electrodes based on
karagash and pine sawdust, a two-electrode cell with 6 M KOH was used as an electrolyte.
The masses of the active material of the two electrodes were the same, and a symmetri-
cal device was assembled from them to separate the two electrodes electrically. Cyclic
voltammetry and galvanostatic charge–discharge measurements were carried out using
an electrochemical workstation (galvanostat-potentiostat P-40X with an FRA-24M electro-
chemical impedance measurement module). The specific capacity was calculated from the
curves of cyclic voltammetry and galvanostatic charge–discharge.

The CV data were obtained in a potential window of −0.1–0.9 V at scan rates of
5–160 mV s−1 in a 6 M KOH electrolyte. Equation (1) was applied to calculate the specific
capacitance (Cs) using cyclic voltammetry data:

C =
A

2 m ν ΔV
(1)

where A is the hysteresis area (C); m is the mass of the active substance of one electrode (g),
that is, the mass of activated carbon or composite, which is 75% of the mixture; ν is the
scan rate (V s−1); and ΔV is the potential window (V).

The specific capacity was also calculated from the GCD curves of the two-electrode
cell using the equation:

Cs =
2I × t

m × (V2 − V1)
(2)

where I is the discharge current (A); t is the discharge time (s); m is the mass of the active
substance of one electrode (g); and V2–V1 is the potential window (V).

For the impedance test, an alternating voltage with a constant amplitude of 10 mV
was applied to the electrode with the frequency changing from 300 kHz to 10 MHz.

3. Results and Discussion

3.1. Activated Carbon Surface Characterization

Surface properties are important for materials for double-layer capacitors. The mor-
phology of the APS-700, APS-800, APS-900 and AKS-700, AKS-800, AKS-900 was studied
using SEM (Figure 1).

The irregular particle is clearly visible under SEM, as observed in Figure 2, and the
images further reveal the well-developed porous structure of the samples. From SEM
images, it is clearly seen that the pore sizes of AC from karagash sawdust were in the range
of ~300 nm up to ~19 μm, while pore sizes of AC from pine sawdust were in the range of
~500 nm up to ~15 μm.
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Figure 1. SEM images of carbon materials activated at different temperatures. (A) AKS-700 ◦C;
(B) AKS-800 ◦C; (C) AKS-900 ◦C; (D) APS-700 ◦C; (E) APS-800 ◦C; (F) APS-900 ◦C.

The pore development on the surfaces of the AC might be due to the course of
dehydration of an activating agent, i.e., KOH. In addition to this, during the washing
process, remaining alkali was removed, creating an empty space or pores. These structures
could contribute to the ion transport by acting as charge storage interfaces.

Table 1 summarizes the specific surface area of the carbon samples which was calcu-
lated by BET method [38].

Table 1. The specific surface area of the activated carbons based on karagash and pine sawdust.

Sample AKS-700 AKS-800 AKS-900 APS-700 APS-800 APS-900

SBET, (m2 g−1) 505 557 532 494 715 666
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Figure 2. Raman spectra of a carbon material. (A) AKS-700 ◦C; (B) AKS-800 ◦C; (C) AKS-900 ◦C;
(D) APS-700 ◦C; (E) APS-800 ◦C; (F) APS-900 ◦C.

AC from pine sawdust has the highest specific surface area of 715 m2 g−1 compared
to 557 m2 g−1 for the AC from karagash sawdust.

The elemental analysis of the samples was carried out by the EDAX method.
The elemental contents of the sawdust (karagash and pine) were evaluated by elemen-

tal analysis, as summarized in Table 2, indicating that the AC materials from the karagash
sawdust are composed of C, O, K, Ca, Fe, and Ni, but the AC materials from the pine
sawdust are composed of C, O, K.

Table 2. Elemental composition of samples AKS and APS (atomic concentration, at. %).

C O K Ca Fe Ni

AKS-700 90.29 7.30 1.80 0.57 − −
AKS-800 85.37 14.63 − − 1.80 0.57
AKS-900 84.69 10.90 1.17 − 1.41 1.83
APS-700 87.14 12.86 − − − −
APS-800 93.87 6.13 − − − −
APS-900 87.065 12.95 − − − −

The Raman spectra of sawdust based on karagash and pine are represented in Figure 2.
Degree of graphitization was calculated by the Formula (3) [39]

Gf =
A(G)

∑2000
500 A

·100% (3)

where Gf —degree of graphitization; A(G)—area of G peak; and ∑A—full area of the
spectrum.

The dependence of the graphitization degree from temperature is shown in Figure 3.
The degree of graphitization calculated from the spectra increases with increasing

carbonization temperature, and in the case of karagash, it reached a maximum value of
~25%. These carbonaceous materials with partial graphitization are highly suitable for
application as electrodes due to their high electronic conductivities.
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Figure 3. Dependence of graphitization degree from temperature.

3.2. Electrochemical Characterization

The results of a comparative study of electrodes based on karagash and pine sawdust
obtained at different activation temperatures (700, 800, 900 ◦C) are given in Tables 3 and 4. It
can be seen from the obtained data that the activation temperature is an important affecting
parameter on the electrochemical characteristics of both AKS and APS-based electrodes. It
has been stated that AKS-700 and APS-700 electrodes show the highest specific capacitance
at various CV sweep rates (Table 3) and at various GCD current densities (Table 4) compared
to activated carbons obtained at an activation temperature of 800 and 900 ◦C. This behavior
can be mainly associated with a decrease in the capacitance of the electrical double layer
due to a decrease in the available surface of the pore space for electrolyte ions with an
increase in the activation temperature.

Table 3. The specific capacitance of AKS and APS obtained from CV data at different scan rates.

Samples

Scan Rate, mV s−1

5 10 20 40 80 160

Specific Capacitance, F g−1

AKS-700 202 194 185 175 162 147
AKS-800 128 111 91 65 42 28
AKS-900 121 113 105 102 99 92
APS-700 161 155 148 139 127 114
APS-800 146 142 135 126 115 104
APS-900 115 108 99 87 73 59

Table 4. The specific capacitance of AKS and APS calculated by the GCD data at different current
densities.

Samples

Current Density, mA g−1

2000 1000 500 250 100

Specific Capacitance, F g−1

AKS-700 178 183 187 189 193
AKS-800 106 111 117 131 148
AKS-900 102 104 105 106 104
APS-700 131 140 147 153 159
APS-800 109 115 120 123 126
APS-900 91 104 112 118 118
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A general view of the experimental curves of cyclic voltammetry at different sweep
rates (5–160 mV s−1) for electrode materials based on AKS-700 and APS-700 is shown in
Figure 4A,B. The voltammetric characteristics of the AKS and APS electrodes were tested
in the potential range of 0.0–1.0 V in a two-electrode cell configuration. The CV curves for
both pairs of electrodes made on the basis of AKS-700 and APS-700 are almost rectangular
in shape. This indicates that the materials act as electrical double-layer supercapacitors. It
can be seen that the CV curve of the AKS-700 sample shows a larger surface area of the
rectangle compared to the APS-700, which indicates the larger capacity of the AKS-700
sample (Figure 4).

Figure 5 shows the galvanostatic charge–discharge characteristics for electrode mate-
rial based on AKS-700 and APS-700 in the potential range between 0 and 1 V in a 6 M KOH
solution at different charge/discharge currents. The curves show approximately isosceles
triangles, which are typical of electrical double-layer capacitance, not pseudocapacitance.
This is also consistent with the information obtained from the CV curves (without a peak
indicating Faraday processes) (Figure 4). It is clearly seen that the charge–discharge time
for the AKS-700 electrodes is longer than for the APS-700 electrodes, indicating a higher
specific capacity (Figure 5).

In Figure 5A, at a gravimetric current density of 100 mA g−1, the irreversible phe-
nomenon, a long charge time with short discharge time, appeared. The irreversible phe-
nomenon that the discharge time is shorter than the charging time is common in many
supercapacitors at low current densities. It is very likely that the internal resistance of the
device is relatively large, resulting in a significant voltage drop. In addition, the supercapac-
itor still has a severe self-discharge phenomenon, and even some other micro short circuits
will lead to capacity loss and shorten the discharge time. This is one of the main drawbacks
of the supercapacitor. The difference between charge and discharge times is negligible at
high current densities. For this reason, supercapacitors are used in applications where high
power density is required.

Figure 6A shows the specific capacitance of electrodes based on AKS-700 and
APS-700 calculated from GCD curves at different discharge current densities. The specific
capacitance of the obtained electrode materials is significantly higher at high current densi-
ties and scan rates even without additional modification of the materials [40–42]. The figure
clearly shows that the specific capacitance of the AKS-700 electrode decreases slightly with
increasing current density. This trend is characteristic of supercapacitors and reflects the
fact that as the current density increases, some active surface areas become unsuitable for
charge storage. However, in the studied electrodes, a slight decrease in capacitance with an
increase in the charge–discharge current characterizes the best charge-exchange processes
compared to traditional materials. Typically, pseudocapacitive materials show a higher
capacitance loss as current density increases.

To study the fundamental behavior of the carbon in EDLCs, electrochemical impedance
spectroscopy was performed by using an open-circuit potential. The semicircle at high
frequency indicated the resistance from the diffusion/mass transfer of the ions through the
porous carbon (Figure 7).

Solution resistance (Rs), which corresponds to the beginning of the semicircle, of the
sample AKS-700 is 0.17 Ohm, whereas the Rs of the sample APS-700 is 0.23 Ohm. The
magnitude of charge transfers resistance (Rct) can be obtained from the diameter of the
semicircle. Rct of APS-700 is approximately 0.6 Ohm.

The electrochemical performance of activated carbon as the electrode active material
of a supercapacitor depends on the porous structure, electrical conductivity, particle size
distribution, etc. All these properties are mainly affected by the synthesis process and the
nature of the precursors. Despite the fact that the synthesis of both precursors (AKS-700,
APS-700) is the same, their initial properties are different. This is the reason why AKS
and APS show different electrochemical characteristics. Further research should be aimed
at understanding the influence of the initial properties of the starting materials on the
characteristics of the final electrode materials.
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Figure 4. Cyclic voltammetry curves for electrodes based on (A) AKS-700, (B) APS-700, (C) AKS-800,
(D) APS-800, (E) AKS-900 and (F) APS-900 at different scanning rates: 5, 10, 20, 40, 80, 160 mV s−1.
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Figure 5. Curves of galvanostatic charge–discharge at different current densities (0.1, 0.25, 0.5, 1.0,
2.0 A g−1) for electrodes based on (A) AKS-700, (B) APS-700, (C) AKS-800, (D) APS-800, (E) AKS-900
and (F) APS-900 with 6 M KOH electrolyte.
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Figure 6. (A) The values of the specific capacitance of the electrodes measured at different current
densities; (B) capacity retention of electrodes based on AKS-700 and APS-700 for 2000 cycles at
constant current charge–discharge cycling, current density 1 A g−1.

Figure 7. Nyquist plot for activated sawdust electrodes (A) AKS-700 and (B) APS-700.

4. Conclusions

Activated carbon from karagash (type of elm), which are expanding in Kazakhstan
region, and pine sawdust was used as electrode for supercapacitors. Activated carbon
from karagash as an electrode material for supercapacitors showed high rate capability
and stable cyclability compared to the activated carbon from pine. Our experiment showed
that karagash is a promising electrode material for supercapacitors.

This study provided a new approach to using the sawdust of karagash and pine
trees to produce carbon material for EDLC application due to the low cost of biowaste
material and simplicity of the activation process. The electrochemical property studies
indicate the promising use of activated carbon from the sawdust of karagash and pine
trees as an effective energy storage device, which curtails global energy demand and
environmental concerns. At a relatively high scan rate of 160 mV s−1, a decent specific
capacitance of 147 F g−1 and 114 F g−1 was obtained, leading to high energy densities of
26.0 and 22.1 W h kg−1 based on averaged electrode mass.
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Abstract: High-voltage spinel LiNi0.5Mn1.5O4 (LNMO) is a promising candidate as a lithium-ion
battery cathode material to fulfill the high-energy density demands of the electric vehicle industry. In
this work, the design of the experiment’s methodology has been used to analyze the influence of the
ratio of the different components in the electrode preparation feasibility of laboratory-scale coatings
and their electrochemical response. Different outputs were defined to evaluate the formulations
studied, and Derringer–Suich’s methodology was applied to obtain an equation that is usable to
predict the desirability of the electrodes depending on the selected formulation. Afterward, Solver’s
method was used to figure out the formulation that provides the highest desirability. This formulation
was validated at a laboratory scale and upscaled to a semi-industrial coating line. High-voltage
1 Ah lithium-ion pouch cells were assembled with LNMO cathodes and graphite-based anodes and
subjected to rate-capability tests and galvanostatic cycling. 1 C was determined as the highest C-rate
usable with these cells, and 321 and 181 cycles above 80% SOH were obtained in galvanostatic cycling
tests performed at 0.5 C and 1 C, respectively. Furthermore, it was observed that the LNMO cathode
required an activation period to become fully electrochemically active, which was shorter when
cycled at a lower C-rate.

Keywords: lithium-ion batteries; LNMO; high voltage cells; design of experiments; pouch cells

1. Introduction

Lithium-ion batteries (LIBs) are, nowadays, the dominating battery technology [1].
They were initially implemented in small electronic devices [2]. Still, in past years, they have
enabled the substitution of classic combustion engines and promoted the electrification
of new models of vehicles [2,3]. The automotive industry is pushing to produce even
better batteries, which leads to a continuous evolution of the chemistries implemented
in electric vehicles [4,5]. A few years ago, nickel-cobalt-manganese/aluminum oxides
(LiNixMnyCozO2/LiNi0.8Co0.15Al0.05O2, NMC/NCA) were the cathode materials designed
for the transition from an oil-consuming to an electric engine-based fleet due to their high
energy density [6,7]. Nevertheless, in recent years, lithium iron phosphate (LiFePO4, LFP)
has gained interest, as its robustness, safety, and cycling stability are higher and the absence
of Co and Ni makes it cheaper [8,9]. The benefits of LFP are significant, but the energy
density of this material is limited by its lower working voltage (3.2 V) [10,11].

Other materials have attracted the attention of the research community or have even
been implemented in commercial cells. The first commercial LIBs consisted of lithium cobalt
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oxide (LiCoO2, LCO) as the cathode material [12]. It can provide high-rate and cycling
performances, but its high content of Co makes it more expensive than other chemistries.
Furthermore, its low thermal stability is another disadvantage for its implementation in
electric vehicles [3]. LiNiO2 (LNO) is an interesting candidate for high-energy applications
as it could be analogous to NMC and NCA (consisting of Ni as the sole transition metal).
Thus, it has a high specific capacity (the highest among those discussed) due to its high
Ni content at a higher working voltage than that of LFP. However, the negative aspects
of NMC and NCA are more noticeable in this material. Its thermal and electrochemical
stability are low [13], and the costs of Ni, together with some geopolitical disagreements
with one of its leading exporters (Indonesia) [14,15], make it recommendable to limit the
content of Ni in the cathode material. On the other hand, spinel LiMn2O4 (LMO) is a much
cheaper material, based on an abundance of manganese, and it works at high voltage,
which is positive for high-energy applications [16]. However, the main disadvantage of
LMO is its low structural stability, which has its origin in the Jahn–Teller distortion [17] and
manganese dissolution due to the 2Mn3+ → Mn4+ + Mn2+ disproportionation reaction [16].
A usual strategy to avoid the former is doping the material with other metals [17].

In this context, LiNi0.5Mn1.5O4 (LNMO) can be considered an interesting alternative
to LMOI Its working potential is ca. 4.7 V vs. Li, higher than that of LMO, and the presence
of nickel provides a higher capacity (theoretically 147 mAh·g−1 [18], even if the practical
capacity is usually lower). In addition, the mitigation of the Jahn–Teller effect makes this
material a good alternative for high-energy applications [19]. Furthermore, the absence of
cobalt in its composition is another significant advantage from a commercial perspective.
Nevertheless, one of the main advantages of this material, i.e., its high working potential,
becomes its main disadvantage when facing this cathode with graphite anode to obtain
a high working voltage. This voltage is excessive for the state-of-the-art electrolytes and
undergoes oxidative decomposition [20]. In addition, the surface of LNMO is transformed
into the highly insulating rock salt, NiO [21]. A recent work by Jusys et al. studied gas
evolution by means of DEMS of LIBs based on a LNMO cathode, graphite anode, and LP30
electrolyte, evidencing that Ni4+ catalyzed the dehydrogenation of the organic carbonates
even after the decay of current to zero, indicating that the degradation processes can occur
in the absence of Faradaic currents [22]. The main strategies to avoid this reaction consist of
modifying the surface of LNMO [23–27], doping this material with other elements [28–34],
using electrolyte additives [35–39] or alternative electrolytes [40] and separators [41,42],
and following electrochemical methods [43] to avoid degradation reactions. Furthermore,
it has been evidenced that it is possible to boost the energy density of the cells based on
a LNMO cathode by combining it with high-capacity Si-based anodes if the electrolyte is
carefully chosen [44].

Another disadvantage of LNMO is its limited electronic conductivity, which hinders
its use in commercially attractive high-loading electrodes [45]. Conductive additives are
therefore needed to work with this material. In addition, high-loading electrodes can also
suffer from lower adhesion strength to the current collector compared with low-loading
electrodes, which is mitigated with the increase in binder content. Both conductive and
binder additives are electrochemically inactive; the higher their concentration in the for-
mulation, the lower the energy density of the electrodes. Thus, it is necessary to minimize
their presence without affecting the electrochemical performance and manufacturability of
the electrodes. In fact, as Frith et al. [46] mentioned in a recent work, “When carrying out
research focusing on industrial product development, researchers should develop products
that solve a problem rather than develop a solution that needs to find a problem to solve”.
This means not limiting the research to the evaluation of the materials at the laboratory
scale but proposing formulations and/or techniques that can be realistically upscaled to
industrial-scale coating lines. Ue et al. also suggested a similar idea [47]: “the knowledge
generated at academia must be brought to our society assessed by the technological criteria
used in industry”. This was the driving force motivating this work, where a cathode for-
mulation based on LNMO active material was optimized and upscaled to a semi-industrial
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coating line. The second motivation was to propose a formulation using water as solvent
instead of the current state-of-the-art organic solvent-based systems to decrease the carbon
footprint of LIBs. There are interesting works that report alternative LNMO electrode
manufacturing methods; dry-coating [48] and chemical vapor deposition [25] are examples
of them. Nevertheless, we believe that it might be too early to produce electrodes via
these techniques and expect that the current electrode manufacturing industry can be more
easily adapted to water-based processing. Di Giorgio et al. compared the LNMO electrodes
produced in aqueous (with carboxymethyl cellulose, CMC, as binder) and organic media
(with polyvinylidene fluoride, PVDF, as binder) [43]. Waterborne electrodes outperformed
those subjected to organic processing in terms of cycling performance. This improvement
was attributed to the more stable electrode surface for the CMC-based electrodes.

However, there are even more ambitious strategies to boost the energy density of
the lithium-based cells. On the one hand, lithium-sulfur batteries (LSBs) are a cheap,
sustainable, and promising alternative for some applications to the state-of-the-art LIBs [49].
Their gravimetric energy density is significantly high (theoretically 2600 Wh·kg−1 [50])
and may find a business niche in applications where this feature is a determining factor.
The cell chemistry of LSBs is based on the reduction of S8 to Li2S upon discharge and
its subsequent oxidation to S8 upon charge, while lithium metal is usually used in the
anode [51]. However, the intermediate products of these reactions, i.e., lithium polysulfides,
are soluble in electrolytes and undergo shuttling, decreasing the coulombic efficiency of the
cells [52]. Thus, the most significant efforts in past years have been focused on mitigating
this inconvenience [53–55]. Even if the defunction of Oxis Energy Ltd. (Abingdon, UK)
was a hard blow for the adepts of this technology, there are optimistic results published
at prototype level [56]. Apart from LSBs, there are other types of lithium metal batteries
(LMBs). In fact, lithium metal was the first anode material used in lithium batteries, which
was later replaced by carbonaceous materials [57]. Among these carbonaceous materials,
it is possible to find state-of-the-art graphite, which, in some cases, can be found blended
with silicon-based materials in commercial cells [6]. Nevertheless, the high gravimetric and
volumetric energy densities, achievable with metallic lithium, keep that old goal alive [58].
Even if the use of metallic lithium can lead to safety problems due to its reactivity and
dendrite formation, they are being commercialized combined with solid electrolytes and
special casings [59].

In any case, LSBs and LMBs are examples of mid-future technologies, and this work
aims to analyze the short-term alternatives to current LIBs. As already mentioned, LNMO
is an interesting solution to maximize the energy density of this type of batteries, which
can become more sustainable by processing the electrodes using water instead of organic
solvents. Thus, we propose a formulation optimization to maximize the electrochemical
performance and the feasibility of LNMO electrodes. This electrode optimization was
performed following the design of experiments (DoE) approach. This decision aimed to
delimit the area of analysis and explore this area in an orderly manner, maximizing the
information that could be obtained with the minimum number of samples by identifying the
influential parameters affecting different factors and pointing out an optimum combination
for the system studied [60,61]. A work by Rynne et al. [62] provides an excellent flowchart
of the steps that should be followed to conduct an efficient DoE. The objectives of the
study must initially be defined, followed by the definition of the responses, the parameters,
and the plan. Afterward, the experimental part of the study is conducted to obtain the
experimental results. Finally, it is time to refine the data to obtain a model that accurately
describes the system and draw conclusions. This mathematical model can also be used to
predict combinations that might even improve the response of those studied [62].

In this work, we report the use of a DoE matrix to obtain a mathematical model
that predicts the best formulation of cathodes with LNMO as the active material. After
obtaining and validating this formulation, its upscaling to a semi-industrial coating line is
described. The electrodes obtained from this coating were used to assemble 1 Ah pouch
cells as demonstrators which were tested under different rate capabilities.
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2. Materials and Methods

2.1. Electrode Manufacturing

The positive electrodes consisted of LiNi0.5Mn1.5O4 (LNMO, NANOMYTE SP-10
from NEI corporation, Somerset, NJ, USA) as the active material, carbon black (C-NERGY
Super C45 from IMERYS Carbon & Graphite, Paris, France) as the conductive additive,
carboxymethyl cellulose (CMC, Walocel 2000 from DOW Chemical Company, Midland, MI,
USA) as the disperser and the thickener, and non-fluorinated acrylate polymer (from ZEON
Chemicals, Louisville, KY, USA) as the binder. The percentage for each component in the
formulation varied to prepare the samples subjected to the current study. They were mixed
using water as the solvent by means of a mechanical stirrer. The solid-to-liquid (S/L) ratio
in these formulations was between 1/1 and 1/1.15. Using a doctor blade table-top coater,
the resulting slurries were coated onto a 20 μm-thick aluminum current collector (Hydro).
The loading of such coatings was 1.6 mAh·cm−2 using 130 mAh·g−1 as the reference
specific capacity of LNMO. The water of the as-coated electrodes was evaporated in a
convection oven at 60 ◦C and the coatings were later calendered at a 2 g·cm−3 density using
a laboratory-scale calendering machine (DPM solutions). The thickness of the coatings was
measured using a Mitutoyo 389–271 C micrometer.

The electrodes used to assemble the pouch cells were manufactured at CIDETEC, using
a semi-industrial coating line. On one hand, the cathodes consisted of the formulation
which provided the highest desirability among those studied at the laboratory scale (see
Section 3 for further detail). Three 250 g solid slurries were prepared and coated on the same
aluminum current collector used in the laboratory coatings. The loading of the coating was
controlled using a knife system with a variable gap, and the coating was passed through
three convection ovens at 60, 70, and 80 ◦C to dry it. In addition, 9 m of double-side coating
with a load of 1.5 mAh·cm−2 (per side) were obtained and calendered at a 2.0 g·cm−3

density. A picture of the cathode coating is displayed in Figure S1a.
The anodes used to assemble the pouch cells were also manufactured at CIDETEC,

using an electrode coating line. They consisted of 94% graphite (MEG-2C, SGL Carbon,
Wiesbaden, Germany) as the active material, 2% carbon black (C-NERGY Super C45 from
IMERYS Carbon & Graphite) as the conductive additive, CMC (Walocel 2000 from DOW) as
the disperser and the thickener, and SBR (TRD102A from JSR Micro NV, Leuven, Belgium)
as the binder. The slurry was coated onto a 15 mm-thick copper current collector (Showa
Denko Carbon, Tokio, Japan) and dried at 60, 70, and 80 ◦C. The loading and density of the
doble-side anode were 1.7 mAh·cm−2 (per side, based on a specific capacity of 355 mAh/g)
and 1.4 g·cm−3, respectively.

2.2. Physicochemical Characterization

The LNMO powder and the as-prepared and calendered electrodes were analyzed
by X-ray diffraction (XRD) to confirm the absence of degradation reactions for LNMO
upon electrode processing, using a Bruker D8 Discover diffractometer (Cu Kα radiation,
λ = 0.154 nm) equipped with a LynxEye PSD detector. The diffractograms were recorded
between 2θ = 10◦ and 85◦ at 0.003◦ s−1. The obtained data were fitted using the FULLPROF
program [63]. Furthermore, the correct dispersion of the different components in the
electrodes was confirmed means of field emission scanning electron microscopy (FE-SEM,
ULTRA plus ZEISS). The rheological behavior of the slurries was characterized using
a DHR2 rheometer from TA instruments. Finally, the adhesion strength of the coated
electrodes on the current collector was measured using a 90◦ peel test (LS1 model, Lloyd
Instrument, Bognor Regis, UK) on three stripes of 2 cm width.

2.3. Cell Assembly

The analysis of the optimum cathode LNMO-based formulation was performed in the
half coin cell (HCC) configuration. The coatings prepared with the different formulations
were cut with a diameter of 16.6 mm and dried for 16 h at 120 ◦C under vacuum conditions
to eliminate traces of water. The cell cases were cleaned with ethanol in an ultrasonic bath
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for 15 min and dried at 60 ◦C for 1 h. A disc of lithium (50 μm-thick, from Albemarle
Corporation, Charlotte, NC, USA) with a diameter of 18.2 mm was used both as a counter
and reference electrode in each cell. CR2025-type Hohsen HCCs were assembled in a dry
room with a dew point of −50 ◦C. The separator (Celgard ECT-2015), dried at 60 ◦C under
vacuum conditions, was impregnated with 50 μL of 1 mol·L−1 lithium hexafluorophosphate
in (3:7 vol%) ethylene carbonate:ethyl methyl carbonate + 1 wt% vinylene carbonate (1 M
LiPF6 in EC:EMC (3:7 wt.) + 1 wt.% VC) electrolyte, provided by Solvionic.

Electrodes for the soft-packaged pouch cells were directly cut from the obtained
coatings and calendered on the semi-industrial coating line in a semiautomatic die-cutting
unit (MTI Corp., Richmond, CA, USA). The dimensions of the cathodes and the anodes
were 9.8 cm × 5.9 cm and 10.0 cm × 6.1 cm, respectively. A picture of a cathode is shown in
Figure S1b. The drying protocols and separator used were the same as those in HCCs, and
the cells were assembled in the dry room under the same conditions. The cells consisted of
six cathodes and seven anodes per cell, which were stacked manually using a guiding tool
to guarantee stack alignment. The separator was laminated to the cathodes before stacking
with the anodes.

After stacking, the flanges (tabs) of the electrodes were ultrasonically welded to ter-
minal tabs (100 μm-thick Al (+) and Ni-plated Cu (−)), and then placed between two
half-shells of an aluminum laminated foil (ALF) pouch material and heat sealed on three
sides. Afterward, the cells were filled with 7 mL of 1 M LiPF6 in EC:EMC (3:7 wt) + 1 wt.%
of succinic anhydride (SA) electrolyte, which was provided by Solvionic. Then, the re-
maining side was thermally sealed under −850 mbar using a vacuum chamber sealer.
The cells were subjected to a routine analysis of voltage and AC resistance at 1 kHz us-
ing a Hioki BT3554 multimeter. The average resistance and voltage of the cells were
7.6 mOhm ± 0.2 mOhm and 0.10 V ± 0.03 V, respectively. Then, the cells underwent the
formation protocol (described in Section 2.4) and were brought back to the dry room for the
degassing step. In this step, one side of the cells was opened and thermally sealed again
under vacuum conditions. Finally, the routine voltage (4.23 V ± 0.11 V) and resistance
(9.4 mOhm ± 0.64 mOhm) check-up was repeated. A picture of the assembled pouch cells
is displayed in Figure S1c.

2.4. Electrochemical Testing

All the experiments were performed in a Basytec Cell Test System potentiostat at a
room temperature of 25 ◦C ± 1 ◦C controlled by air conditioning. The HCCs were left for
16 h at open circuit potential to guarantee the adequate wetting of the electrodes and the
separator. Afterward, they were subjected to three galvanostatic cycles at 0.2 C, one at 0.5 C,
three at 1 C, and one at 0.5 C, all of them between 5 V and 3.5 V. The protocol continued
with a fast discharge C-rate analysis, three at 2 C, three at 5 C, three at 8 C, and three at 10 C.
The charges of all these cycles were performed at 1 C, and a check-up cycle at 0.5 C was
intercalated between each discharge C-rate three-cycle block. Finally, the recovery capacity
of the cells was analyzed by performing three cycles at 1 C. All the cycles in the protocol
described included a constant voltage (CV) step to 0.05 C at 5 V. The testing protocol is
summarized in Table S1.

The pouch cells were subjected to a formation cycle at 0.05 C, and two at 0.1 C, all of
them between 4.8 and 3.6 V. A CV step to 0.025 C (for the 0.05 C cycle) and to 0.05 C (in the
0.1 C cycles) was set at 4.7 V to finalize the charge step. After completing the three cycles
in a full-discharged state, the cells were disconnected from the testing channels, moved
to the dry room, and degassed. After sealing under vacuum, the cells were connected
back to the potentiostat and divided into two groups of three cells each. The first group
was subjected to galvanostatic cycling at 0.5 C charge and discharge C-rate to analyze the
capacity retention of the cells. On the other hand, the other three cells were subjected
to more exigent rate-capability and cycling experiments: the first five cycles consisted of
discharges at rates of 1 C, 2 C, 3 C, 4 C, and 5 C with charges at 0.5 C, followed by four
cycles with charges at 0.1 C., 0.2 C, 0.5 C, and 1 C and discharges at a constant C-rate (1 C).
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Afterward, the cells were cycled at parallel 1 C discharge and charge C-rates. All these tests
were conducted between 4.8 and 3.6 V.

2.5. Definition of the Formulations and the Parameters for Their Evaluation

The positive electrode formulation to be optimized was composed of four different
components: LNMO, carbon black, CMC, and binder. The mathematical calculations to
obtain these formulations were conducted using Equation (1).

y =
q

∑
i=1

βixi +
q

∑
i<j

βijxixj (1)

The experimental approach used was that of a mixture design of extreme vertices
plus centroid, with each point in the experimental space being carried out in triplicate.
To determine the composition of the test points, a parallelepiped was defined (within a
tetrahedron), composed of 8 vertices plus a centroid. The proposed mathematical model
was a mixed model (linear plus quadratic) using Equation (1). Afterward, the upper and
lower limits in the formulation were defined for each of the components. This information
has been compiled in Table S2. These upper and lower limits were selected based on
the literature [36,37,48], previous experience, and recommendations by the component
providers. The selected upper and lower limits defined the experimental area in the current
study. To determine the composition of the samples to be prepared and analyzed, a matrix
(Table 1) consisting of eight corners and a centroid was defined.

Table 1. Design matrix for positive electrode formulations.

Point Type
Formulation

Number
LNMO wt.%

Carbon
Black wt.%

CMC wt.% Binder wt.%

Corners

1 91 4 2 3
2 91 4 3 2
3 90 4 3 3
4 91 5 2 2
5 89 5 3 3
6 90 6 2 2
7 89 6 2 3
8 89 6 3 2

Centroid 9 90 5 2.5 2.5

After determining the formulations (inputs) to be used in the experimental part of this
study, it was necessary to define the parameters (outputs) to evaluate these formulations.
As these formulations were designed to be implemented in the cathodes of LIBs, their
electrochemical performance must be an essential output to decide which is more suitable
for this application. Furthermore, as electrodes for high energy applications with high
working voltages, the specific capacities achievable with the different formulations at
different C-rates (0.2, 1, and 2 C) were thought to be adequate outputs for evaluating
electrochemical performance. The higher the capacity, the higher the energy, and, therefore,
the more desirable the response is. On the other hand, electrode preparation feasibility
should not be left out of the evaluation, as a formulation with excellent electrochemical
performance but that is hardly processable is not attractive for electrode manufacturers.
For this aim, the outputs selected for this feasibility group were the slope of the viscosity
vs. the shear rate curve in the rheological analysis, the viscosity at 10 s−1 shear rate,
and the adhesion strength after coating and calendering. Higher viscosities, slopes, and
adhesion strengths are desired for electrode manufacturing [64–67]. The list of parameters
used to evaluate the formulations is summarized in Table 2. In addition, the schematic
representation of the analysis flow followed in the current work is represented in Figure 1.
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Table 2. List of experimental outputs.

Parameter Group Parameter Unit Sample Optimization Criteria

Feasibility
Viscosity at shear rate = 10 s−1 Pa·s Slurry Nominal-better

Slope of the viscosity with the shear rate Pa·s2 Slurry Higher-better
Peel resistance N·m−1 Electrode Higher-better

Electrochemical
performance

Discharge capacity at 0.2 C mAh·g−1 Half coin cell Higher-better
Discharge capacity at 2 C mAh·g−1 Half coin cell Higher-better

Discharge capacity after fast cycles (at 1 C) mAh·g−1 Half coin cell Higher-better

 

Figure 1. Schematic representation of the analysis flow followed in the current work.

3. Results and Discussion

3.1. Mono-Variant Analysis

After defining the parameters for evaluating the formulations, the experimental part of
the study was initiated. The slurries were prepared and subjected to a rheological analysis.
The viscosity vs. shear rate curves obtained in this analysis can be observed in Figure S2.
All the curves showed a shear thinning behavior, i.e., the viscosity was decreased with the
shear rate [68], making them suitable to be coated on a coating line with a knife system [69].
The viscosity values at 10 s−1 and the slope for each viscosity vs. shear rate curve can be
observed in Table 3. The highest viscosities were obtained with formulations #2 and #9,
while the highest slopes were calculated from the rheological analysis of formulations #6
and #7. A quick revision of these results suggests that the increase in the carbon black
concentration entails an increase in the slope of the curve, resulting in more stable slurries.

Afterward, the slurries were coated onto the current collector and calendered to the
target density. The electrodes were subjected to XRD and FE-SEM characterization to
discard degradation reactions or morphology modifications in the LNMO upon processing
(see Figures S3 and S4 for further detail). Then, the peel strength of the coatings with
the different formulations was measured; the results obtained are compiled in Table 3.
The highest peel strength was obtained with formulation #7, consisting of 89% LNMO,
6% carbon black, 2% CMC, and 3% binder. On the other hand, the lowest value was
provided by formulation #3, with 90% LNMO, 4% carbon black, 3% CMC, and 3% binder.
The latter result is surprising as this formulation consists of the highest CMC and binder
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concentrations among those studied (together with formulation #5). This evidences that, to
boost a specific parameter, it is not enough to increase the concentration of the components
intuitively promoting this parameter; the interaction of these components with the rest is
also determining.

Table 3. Results obtained for each parameter selected for the evaluation with different formulations.
The reported results are an average of three replicates.

Formulation

Feasibility Electrochemical Performance

Viscosity
(Pa·s)

Slope
Viscosity

(Pa·s2)

Peel
(N·m−1)

0.2 C
(mAh·g−1)

2 C
(mAh·g−1)

1 C
(mAh·g−1)

1 9.60 0.36 36.8 128.28 116.47 114.64
2 27.14 0.36 20.9 127.22 108.36 108.39
3 20.94 0.33 17.4 128.02 110.32 107.72
4 13.01 0.45 24.9 128.99 120.93 117.04
5 20.09 0.40 32.4 126.58 112.07 97.36
6 15.93 0.57 29.5 125.93 116.76 117.89
7 13.54 0.54 44.6 128.25 117.10 101.81
8 19.61 0.44 31.9 128.62 118.96 110.05
9 24.10 0.49 30.9 129.29 120.10 114.31

Finally, the electrodes obtained from these coatings were subjected to electrochemical
testing in HCCs. The capacities at 0.2 C, 2 C, and 1 C for each formulation are included
in Table 3. The capacity at 0.2 C is very similar for all the samples (slightly lower for
formulation #6), but more differences arise when subjecting the cells to higher C-rates. The
highest capacity at 2 C was obtained with formulation #4, followed by formulation #9. On
the other hand, formulations #6 and #4 (in this order) provided the highest capacity at 1 C.
Thus, it is likely that the multivariant analysis will reveal a high electrochemical desirability
for formulation #4.

The mono-variant analysis aims to determine the influence of the electrode formula-
tions on the individual response to each of the parameters analyzed. Thus, Minitab software
(version 16.2.3) was used to obtain a formal functional relation between the experimental
outputs and the corresponding formulations (Equation (2)).

Output value = kLNMO·CLNMO + kCB·CCB + kCMC·CCMC + kBinder·
CBinder + kLNMO−CB·CLNMO·CCB + kLNMO−CB·CLNMO·CCMC + kLNMO−Binder·

CLNMO·CBinder + kCB−Binder·CCB·CBinder

(2)

Here, ki is the correlation coefficient and Ci the concentration of each component. The
results obtained with this method are depicted in Table S3. The statistical correlation of the
functions and the output can be evaluated based on the linear regression of these functions.
The electrode components most significantly influencing the output of each parameter and
the regression coefficient are shown in Table 4.

The results in Table 4 evidence that the hypothesis formulated when analyzing the
output of the slope of the rheological curve, i.e., the increase in the slope with the con-
centration of carbon black, was correct. Interestingly, the component most significantly
affecting the peel strength of the coatings was the carbon black, which was penalized
with the increase in its concentration. Furthermore, the increase in the CMC benefited
the rheological response of the slurry. On the other hand, the electrochemical response
was clearly improved with the increase in the LNMO and carbon black concentrations.
Nevertheless, the regression coefficient was 39.11 for the discharge capacity at 0.2 C as an
output. This was attributed to the absence of remarkable differences in the specific capacity
when the cells were discharged at this low C-rate, as previously discussed.
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Table 4. Mono-variant analysis summary: the component most significantly affecting each parameter
based on the functions obtained and the corresponding regression coefficient (R2). ↑ and ↓ are used
to express increase and decrease, respectively.

Parameter Input Output R2

Viscosity at shear rate = 10 s−1 CMC ↑ ↑ 99.79
Slope of the viscosity with the shear rate CB ↑ ↑ 99.57

Peel resistance CB ↓ ↑ 95.64
Discharge capacity at 0.2 C LNMO + CB ↑ ↑ 39.11
Discharge capacity at 2 C LNMO + CB ↑ ↑ 90.57

Discharge capacity after fast cycles (at 1 C) LNMO + CB ↑ ↑ 98.10

3.2. Multi-Variant Analysis

The mono-variant analysis allows the identification of the components more sig-
nificantly affecting the defined outputs. Still, it is necessary to conduct a multi-variant
analysis to evaluate the inputs and outputs jointly and adjust the formulation to obtain
electrodes with optimized feasibility and electrochemical performance. In that regard,
desirability, a concept introduced by E. C. Harrington [70] and later developed by Der-
ringer and Suich [71], allows the compiling of individual outputs in a single quantitative
value. The first step in this analysis consists of the conversion of the individual evaluation
criteria of the parameters in elemental desirability functions (di) with values between 0
(non-desirable) and 1 (most desirable). The functions for each of the parameters are shown
in Figure S5.

The shape of the functions is similar for the slope of the rheology curve, peel strength,
and specific capacities at 0.2 C, 2 C, and 1 C. There is a minimum value at which di is 0
below which the response is not desirable, a value above which the response is evaluated
as optimum (desirable, di = 1), and a linear regression between these two values. On the
other hand, the viscosity of the slurry cannot be evaluated following the same rule; too
high (>30 Pa·s) or too low (<5 Pa·s) viscosities make it difficult to successfully coat the
slurry in a coating line and, thus, were defined as di = 0. Nevertheless, viscosity values
between 10 and 25 Pa·s are excellent for coating and were defined as di = 1. Finally, values
between di = 0 and di = 1 were fitted following linear regression.

The next step consisted of weighting each parameter group (i.e., feasibility and elec-
trochemical performance) and each of the parameters included in these groups. Electro-
chemical performance was preferred over feasibility, weighting these factors with 75 and
25% of the overall desirability, respectively. Among the three parameters considered in the
feasibility group, it was decided that the peel strength is the most important one (50% of the
feasibility), as it is crucial for the electrode cutting and manipulation during cell assembly,
as well as contributing to the electrochemical performance (avoiding the delamination of
the electrodes). The viscosity slope and the viscosity at 10 s−1 shear rate were weighted
with 30% and 15% of the feasibility, respectively. On the other hand, the weighting of the
electrochemical performance group decreased with the increasing C-rate. These were 50%,
30%, and 20% for the specific capacity at 0.2 C, 1 C, and 2 C, respectively. The desirability
of each parameter, group of parameters, and global desirability are shown in Table S4. The
highest global desirability value was obtained with formulation #9. Nevertheless, this
only indicates that this sample is the most desirable among those studied, not necessarily
the most desirable in the defined experimentation area. To determine this most desirable
formulation, Solver’s method will be used in the sext section.

The obtained values were used to obtain a mathematical model to predict global
desirability (D), which is referred to here as Equation (3). In addition, the desirability heat
map that can be observed in Figure 2 was obtained.

D = −0.0017 [LNMO] − 1.08 [C45] − 3.13 [CMC] − 1.13 [Binder] +
0.01 [LNMO] [C45] + 0.03 [LNMO] [CMC] + 0.01 [LNMO] [Binder] +

0.05 [C45] [Binder]
(3)
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Figure 2. Heat map of the global desirability for the experimental area defined in the current study for
(a) 89%, (b) 90%, and (c) 91% LNMO. A legend is displayed for the interpretation of the heat maps.

The regression coefficient for Equation (3) is 97.83%. The differences between the
experimental and the mathematical values are shown and discussed in Table S5.

3.3. SOLVER’s Method to Obtain the Cathode with the Best Formulation

Based on Equation (3), a 10th formulation was designed with the maximum global
desirability value in the working region consisting of 89.5% LNMO, 6% C45, 2.5% CMC,
and 2% binder. Furthermore, another formulation (#11) was predicted to provide even
higher global desirability but was placed out of the working region. It consisted of 89.5%
LNMO, 6% C45, 3% CMC, and 1.5% binder. The mathematical desirability for these samples
was 0.952 and 0.967, respectively. Both coatings were prepared and subjected to the same
physicochemical characterization as those used to obtain the desirability prediction function.
The results have been included in Table 5.

The feasibility, electrochemical, and global desirability values for formulation #10 were
0.861, 0.914, and 0.949, respectively. The latter value is close to the desirability calculated
from the mathematical model (0.952), evidencing the benefits of this method. As expected,
the experimental global desirability value for formulation #10 is higher than those obtained
for the samples used to build the prediction model. On the other hand, the viscosity
value obtained with formulation #11 (34.53 Pa·s) was above the highest acceptable value
defined in the multi-variant analysis (30 Pa·s). Thus, its feasibility desirability is 0 and was
discarded. This shows the importance of conducting corroboration experiments. It might
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occur that the outputs for certain parameters of the formulations calculated by Solver’s
method are close to the lower desirability limits and can be affected by the difference
between the calculated and experimental values.

Table 5. Experimental outputs and desirability values of the formulations obtained by Solver’s method,
based on the previous multi-variant analysis. The reported results are an average of three replicates.

Formulation

#10: 89.5% LNMO, 6% C45, 2.5%
CMC and 2% Binder

#11: 89.5% LNMO, 6% C45, 3% CMC,
and 1.5% Binder

Output Desirability Output Desirability

Viscosity (Pa·s) 16.82 1 34.53 0.000
Viscosity slope (Pa·s2) 0.530 0.767 0.582 0.940
Peel strength (N·m−1) 29.6 0.490 28.9 0.473

Specific capacity at 0.2 C (mAh·g−1) 128.31 0.610 124.73 0.490
Specific capacity at 2 C (mAh·g−1) 120.84 1.000 115.58 0.780
Specific capacity at 1 C (mAh·g−1) 117.83 0.930 118.06 0.940

3.4. Upscaling and Pouch Cell Testing

Formulation #10 was upscaled to the coating line, as described in Section 2.1. The
slurry consisted of 250 g of solids, which is much higher than the 30 g solids slurries
prepared at laboratory scale. Therefore, the mixing conditions, such as the stirring force
to which the slurry components were subjected, were slightly different. This required an
adjustment of the solid-to-liquid (S/L) ratio (1/0.73 at laboratory scale, 1/1.09 at pilot plant
scale). As expected, the rheological analysis (Figure S2) evidenced that the viscosity was
lower for the pilot plant slurry, which had a higher fraction of liquid phase per solvent
amount than the laboratory scale slurry. However, the difference in the viscosity was
minimal for the shear rate of the region analyzed, which could be attributed to a better
dispersion of the components. Therefore, the better the dispersion, the more water the
solid particles take, and the higher the viscosity of the slurry. After calendaring, the coating
was subjected to the adhesion strength measurement. The 90◦ peel strength test result was
slightly lower with the pilot plant coating at 26.3 N·m−1 versus the 29.6 N·m−1 obtained
at laboratory scale. In any case, the difference between the two values was minimal.
Furthermore, to conduct the peel test, it is necessary to manually clean one of the sides
of the double-side coated electrode with water and a wipe, which can affect the adhesion
strength measured on the other side.

The coatings on the electrodes were cut to later assemble the pouch cells used for the
electrochemical validation of the upscaling process. The cells comprised six 9.8 cm × 5.9 cm
double-side cathodes and seven 10 cm × 6.1 cm double-side anodes. After being filled with
electrolyte, the cells were subjected to a formation protocol consisting of one 0.05 C cycle,
followed by two 0.1 C cycles. The galvanostatic profiles of these three cycles are depicted in
Figure 3a. In the first charge, ~0.1 Ah was consumed to form the solid-electrolyte interphase
(SEI) below 4.4 Ah. Afterward, a pseudo-plateau at 4.4 V and two defined plateaus at 4.6
and 4.7 V were registered. In the subsequent discharge, complementary plateaus were
obtained at 4.35, 4.55, and 4.6 V, respectively. References in the literature [25,32,72,73]
report the presence of two main redox peaks between 4.6 and 4.8 V; two features of charge
and two (associated with each of the former) of discharge. These signals are attributed to
the redox activity of nickel (Ni2+/Ni4+). On the other hand, they also evidence that the
contribution of manganese (Mn3+/Mn4+) to the cell capacity can be observed to plateau at
~4 V. The absence of a feature with this potential suggests that the redox activity observed
at 4.35 (discharge) and 4.4 V (charge) can be attributed to the electrochemical activity of Mn.
The capacities obtained in the first charge and discharge of the cells were 1.03 and 0.85 Ah,
respectively, for a Coulombic efficiency of 82.6%. The charge–discharge capacities in the
second and third cycles were 0.83–0.82 Ah and 0.83–0.81 Ah, respectively. The increasing,
but relatively low, coulombic efficiencies in these two cycles (97–98%) suggest that part of
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the lithium is still being consumed in the formation of the SEI. These two cycles presented
the same plateaus, confirming that the same electrochemical reactions are occurring.

Figure 3. Electrochemical results obtained with the LNMO/graphite pouch cells. (a) Galvanostatic
curves obtained in the formation step, (b) capacity evolution and capacity retention curves at 0.5 C
cycling, (c) results of the rate-capability test, and (d) capacity evolution and capacity retention curves
at 1 C. Discharge (D) and charge (C) C-rates are specified for each cycle in (c).

After finishing the formation, three of the cells were degassed and subjected to 0.5 C
cycling; the discharge capacity values and capacity retention with the cycle count are
displayed in Figure 3b. Interestingly, the capacity was increased until the maximum value
was reached in the 33rd cycle. This phenomenon was not observed in the half cells tested
in the formulation optimization study, in which the upper voltage limit was higher (5 V
in coin cells, 4.8 V in pouch cells). Nevertheless, it is possible to find the same behavior
in other works [24,74,75]. In pouch configuration, the upper voltage limit was decreased
to avoid excessive gassing due to electrolyte degradation. In Figure S7a, the galvanostatic
profiles of the 2nd and the 38th cycles are compared; it can be observed that the upper
voltage limit was reached earlier in the 2nd cycle, and that the CV step was longer than
in the 38th cycle. In addition, at first sight, the discharges almost overlap up to 0.55 Ah,
with an earlier voltage decay in the 2nd cycle. Our first thought was to attribute this
unexpected behavior to a partial consumption of the charge in SEI formation; but, if this
were the case, we would obtain low Coulombic efficiencies in these first cycles, which
was not the case (Figure S7b). In fact, Coulombic efficiency was above 100% in many
of the cycles before the previously mentioned 33rd cycle. A Coulombic efficiency above
100% means that more Li+ is being transferred from the graphite electrode to the LNMO
electrode than in the opposite way. Nevertheless, the dQ·dV−1 vs. voltage representation
of the curves in Figure S7a, displayed in Figure S7c, provides a different point of view. In
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this type of graph, each plateau in the galvanostatic profile is represented as a peak. The
flatter and longer the plateau, the sharper and larger the peak in the dQ·dV−1 vs. voltage
representation. Negative dQ·dV−1 values are used to represent the discharge, while charge
curves are plotted in the positive part of the y-axis. The first 0.1 C cycle in the formation
protocol is included as a reference. One significant difference that can be observed when
comparing the 2nd and the 38th cycles is the appearance of an addition peak at 4.67 V
during charge. This does not necessarily involve the occurrence of a new reaction and
could be attributed to the decoupling of two signals that occurred together in the 2nd cycle.
In fact, this signal is also observed in the formation cycle, which is conducted at a lower
C-rate. In these conditions, it is easier to decouple different electrochemical processes into
different plateaus. On the other hand, based on the galvanostatic curve in Figure S7a, it
was assumed that there was not any overpotential in the discharge reaction. Nevertheless,
this overpotential is evidenced in Figure S7c, as all the signals in the negative y-axis occur
at lower voltage in the 2nd cycle. The overpotential is even lower in the formation step
and conducted at a lower C-rate. However, the most significant difference is registered at
4.4–4.5 V in this region; the activity has been attributed to the redox reactions of manganese.
The previously discussed pseudo-plateaus result in a wide range of features, both upon
discharge and charge, for the formation and the 2nd 0.5 C cycles. Contrarily, two evident
peaks are observed in the 38th cycle. Thus, it can be concluded that the increase in the
capacity that can be observed during the first 33 cycles is attributed to the activation of the
redox activity of Mn. The cells cycled at 0.5 C completed 321 cycles (plus the first 32 cycles
before reaching the maximum capacity) before reaching the referential 80% SOH commonly
used as a reference to determine the end of life in Li-ion technology. In addition, they
completed 592 cycles (+32) before reaching 70% SOH.

On the other hand, the other three cells were subjected to rate-capability experiments
(Figure 3c). The first cycle was performed at 0.5 C charge and 1 C discharge C-rates. The
capacities obtained were 0.70 and 0.60 Ah, respectively. Compared with the last 0.1 C cycle
in the formation cycle (0.81 Ah), the capacity was 26% lower at 1 C. The limitations of the
discharge rate capabilities were further evidenced by the increasing the discharge C-rate
in the following cycles: 0.19, 0.11, 0.10, and 0.10 Ah, which were obtained at 2 C, 3 C, 4 C,
and 5 C, respectively. Thus, it was determined that 1 C was the most usable discharge
current with an acceptable performance, as the drop in the capacity was excessive when the
cells were subjected to higher C-rates. The charge rate capability analysis was performed
by analyzing lower C-rates (0.1 C, 0.2 C, 0.5 C, and 1 C) with discharges at 1 C. In these
discharges, the cells provided 0.62, 0.60, 0.59, and 0.59 Ah. Therefore, the discharge current
obtained was almost the same after charging the cells at the different C-rates. Afterward,
the cells were cycled using a parallel 1 C rate: the evolution of the capacity and the capacity
retention with the number of cycles is shown in Figure 3d. Again, there was an increase
in the discharge capacity with the increasing cycle count, as observed in the 0.5 C cycling.
Nevertheless, it seems that the incomplete charge was even more significant at higher
charge C-rates. Thus, the capacity was continuously increased until the 50th cycle, and the
maximum capacity was obtained in the 69th cycle. Thus, the activation of Mn is dependent
on the C-rate at which the cells are tested, with extended delay with increasing the C-rate.
The cells completed another 181 cycles at 1 C without reaching the reference 80% SOH
capacity (+68 cycles at the beginning of life before reaching the maximum capacity). This
lower cycling performance compared with the cells cycled at 0.5 C is expected, as a higher
degradation of the materials usually occurs at higher C-rates. Lower capacity retention
with an increasing C-rate has also been reported in other works [29,38]. The capacity fade
at both C-rates can be more accelerated than in LIBs with other cell chemistries, such as
NMC and, principally, LFP [76]. However, as mentioned by Yao et al. [48], this is something
common in the literature related with LNMO, as the technology is not mature enough yet.
The higher cycling stability is not a matter of just the cathode material itself, as the stability
of the other components in the cell can also condition the capacity retention. This becomes
particularly important when working with high-voltage materials; it is important that the
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rest of the cell components are stable at such a working voltage [35,40]. Furthermore, the
formation of a stable cathode-electrolyte interphase (CEI) is mandatory for enhancing the
cycle life of the LNMO cells [48,77]. The main objective of this work was to implement DoE
as a methodology for defining a robust formulation and upscaling it to a semi-industrial
coating line, with the pouch cells being assembled-and-tested demonstrators of the latter
process. Future works could be directed toward analyzing the main failure mechanism in
these cells and focusing on mitigating it.

4. Conclusions

The water-based formulation of the emerging Li-ion cathode chemistry, LNMO, was
optimized by means of DoE methodology. It was evidenced that the fraction of the different
components directly impacts the performance of the feasibility and electrochemical outputs
defined. In addition, the desirability of the different formulations studied was compared
following Derringer–Suich’s methodology, which showed that the formulation with the
highest desirability in the study consisted of 90% LNMO, 5% C45, 2.5% CMC, and 2.5%
binder. The results were used to build up a regression line to predict desirability in
the region of study, and, interestingly, the formulation with the highest mathematical
desirability was not the same as that with the highest experimental desirability. This was
attributed to small experimental deviations. Furthermore, Solver’s method was used to
predict a formulation with the maximum desirability in the region of study and outside
this region. The higher desirability of the formulation in the region of study (89.5% LNMO,
6% C45, 2.5% CMC, and 2% binder) was confirmed experimentally and the recipe was
upscaled to a semi-industrial coating line. The double-side electrodes obtained were
used to assemble 1 Ah pouch cells and then tested. It was revealed that the activation of
manganese redox activity needs an activation period, after which the maximum capacity of
the cells is obtained. Furthermore, more activation cycles are necessary for this activation
with increasing C-rate, based on our results with cells cycled at 0.5 C and 1 C. The cells
cycled at the 0.5 C rate completed over 300 cycles before reaching 80% SOH, while the
cycling performance was lower with those subjected to 1 C. Indeed, rate capability results
evidenced a significant decay in the electrochemical performance when subjecting the cells
to C-rates higher than 1 C. Overall, the optimization and upscaling of the LNMO electrode
recipe resulted in the obtaining of high-energy pouch cells of 1 Ah that could be used to
gain knowledge in the chemistry of this lithium-ion cathode material.
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C-rate. (c) dQ/dV vs. voltage representation of the 2nd and the 38th cycles with the pouch cells
cycled at 0.5 C; Table S1: Testing protocol applied to the LNMO HCCs; Table S2: Components of the
positive electrodes and upper and lower limits defined for the optimization of the slurry; Table S3:
Functional relations between the concentration of the electrode components and the experimental
outputs; Table S4: Desirability of the different samples for each parameter, group of parameters and
the global desirability; Table S5: Experimental mathematical desirability values obtained for the
9 formulations in this study.
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Abstract: The electrode concept of graphite and silicon blending has recently been utilized as the
anode in the current lithium-ion batteries (LIBs) industry, accompanying trials of improvement of
cycling life in the commercial levels of electrode conditions, such as the areal capacity of approximately
3.3 mAh/cm2 and volumetric capacity of approximately 570 mAh/cm3. However, the blending
concept has not been widely explored in the academic reports, which focused mainly on how much
volume expansion of electrodes could be mitigated. Moreover, the limitations of the blending
electrodes have not been studied in detail. Therefore, herein we investigate the graphite blending
electrode with micron-sized SiOx anode material which is one of the most broadly used Si anode
materials in the industry, to approach the commercial and practical view. Compared to the silicon
micron particle blending electrode, the SiOx blending electrode showed superior cycling performance
in the full cell test. To elucidate the cause of the relatively less degradation of the SiOx blending
electrode as the cycling progressed in full-cell, the electrode level expansion and the solid electrolyte
interphase (SEI) thickening were analyzed with various techniques, such as SEM, TEM, XPS, and
STEM-EDS. We believe that this work will reveal the electrochemical insight of practical SiOx-graphite
electrodes and offer the key factors to reducing the gap between industry and academic demands for
the next anode materials.

Keywords: SiOx; SiOx-graphite compound; anode materials; lithium-ion batteries

1. Introduction

The growing demand for electric vehicles has sparked great interest in lithium-ion
batteries (LIBs) with high energy density for a longer driving range. To meet the higher
energy density of LIBs, various electrode materials and formats have been introduced. Espe-
cially for the anode materials, Si has many attractive advantages such as its approximately
10 times larger theoretical capacity compared to graphite (372 mAh/g), comparatively
low reduction potential, and abundance on earth [1–5]. However, unlike graphite, which
exhibits only a capacity decrease of less than 30% during 2000 cycles despite full cell eval-
uation under typical electrolyte conditions [6], the volume expansion of Si and the solid
electrolyte interphase (SEI) formation derived by decomposition of non-aqueous liquid
electrolyte during lithiation lead to rapid and gradual capacity degradation of Si anode in
cycling life [7,8]. Moreover, under commercial electrode conditions based on the graphite
anode, such as the areal capacity of 3.3 mAh/cm2 (loading level: 10 mg/cm2) and volumet-
ric capacity of 570 mAh/cm3 (electrode density: 1.6 g/cc), the cell degradation of the Si
anode induced by volume expansion in the electrode arises more severely [9,10]. To avoid
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the fading mechanisms in Si anode, diverse strategies have been innumerably reported [11].
For example, morphological design providing void space is one of the most well-known
strategies, and representative designs include hollow nanoparticles (2725 mAh/g initial ca-
pacity and 52% capacity retention after 700 cycles), nanotubes (1780 mAh/g initial capacity
and 88% capacity retention after 6000 cycles) and yolk-shells (2833 mAh/g initial capacity
and 74% capacity retention after 1000 cycles) [7,12–15]. Another familiar strategy is forming
a robust buffer matrix with various materials, such as carbon (1950 mAh/g initial capacity
and ~100% capacity retention after 100 cycles) and metal oxide materials (~1000 mAh/g
initial capacity and ~65% capacity retention after 1000 cycles) [16–19]. Beyond the phys-
ical/chemical material design of Si, Si-graphite-blending-based materials were recently
introduced to compensate for the limitation of Si via diluting its content in the anode. This
strategy has the advantage to overcome the difficulties of Si anode via an easy and simple
blending approach. Therefore, currently, up to 5 wt% Si mixed with graphite anodes is
utilized for commercial anodes, satisfying the harsh commercial electrode conditions [9].
The roles of graphite in Si-graphite anode are alleviating the volume expansion, enhancing
electrical conductivity, and increasing the packing density of the electrode [10]. In this
regard, practical investigation of Si-graphite anode with commercial loading level and
electrode density is a significant field of academic and industrial battery society to increase
the content of Si in anode for higher energy density.

Among the diverse approaches for Si materials design, SiOx is one of the most widely
used designs because of its great cycle stability and scalable synthetic routes [20–22]. The
SiOx anode shows stable cycling life, although it has low initial coulombic efficiency (ICE)
with the intrinsic problem. The low ICE of the SiOx anode is caused via the formation of
lithium dioxide (Li2O) or lithium silicate (usually, Li4SiO4 or Li2Si2O5) [23]. Lowering the
oxygen content in SiOx reduces the formation of Li2O, Li4SiO4, and Li2Si2O5. However,
Li2O and lithium silicate have also been supposed as robust buffer matrices to improve the
cycling performance of SiOx anode [24,25]. Hereafter, oxygen content in SiOx anode would
be a trade-off relationship between ICE and cycle performance. To study the potential be-
yond this limitation of SiOx anode as a practical approach for the LIBs industry, the graphite
blending concept is proposed in this study. In the graphite blending concept, graphite not
only reduces the expansion of the electrode but also improves the electronic conductivity of
the electrode. Here, we prepared the blending electrode of SiOx and graphite to gravimetric
and areal capacities of 440 mAh/g and 3.5 mAh/cm2, respectively. The electrode density of
the blending electrode was approx.1.6 g/cc, and a minimum amount of 3 wt% binders was
utilized. We investigated the detailed degradation mechanisms of SiOx-graphite blending
anode in full cells with reliable ex-situ analyses, such as SEM, TEM, and XPS. We believe
that our findings will be helpful to analyze the degradation mechanism of Si-graphite
anode for LIBs and enlighten the considerations of future practical use of Si-graphite anode
for containing more higher ratio of Si.

2. Materials and Methods

All electrode materials were purchased from commercial battery materials incorpora-
tion. To achieve the gravimetric capacity of 440 mAh/g, the blending ratios of SiOx: natural
graphite = 6.9:93.1 (w/w) for SiOx blending and silicon micron particles (SiMPs): natural
graphite = 4.0:96.0 (w/w) for SiMPs were utilized. The SiOx and SiMPs blending electrodes
consisted of active material: carboxymethyl cellulose (CMC): styrene-butadiene rubber
(SBR) = 97:1.5:1.5 (w/w) were prepared. For the full cell evaluations, the cathode electrodes
using NCM622 cathode material were prepared with electrode ratio of active material,
super-P, and PVDF = 94:3:3. For the direct comparison of all electrodes, the loading levels
of all anodes were adjusted to achieve approx. 3.5 mAh/cm2. For the used electrolyte,
1.3M LiPF6 was dissolved in ethylene carbonate (EC), ethyl-methyl carbonate (EMC), and
dimethyl carbonate (DEC) which had a volume ratio of 3:5:2 with the addition of 0.2 wt%
LiBF4, 10.0 wt% fluoroethylene carbonate (FEC), and 0.5 wt% vinylene carbonate (VC)
(Panax Etec). A microporous polyethylene (PE) (Celgard) was used as a separator.
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For the half-cell test, punched anodes of a diameter of 15 mm were used. All the cells
were assembled with 2032 coin-type cells in an argon-filled glove box. For the formation of
cells, 2 cycles of charging and discharging were performed at 0.2 C. Cycling life evaluation
was performed with charging and discharging at 0.5 C. The cut-off voltage of 0.01–1.5 V
for constant current mode (CC mode) and cut-off C-rate of 0.02 C for constant voltage
(CV mode) were utilized. For the full-cell test, punched anodes of a diameter of 15 mm
and punched cathodes of a diameter of 14 mm were used. The N/P ratio of full cells
was 1.04 ± 0.1. As for the formation condition of full-cell, 3 cycles were performed with
charging and discharging at 0.2 C. The cycle condition of the full-cell was 0.5 C charging
and discharging for 500 cycles. The cut-off conditions of CC and CV modes were 4.4–2.75 V
and 0.02 C-rate, respectively, in the full-cell test.

The morphology of the samples was observed using scanning electron microscopy
(SEM) (Verios 460, FEI). The transmission electron microscopy (TEM) specimens were
prepared using a focused ion beam (FIB, Quanta 3D FEG, FEI). The TEM images and
high-resolution TEM images were captured using a JEOL JEM-2100 that was operated at
200 kV. Scanning transmission electron microscope (STEM) bright-field (BF) images and
STEM- energy-dispersive X-ray spectroscopy (EDS) scan were operated with Oxford Aztec
TEM. X-ray diffraction (XRD) patterns were obtained using a Rigaku D/Max-2200/PC and
investigated with Cu-Kα radiation at 40 kV and 40 mA in a step of 0.02 degrees. The X-ray
photoelectron spectroscopy (XPS) was operated using a Thermo Fisher K-alpha radiation
of energy beam (1486.6 eV). Binding energies of all elements were calibrated concerning
the C 1s peak at 284.4 eV. To analyze the core part of active materials, depth profiling was
conducted under conditions of 1 keV Ar+ for 10 min in XPS.

3. Results and Discussion

The micron-sized SiOx particles have an average diameter of 6.46 μm shown in Figure 1.
Note that the size and distribution of SiMPs are similar to that of SiOx particles. The SiOx
was a totally amorphous phase in Figure S1, which is dissimilar to preceding analysis
reports on SiOx structure which has a separated phase of crystalline Si and SiO2 [26].
Amorphous Si structure could be more promising than crystalline Si structure since Si-
Si bond breaking in amorphous Si structure shows more stable fracture rearrangement
behavior during lithiation regarding the formation cycle [27]. The chemical composition of
SiOx was investigated with the X-ray photoelectron spectroscopy (XPS) spectrum to confirm
the different oxidation states of Si atoms in SiOx depending on the depth in Figure S2. The
Si 2p peaks corresponded to Si4+ (103.6 eV), Si3+ (102.5 eV), Si2+ (101.4 eV), and Si0 (99.4 eV),
respectively [28]. At both surface and core of SiOx, Si4+ represents the highest major peak
intensity. The other major peaks were Si0 and Si2+. The O 1s peak (532.9 eV) corresponded
to the oxidation state in SiO2, and the other peaks (531.15 and 531.84 eV) represent the
SiOx [29]. From the surface to the core, in the O 1s spectrum, it was confirmed that the
peak shift to lower binding energy is due to the characteristics of SiOx rather than that of
SiO2. In the Si 2p spectrum, from the surface to the core, it was observed that the peak shift
representing Si4+ toward low binding energy and the characteristics of low Si oxidation
peaks were remarkable due to the decrease in the oxidation state of Si. In addition, Si and
SiO2 were found to be well mixed in the SiOx phase despite native SiO2 on the surface [30].
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Figure 1. (a) Particle size distribution of graphite, SiOx, and SiMPs. SEM images of (b) SiMPs and
(c) SiOx.

Figure 2a,b show half-cell formation voltage profiles of SiMPs and SiOx blending
electrodes, respectively. The first delithiation capacity showed approximately 440 mAh/g
for both blending electrodes and the initial coulombic efficiency (ICE) of SiMPs and SiOx
blending electrodes were 92% and 84%, respectively. The voltage profile of SiMPs blending
shows the voltage plateau of Li-Si redox reaction at 0.42 V and that of SiOx blending shows
no plateau which is typical in the previous SiOx anode report [31,32]. Figure 2c,d show the
cycling performance of SiMPs and SiOx blending electrodes in half and full cells. In the half-
cell test, both electrodes showed similar stable cycling stability up to the 50th cycle and the
capacities rapidly dropped after the 50th cycle because of fading mechanisms on Li metal
due to exhaustion of electrolyte and solid electrolyte interphase (SEI) thickening [33–35].
Since the half cells tests were limited to only 50 cycles, we conducted a full-cell test. As
shown in Figure S3, the first discharge capacities and ICE of SiMPs and SiOx blendings in
full-cell were 3.54 mAh/cm2 and 89% for SiMPs blending and 3.45 mAh/cm2 and 80% for
SiOx blending. Note that areal loading and full cell design were adjusted to obtain a similar
level of areal capacities. The cycling retentions of SiMPs and SiOx blending electrodes at
the 200th cycle in full-cell were 51% and 70%, respectively, and at the 500th cycle 29% and
56%, respectively. This indicates that SiOx is more suitable than SiMPs in practical graphite
blending electrodes.
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Figure 2. Half-cell formation voltage profiles of (a) SiMPs blending and (b) SiOx blending. Compari-
son of cycling performance of SiMPs blending and SiOx blending in (c) half-cell and (d) full-cell.

We also measured the extent of swelling of the blending electrodes depending on
the full cell cycling in Figure S4. All the samples were measured at a fully discharged
state by a micrometer. The thickness of the SiOx blending electrode expanded from 75 μm
to 77 μm (after 250 cycles) and 90 μm (after 500 cycles), representing 103% and 120%
expansion rates relative to the initial thickness, respectively. In contrast, the thickness of
SiMP blending electrodes swelled from 63 μm to 122 μm (after 250 cycles) and 125 μm (after
500 cycles), representing 194% and 198% expansion rates relative to the initial thickness,
respectively. As shown in Figure 3, there were no serious cracks in the electrodes due to
volume expansion in both blending samples during the cycling, which are believed to be
caused by the surrounding graphite buffer effect. Regarding the macroscopic surface state
of the electrode, the SiOx blending electrode showed a relatively clean surface state during
500 cycles, while the SiMP blending electrodes showed that large by-products ranging
from several micrometers to tens of micrometers were formed on the electrode surface
after 250 cycles. Based on these results, the SiOx blending electrode effectively blocks the
electrode swelling with the intraparticle and interparticle buffer matrices, which are the
SiO2 and lithium silicate in SiOx structure and surrounding graphite buffer, respectively.

149



Nanomaterials 2022, 12, 1956

Figure 3. Top-view SEM images of (a–c) SiMP blending and (d–f) SiOx blending electrodes in full-cell:
(a) pristine, (b) after 250 cycles, (c) after 500 cycles, respectively.

To elucidate the cause of the relatively less degradation of the SiOx blending elec-
trode as the cycling progressed in full-cell, we measured cross-sectional high-resolution
transmission electron microscopy (HR-TEM) images of SiOx blending anodes after 50,
100, and 250 cycles in Figure 4. The thickness of the SEI layer after 50, 100, and 250 cycles
were gradually increased to 80, 90, and 230 nm, respectively. Likewise in the TEM result,
electrochemical impedance spectroscopy (EIS) indirectly indicates an increase in SEI by an
increase in internal resistance (Figure S5). The right shift of the semi-circle in the Nyquist
plot shows increased overpotential in electrolyte due to its depletion, and the increased size
of the semi-circle is indicative of increased overpotential due to SEI information. However,
although it exhibited gradual thickened SEI, the SEI showed dense and robust characteris-
tics in HR-TEM images, which is contrary to the conventional feature of coarse and loose
structure in ordinary silicon anodes [36,37]. This result corresponds with electrode swelling
data and the surface state of the electrode in Figures 3 and S4. Figure S6 shows the STEM-BF
image and STEM-EDS mapping of the SiOx blending electrode after 250 cycles. The distinct
boundary between the SEI layer and SiOx could be observed in the EDS mapping. The SEI
mainly contained elements of carbon, phosphorus, and fluorine, since the main components
of electrolytes are organic solvents, lithium salts, and additives. We also confirmed the
chemical compositions of SEI layers with ex-situ XPS analysis in Figure 5. In the C 1s
peaks, we could observe carbon bonding of -O-C-O2-, -C-O-C-, and CHx. There are no
large variations in C 1s peaks [38,39]. In the F 1s peaks, we could observe relative amounts
of LixPFy and LiF. In the P 1s peaks, we could observe a relative amount of LixPFy and
LixPOyFz [40,41]. The LiF peaks are gradually increased after several tens of cycles. The
decomposition of LiPF6 or fluoroethylene carbonate (FEC) forms LiF. From these analysis
results, we can confirm that the gradually thickened SEI layer in Figure 4 was proven to be
fluorine-rich (F-rich). Generally, in the case of Si-based materials, with increasing cycling,
the SEI layer becomes thicker or forms by-products, including Si, due to the continuous
side reaction of the electrolyte, which reduces the capacity and increases internal resistance,
resulting in capacity fading. However, such F-rich layers have been generally ascertained
to be robust, strong, and provide stable lithium-ion transport channels, resulting in good
electrochemical performances [42]. Therefore, we believe that the superior cyclability of the
SiOx blending electrode is strongly related to its uniform formation of the F-rich SEI layer.
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Figure 4. Cross-sectional TEM images of SiOx blending electrode after (a) 50 cycles, (b) 100 cycles,
and (c) 250 cycles.

Figure 5. XPS analysis of SiOx blending electrode after 5, 50, and 350 cycles from top to bottom.

4. Conclusions

In this study, the superiority of the SiOx and graphite blending electrode compared to
the SiMPs and graphite blending electrode was investigated through full-cell-based eval-
uation. Continuous SEI thickening due to volume change and electrolyte decomposition
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during cycling may cause capacity to decrease as internal resistance increases. However, in
the case of SiOx blending, the F-rich SEI layer formation, which is relatively robust and can
serve as a stable transport channel for lithium ions, resulted in superior electrochemical
performance compared to the SiMP blending electrode. The strategy of SiOx and graphite
blending electrodes shows much more effective physicochemical and electrochemical char-
acteristics in commercial-grade electrodes than SiMPs and graphite blending electrodes,
and may clearly suggest a commercial breakthrough direction for Si-based anode materials.
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//www.mdpi.com/article/10.3390/nano12121956/s1, Figure S1: (a) Cross-section HR-TEM image
and diffraction patterns of SiOx. (b) XRD patterns of SiOx, commercialized SiO, and SiO2; Figure S2:
XPS spectra of SiOx surface and core in O 1s and Si 2p; Figure S3: Formation voltage profiles of
(a) SiMPs blending and (b) SiOx blending in full cells; Figure S4: Cross-section SEM images of
(a–c) SiMPs blending and (d–f) SiOx blending electrodes during 200 cycles in full-cell: (a,d) pristine,
(b,e) after 250 cycles, (c,f) after 500 cycles, respectively; Figure S5: EIS analysis of SiOx blending
electrode in the full cell. Data were collected after formation, 10, and 50 cycles; Figure S6: Scanning
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Abstract: Silicon is a promising anode material and can already be found in commercially available
lithium-ion cells. Reliable modeling and simulations of new active materials for lithium-ion batteries
are becoming more and more important, especially regarding cost-efficient cell design. Because
literature lacks an electrochemical model for silicon-dominant electrodes, this work aims to close
the gap. To this end, a Newman p2D model for a lithium-ion cell with a silicon-dominant anode
and a nickel-cobalt-aluminum-oxide cathode is parametrized. The micrometer silicon particles
are partially lithiated to 1200 mAh g−1

Si . The parametrization is based on values from the electrode
manufacturing process, measured values using lab cells, and literature data. Charge and discharge
tests at six different C-rates up to 2C serve as validation data, showing a root-mean-squared error of
about 21 mV and a deviation in discharge capacity of about 1.3%, both during a 1 C constant current
discharge. Overall, a validated parametrization for a silicon-dominant anode is presented, which, to
the best of our knowledge, is not yet available in literature. For future work, more in-depth studies
should investigate the material parameters for silicon to expand the data available in the literature
and facilitate further simulation work.

Keywords: silicon; p2D model; parametrization; validation; half-cell balancing

1. Introduction

Since their market launch in 1991 [1], lithium-ion batteries (LIBs) have developed
into an everyday energy storage device, powering almost all mobile electronic devices [2].
Graphite has been the anode material of choice, despite a comparably low gravimetric
capacity of 372 mAh g−1

Gr . Even as early as in the 1960s, about 30 years before the market
launch of commercial LIBs, silicon (Si) has been known to be able to store 3579 mAh g−1

Si
or even up to 4212 mAh g−1

Si via electrochemical alloying to Li15Si4 or Li22Si5, respectively.
This is more than ten times the capacity of graphite [3]. At the same time, silicon has
a comparable or even lower mass density than graphite [3], rendering it a potentially
interesting anode material. However, the volume of silicon changes drastically during
(de)lithiation, introducing several problems, e.g., mechanical cracking and disintegration,
loss of electric contact, or breakdown of the solid-electrolyte interphase (SEI) [3].

Silicon’s high specific capacity is utilized in composite anodes consisting of both
graphite and silicon. By adding small amounts of silicon to conventional graphite an-
odes, their capacity can be increased. Such composite anodes have been investigated and
commercialized already [4–9]. Pure-silicon and Si-dominant anodes, on the other hand,
usually are mechanically unstable due to the large volume changes of up to 300% upon
(de)lithiation [10]. Ko et al. [10] summarized several approaches to manage this and to
enable pure-silicon and silicon-dominant anodes as a successor to graphite anodes. The
approaches include size-controlled materials, patterned thin films, shape-preserving shell
designs, porous structures, and graphene composites. The silicon anode used in this work
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belongs to the category of porous structures. In the work of Ko et al. [10], most of the
porous structures were synthesized via electrochemical etching of a silicon wafer resulting
in nanometer-sized pores. The silicon in this work, however, consists of micrometer-sized
silicon particles prepared via jet milling of photovoltaic grade silicon lumps [11]. Obrovac
and Krause [12] proposed partial lithiation as another approach to increase cycle life
and maintain electrode integrity while still providing higher gravimetric capacities than
graphite at full lithiation. This concept of partial lithiation also holds true for the electrode
design used in this work, as shown by Jantke et al. [11]. Haufe et al. [13] investigated the
failure mechanism of this electrode design with partially lithiated Si. They found that the
main failure mechanism is the continuous formation of SEI. Another major contribution is
found in particle decoupling when operating at low discharge voltages.

With an appropriate model, an estimation about (im)practical cell designs without
the need for time- and cost-intensive experiments is possible. Doyle et al. [14] proposed
the dual insertion model, also known as the pseudo-2D (p2D) model or Newman model,
which is capable of describing the electrochemical behavior of a rocking-chair cell. Since
its publication in 1993, the Newman model and its variations have become a famous and
widely used approach for physicochemical modeling of LIBs. For example, it has been used
to describe relaxation phenomena [15], short-circuit events [16], or to aid cell design [17].
Additionally, the original publication by Doyle et al. [14] has gained increased research
interest over the years, receiving 20% of all citations in the last two years. However, the
model first and foremost considers insertion reactions. Hence, care should be taken when
using the p2D model for alloying materials, because surface processes (electrode kinetics)
as well as transport processes inside the particles (solid phase diffusion) might differ from
the implemented processes in the standard p2D model.

Table 1 lists a selection of different simulation models all related to silicon. The models
found in the literature cover a wide range of different application scenarios and a variety
of different model classes, such as finite element method model, density functional theory
models, or impedance-based models, can be found.

Table 1. Overview of selected slicon models from literature.

Ref. Focal Area Silicon Dimensionality

[18] Voltage hysteresis via asymmetric reactions pure 0D model
[19] Current distribution & inhomogeneous lithation composite p2D
[20] Kinetic limitations & rate capability pure 0D impedance model
[21] Phase boundaries & diffusivity pure 2D SPM
[22] Volume change & (de)insertion process dominant 1D SPM
[23] Volume change & electrolyte displacement dominant p2D
[24] Mechanical stress & stress-induced diffusion pure 1D SPM
[25] Mechanical stress & geometry dependency dominant 1D thin-film & SPM
[26] Coupling of electrochemistry and mechanics pure 2D MSM a

[27,28] Capacity fade via SEI interaction composite 1D model
[29] Voltage hysteresis via mechanical stress pure 0D model
[30] First principles model of silicon lithiation pure 0D DFT calculation

This work Parametrization & validation of an electrode in a full-cell setup dominant p2D

p2D = pseudo two-dimendional model; SPM = single-particle model; MSM = microstructure model; SEI = solid
electrolyte interphase; DFT = density functional theory; a microstructure of a single thin-film and a single nanowire.

When it comes to electrochemical modeling of silicon electrodes, the literature provides
different approaches, most of which rely on the Butler–Volmer equation as a reaction kinetic
and Fickian solid phase diffusion. Jiang et al. [18], for example, presented a model depicting
the different lithiation stages of silicon. At the same time, different activation energies allow
for the representation of crystallization effects and different particle sizes can be accounted
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for by varying equilibrium potentials. Lory et al. [19] presented an adapted p2D model
for a Si-graphite composite anode. The model considers three different active material
phases; graphite, a carbon matrix, and nano-silicon embedded in the carbon matrix. Thus,
the influence of silicon on the cell behavior can be modeled and investigated. Swamy
and Chiang [20] published an impedance-based equivalent circuit model to compare the
charge transfer overpotentials of pure silicon particles with those of pure graphite particles
with respect to the C-rate and the individual particle radius. According to their results,
overpotentials may become rate limiting in dependence on the exchange current density.

Regarding the solid phase diffusion, Obrovac and Krause [12] proposed that a partially
lithiated silicon particle would show a core–shell structure with the lithiated amorphous
phase as the outer layer and a crystalline core. Such a core–shell structure was also
detected by McDowell et al. [31] during a lithation process of a single particle using in-situ
transmission electron microscopy measurements. To properly capture the impacts of this
core–shell structure in a model, Wang et al. [21] used a two-dimensional single particle
diffusion model which also considers a reaction front at the phase boundary. Doing so, they
could replicate the experimental results. Such a phase boundary is not readily available for
the standard p2D model. However, Bordes et al. [32] investigated polycrystalline silicon
particles via transmission electron microscopy and found that lithiation preferentially
occurs along defects. The particle then consists of several smaller crystalline cores separated
by amorphous “veins”. Such a structure is similar to the porous structure of the electrode
where the liquid diffusion is described by an effective diffusion coefficient [14]. In this
analogy, the pore space filled with electrolyte is equivalent to the amorphous Si phase, and
the solid-phase structure of the electrode is equivalent to the crystalline cores which hinder
the overall transport. Thus, from a modeling perspective, such a structure can be described
by an effective diffusion coefficient without the need for a moving phase boundary, which
can be accomplished with the standard p2D model.

Other models in the literature focus not on electrochemistry but on mechanics. This
work does not focus on mechanics and the interested reader is referred to the literature
given in Table 1, especially references [22,24–26,29].

The aim of this work is to provide a parametrized and validated p2D model for
a silicon-dominant electrode, since to the best knowledge of the authors, the literature
lacks such a model. The anode coating in this work contains graphite, but it is largely
electrochemically inactive and mainly serves as a conductive additive [11]. Thus, the
electrode is considered silicon-dominant. The loading of 3.61 mAh cm−2 is application-
oriented. Furthermore, the silicon particle diameter is in the micrometer range [11], which
has hardly been studied in literature, especially not simulatively. Finally, it is important to
mention that the silicon is partially lithiated to only approximately 30% (i.e., approximately
1200 mAh g−1

Si ). This benefits the mechanical integrity and thus the cycling stability of the
electrode [11].

For a systematic presentation of its contents, this work is structured as follows. First,
the properties of the electrodes used are presented. Second, a literature review for material
parameters that could not be determined otherwise is discussed. Third, measurements
conducted at coin cells and T-cells are presented and discussed. The equilibrium potential
measurements of the silicon electrode are of particular interest here. Fourth, the recon-
struction of the full-cell quasi open-circuit potential (qOCP) from measured half-cell qOCP
curves is discussed, as the curves are a required model input. In a fifth step, a parameter
fitting is performed and validated against the full-cell potential at C-rates up to 2C for
charging and discharging. Finally, the model accuracy is evaluated and recommendations
for further work are drawn.

2. Experimental Procedure

The experimental methods in this work are split into three parts: Electrode manufac-
turing, cell assembly, and operational procedures. This work includes all aspects of these
three steps necessary to perform parametrization and simulation of a silicon-dominant
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anode. A more detailed description to each of these steps can be found in the Supplemen-
tary Materials.

Electrode manufacturing was performed by the iwb at the Technical University of
Munich. Silicon material was provided by the manufacturer. The preparation of the coat-
ing slurry as well as coating and drying of electrode sheets was performed according
to the recipe provided by Jantke et al. [11]. The anode coating comprises of 69.70 wt%
micrometer Si particles, 19.90 wt% graphite, and 10.4 wt% binders and additives. Note
that the graphite is electrochemically inactive and only serves as a conductive agent [11],
hence the naming of a silicon-dominant anode. The cathode active material is a commer-
cially available nickel-rich nickel-cobalt-aluminum-oxide (NCA) with a composition of
LiNi0.8Co0.15Al0.05O1.985(BO3)0.01. As already mentioned, a more detailed description of
further electrode properties related to the manufacturing step can be found in Section S1
along with Tables S1 and S2 of the Supplementary Materials.

The assembled cells are circular coin cells (CR2032) for characterization as well as
Swagelok® (Solon, OH, USA) T-cells for validation. Coin cells were assembled as half
cells vs. lithium (Li) metal as well as full cells. The data retrieved from the coin cells was
used for characterization, especially to retrieve the half-cell equilibrium potentials using
an electrode balancing process, which is discussed below. Additionally, Swagelok® T-cells
using a three-electrode configuration were assembled as full cells with a Li metal reference
electrode. The T-cells were used for validation at higher C-rates. Detailed information
on the cell assembly process as well as the separator and electrolyte used are given in
Section S2 of the Supplementary Materials.

The cells then underwent one formation and nine stabilization cycles. Subsequently,
a qOCP measurement at C/50 and C/10 was conducted for both coin and T-cells. The
formation and stabilization cycles can be evaluated to retrieve an estimate of the capacity
losses during formation, while the qOCP measurement yields the usable capacity after
formation. This information will later be used to perform an x-axis transformation. The
qOCP test is a constant current (CC) charge/discharge cycle at low C-rates of C/50 and
C/10 which typically is used to measure the open-circuit voltage of a battery. In addition
to the qOCP measurement using CC phases only, a pulsed open-circuit potential (pOCP)
measurement was conducted. The pOCP test also makes use of a CC charge/discharge
cycle at low C-rates of C/50 and C/10. However, current-carrying phases are interrupted
at every 5% state of charge (SoC) and the cell is allowed to relax for 2 h. The cell voltage
after this relaxation period at different SoC is interpolated to measure the open-circuit
voltage of a battery. The tests are compared to one another in order to investigate the qOCP
as well as the polarization behavior at low currents. All tests were carried out at 25 °C and
are assumed to be isothermal because of the large thermal capacity of the cell housing.

Subsequent to the qOCP measurement, a rate capability test was conducted using the
T-cells in order to later validate the model at higher C-rates. The procedure includes CC
charging and discharging at different C-rates of C/10, C/5, C/3, C/2, 1C, 2C, 3C, 5C, and
10C. Constant voltage (CV) phases were used for preconditioning so that every (dis)charge
step starts with defined and reproducible conditions. More detailed descriptions of the exact
procedures can be found in Section S3 along with Table S3 in the Supplementary Materials.

3. Modeling

In this work, a p2D model is used to describe the electrochemical behavior of a full cell
incorporating a silicon-dominant anode. For modeling and simulations, the entire system is
assumed to be isothermal at 25 °C at all times. The model equations are depicted in Table A1
and are solved using COMSOL (Stockholm, Sweden) Multiphysics® 5.4. The solver settings
are unchanged from the default solver settings recommended by the software for the given
set of equations. The final parameters as used for the simulations are listed in Table A2.
Some parameters are given by the cell design, such as the porosity or the active material
volume fractions. Since these parameters are given, they are discussed in Section S1 of
Supplementary Materials. The equilibrium potentials of the anode and cathode were
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measured in half-cell setups vs. Li metal. The remaining parameters are discussed based
on a literature review, namely the electrolyte properties, solid-phase diffusivity, electrical
conductivity, exchange current density, and charge transfer coefficients. A summary of
these unknown parameters of the silicon electrode is given in Table 2.

Table 2. Overview of silicon material parameters as can be found in the literature. The selected
parameters are those model parameters that could not be retrieved otherwise.

Parameter Unit Value Range Value Selected for This Work References

Electrical conductivity S m−1 0.2 × 10−9 to 5 × 103 33 [23,33–37]
Solid-phase diffusivity m2 s−1 1 × 10−20 to 1 × 10−11 a 2 × 10−15 [21,38,39]

Exchange current density A m−2 1 × 10−3 to 1 × 105 2.2 b [19,20,22,38,40,41]
Charge transfer coefficient – 0.2 to 3.42 0.5 [22,42,43]

a value might be even higher along defects [32]; b after fitting procedure, more information can be found below.

3.1. Equilibrium Potential

Sethuraman et al. [42] discussed the existence of an equilibrium potential and different
methods for measuring it. They state that the literature is not in agreement on what
the equilibrium potential might look like. Some references discuss a path dependence
and represent the equilibrium potential via two potential curves, one for the lithiation
process and one for the delithiation process [22,44]. However, a single potential curve could
also represent the equilibrium state for both the lithation and delithiation process [30,42].
Sethuraman et al. [42] presented such an approach to simulate the cell potential based on a
single equilibrium potential curve. This approach is based on an asymmetric Butler–Volmer
equation and a uni-directional side reaction. Additionally, they state that the equilibrium
potential might yet be influenced by stress effects.

Because no uni-directional side reaction and no additional stress component are
considered in the present work, the equilibrium potential in this work is implemented using
two potential curves, similar to what is reported in the literature [22,44]. The equilibrium
potential curves used in this work are determined experimentally and shown in Figure 1.

3.2. Voltage Hysteresis

Silicon shows a pronounced hysteresis effect in the measured qOCP curves, as can be
seen in Figure 1. By using two potential curves as described in the previous section, the
voltage hysteresis effect is already accounted for. This is true because this work’s focus is on
full cycles and not on partial cycling and also not on the mechanical behavior. The model
uses lithiation and delithiation qOCP curves of both electrodes and switches between the
curves whenever the cell current switches sign.

If hysteresis was to be explicitly considered using a single curve only, literature pro-
vides several sophisticated approaches. Tjandra et al. [45] discussed different approaches to
model the hysteresis based on the Preisach model and eventually used the discrete Preisach
model to capture the hysteresis effect during full and partial cycling, i.e., ΔSoC = 100% and
ΔSoC < 100%. Lu et al. [29] explained the voltage hysteresis in silicon based on mechanical
stress. They proposed a model that accounts for an additional stress-induced overpotential
via an adjusted Butler–Volmer equation. They assumed homogeneous lithium distribution
due to very thin films (0.1 μm) and their model results match experimental data. Another
possibility to implement the strong relaxation behavior into the model could be an empiri-
cally altered shape of the Butler–Volmer kinetics. The linear region usually attributed to
small overpotentials could be broad for Si, followed by an almost abrupt and steep slope of
the nonlinear regions. If the overall kinetics would follow such a description, a very small
current density would be expected to already require quite large overpotentials for the
charge transfer to occur, while the additionally required overpotentials for higher current
densities would be almost negligible. As mentioned before, hysteresis is accounted for by
two (de)lithiation curves in this work.
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Figure 1. Quasi open-circuit potential of the measured Si and NCA half cell for the (de)lithiation
as used in the model. The data are balanced to the full-cell potential (see Figures 2 and A1) and
transformed to refer to the calculated degree of lithiation (DoL) χ of the respective electrode. The
degree of lithiation (DoL) is the capacity stored in the material relative to the fully lithiated state
with Cgr,Si,th = 3579 mAh g−1 and Cgr,NCA,th = 279 mAh g−1. Further information on the axis
transformation process can be found in Section S5 along with Table S4 and Figure S1 of the
Supplementary Materials.

3.3. Electrolyte Properties

The electrolyte supplier specified the bulk ionic conductivity κl to be 6.398 mS cm−1.
The electrolyte properties were assumed to be similar to th published by Valøen and
Reimers [46] and only the ionic conductivity was scaled to match the supplier information.

3.4. Electrical Conductivity

Regarding the constituents of both electrodes, conductive agents such as carbon black
are added to the electrode to enhance the otherwise poor electrical conductivity of the active
material. Pure graphite particles (in a compacted powder sample) show a comparably high
intrinsic conductivity in the order of 103 S m−1 [47]. This is approximately four orders of
magnitude greater than the values reported for the two active materials used in the present
work. A composite electrode consisting of active material and graphite as a conductive
agent would thus show an increase in its electrical conductivity when compared to pure
active material. However, since the properties of such a composite electrode again depend
on morphological parameters such as the porosity or the particle size distribution, and
especially the volume or weight ratio between the two constituents, finding a definitive
value for a given electrode can be challenging.

Bulk values for the electrical conductivity of NCA have been reported to be in
the range from 10−1.5 S m−1 to 1 S m−1, depending on the stoichiometric coefficient χ
in Li1 –χNi0.8Co0.15Al0.05O2 at 30 °C [48]. For NCA composite electrodes, on the other hand,
an effective value of 100 S m−1 [49] has been reported. The presence of conductive agent
in the porous electrode increases the electrical conductivity by approximately two orders
of magnitude. Given the fact that the electrode used in the present work also contains
conductive agent, the effective value of 100 S m−1 is used here rather than the bulk value.
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Figure 2. Approximation of the quasi open-circuit potential (qOCP) under constant current charge
at C/50 and 25 °C. Differential voltage analysis (c) was used to reconstruct the measured qOCP vs.
full-cell SoC (a) under charge of the full cell (see NCA + Si (FC)) via the (de)lithiation paths of the
respective half cells (see NCA (HC) and Si (HC)). The approximation errors vs. SoC as well as the
RMSE of the qOCP are shown in subplot (b)).

On the anode side, finding a viable value for the electrical conductivity of the Si
active material or porous matrix for a given composition is just as difficult. Since Si is a
semi-conductor, its intrinsic electrical conductivity strongly depends on (im)purities from
doping as well as on temperature. Pure crystalline silicon has a low electrical conductivity
of 4.5 × 10−4 S m−1 [50] (p. 258), which can be increased by several orders of magnitude
by doping [51] while following Arrhenius characteristics with increasing temperature [52].
Chockla et al. [33] for example manufactured silicon nanowires without any conductive
carbon and measured an as-made electrical conductivity of 0.2 nS m−1. They could improve
these values to 1400 nS m−1 via annealing under a reducing atmosphere at elevated temper-
atures. McDowell and Cui [34] also investigated the electrical conductivity of nanowires
without conductive carbon, but found values of around 400 S m−1. They found similar
values of 600 S m−1 for silicon thin films. An important difference is that Chockla et al. [33]
could not even lithiate the untreated nanowire because of its low electrical conductivity,
while McDowell and Cui [34] conducted their measurement in the lithiated state. The
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difference in conductivity depending on the DoL was reported by Pollak et al. [35], who
found amorphous silicon thin films to be approximately 3.5 orders of magnitude more
conductive in the fully lithiated state than in the delithiated state. The highest conductivity
value they measured is approximately 5 × 103 S m−1. In another study, Kim et al. [36]
found the electrical conductivity of bare ∅10 μm Si particles to be 2 S m−1, which could be
improved to 1.81 × 103 S m−1 via copper deposition on etched Si particles. The conductivity
of the untreated particles is two orders of magnitude smaller than for the nanowires and
thin films investigated by McDowell and Cui [34]. This might indicate a dependence on the
electrode morphology, but might also be due to different degrees of lithiation or different
phase compositions of the silicon, e.g., crystalline or amorphous. Among the values already
mentioned, Chandrasekaran and Fuller [23] assumed a bulk value of 33 S m−1 for their Si
electrode including conductive carbon. Wang [37] used this value in simulations and found
it to be a suitable value via comparison to experiments. Hence, the electrical conductivity
of 33 S m−1 is also used in this work. Due to the high fraction of conductive agent, the true
value of the electrode used in this work might be even higher.

Based on the literature discussed above, care should be taken when selecting material
parameters from the literature, especially for materials as diverse as silicon. Values may
vary by several orders of magnitude depending on the morphology and composition of the
sample as well as the degree of lithiation. Additionally, not necessarily all experimental
information might be given. Experimental studies on the electrical conductivity of Si-based
electrodes using different electrode compositions, i.e., pure silicon as well as different
silicon to graphite ratios, at different degrees of lithiation would be very valuable for
future modeling.

3.5. Solid-Phase Concentration

The maximum concentration of lithium inside the active material particles cs,max is
calculated based on the gravimetric capacity Cgr and the density ρ according to

cs,max =
Cgr,th · ρ

F . (1)

The theoretic gravimetric capacities for Si and NCA are 3579 mAh g−1 and 279 mAh g−1,
respectively, while the densities of 2336 kg m−3 and 4730 kg m−3 are supplier information.
The density for Si is the density in the purely crystalline state, and the density for NCA
was obtained from powder X-ray diffraction data. These density values yield concentra-
tion values of 311,943 mol m−3 and 49,239 mol m−3, respectively. Note that these values
are considered to be a good guess but will be adjusted in order to fit the model to the
measurement data.

In Equation (1), the density is not a function of the DoL but has a constant value that
corresponds to the pristine particle state, i.e., no Li inside Si and NCA fully lithiated. In
reality, especially for Si, the density of a particle will change with the DoL because of the
lithiation-induced volume expansion of up to 300% for Si [10]. Chandrasekaran et al. [22]
presented an approach to account for this effect which also takes the changing particle
radius and thus a variable diffusion path length into account. In this case, the maximum
solid-phase concentration in the fully lithiated state would be 77,986 mol m−3 instead of
311,943 mol m−3. However, since no volume change of the active material particles is
considered in the present work, the change in the maximum solid-phase concentration in
dependence on the DoL is of no further interest here.

3.6. Solid-Phase Diffusivity

For NCA particles, Dees et al. [40,53] determined the diffusion coefficient of Li inside
NCA using galvanostatic intermittent titration technique (GITT) measurements to be in the
range of 10−14 m2 s−1 to 10−17 m2 s−1 depending on the DoL. A value of 6 × 10−15 m2 s−1

is used for the simulations in this work, i.e., the value at 3.77 V vs. Li metal. This is because
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it is centered between the minimal and maximal cathode half-cell potentials for the cell
setup used in this work (3.0 V and 4.4 V NCA vs. Li metal).

The solid diffusion coefficient of Li in Si varies from 10−13 m2 s−1 to 10−20 m2 s−1 [21,38].
A detailed and more recent literature review by Sivonxay et al. [39] suggests even higher
values up to 10−11 m2 s−1. They investigated Li diffusion properties in LixSi and LixSiO2
via first-principle calculations which yielded values between 10−11 m2 s−1 and 10−15 m2 s−1.
Wang et al. [21] compared numerical simulations with in situ lithiation experiments in order to
determine the diffusion coefficient of Li in Si. They reported the coefficient in the amorphous
as well as in the Li-rich phase after the formation cycle to be in the order of 2× 10−15 m2 s−1.
However, Bordes et al. [32] showed that fast Li diffusion pathways exist along defects. Such
defects may occur due to stacking faults in a single crystal but can also occur along grain
boundaries in polycrystalline Si particles. They propose that due to this phenomenon, Li
diffusion may be much faster than in a single crystal without defects, regardless of the particle
size. This suggests that, at least in polycrystalline particles as in this work, the diffusion
coefficient might be greater than that reported by Wang et al. [21]. Nonetheless, their value
of 2× 10−15 m2 s−1 is used for the simulations in the present work, as it has been validated
against experimental data.

As mentioned before, the value for solid-phase diffusivity reported in the literature
spans several orders of magnitude. Hence, a detailed analysis of the solid-phase diffusivity
in silicon considering its various types such as nanowires, thin-films, or particles as well as
its different amorphization states would be of great value when it comes to physicochemical
modeling. However, obtaining a consistent value for the solid-phase diffusivity is a problem
that has not been solved yet, not even for long-used materials such as graphite [54].

3.7. Electrode Kinetics

The Butler–Volmer electrode kinetics described by Equation (A7) requires an exchange
current density i0. Since no experimental determination of the exchange current densities
was carried out in the scope of this work, values from the literature are used. For the ex-
change current density of ∅9.4 μm NCA particles, a value of 1 A m−2 has been reported [40].
For NCA particles dipped in PVdF binder, the exchange current density during lithiation
can reach higher values of up to 10 A m−2 [55].

For the exchange current density of Si electrodes, however, a wide range of val-
ues spanning several orders of magnitude from 10−3 A m−2 to 105 A m−2 can be found.
Bucci et al. [38] reported a value in the order of 105 A m−2 for silicon thin film electrodes of
about 100 μm thickness. Lory et al. [19] assumed the exchange current density to be non-
limiting and chose a constant value of 2 A m−2 for their model. Note that, in their model,
silicon is assumed to have no direct contact with the electrolyte because it is embedded
inside carbon particles of 12 μm diameter. The value thus represents the exchange current
density between carbon and silicon. Li et al. [41] derived values between 0.7 A m−2 to
1.3 A m−2 based on potentiostatic intermittent titration technique (PITT) measurements on
silicon thin films of up to 1000 nm. Swamy and Chiang [20] found values of approximately
1 A m−2 by fitting impedance data of 500 μm thick silicon wafers to an equivalent circuit
model. Chandrasekaran et al. [22] report values of about 10−2 A m−2 to show a good fit
between their single particle model with a diameter of 60 nm and experiments conducted
using silicon nanowires with a pristine diameter of 89 nm [56]. Finally, Wang [37] fitted a
multi-radius model to measurements on nanowires and found a value of 10−3 A m−2 to be
a good fit for the exchange current density. This value is well below the reported values
determined using measurements, which might indicate that some cross-dependencies due
to model assumptions influence the value found via fitting. Thus, this value should be
taken with care. None of the references stated a clear dependency on the DoL. With the
exception of Chandrasekaran et al. [22], none of the references discussed charge transfer
coefficients and assumed them to be symmetric, i.e., αa = αc = 0.5. Additionally, different
sample geometries that have been investigated in the literature also make it difficult to get a
true value for the exchange current density when only determined for a single state. This is
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due to the uncertainty in the active surface area of different samples, which depends on the
sample morphology and undergoes changes due to volume expansion. Furthermore, the
different measurement approaches used to determine the exchange current density might
impede cross-reference comparisons. For simulations in this work, 1 A m−2 is considered to
be a reasonable initial guess because it is on neither end of the range found in the literature.
For future simulation works, two different experimental results would be valuable: On the
one hand, a consistent value for a single sample obtained via different measurement ap-
proaches would indicate under which conditions cross-reference comparisons are valid. On
the other hand, an extensive investigation of various samples using a single measurement
approach could serve as a baseline for a consistent data base.

The exchange current densities in the present model are expressed as a function of
the local concentrations (see Equation (A9)). In this case, the exchange current density
is dependent on the reaction rate constant k and on the concentrations cl and cs,surf at
the silicon–electrolyte interface. This equation is used because it contains limitations for
surface concentrations near the minimum and maximum solid-phase concentrations. This
representation at least simulates a DoL-dependence in a most basic way. In order to convert
the given exchange current densities to such reaction rate constants, Equation (A9) is
solved for k. No distinction between anodic and cathodic reaction rates is made here, thus
kαa

c kαc
a = kαa+αc . A further assumption for this calculation is αa = αc = 0.5. Hence, the

anodic and cathodic reactions are assumed to be symmetrical. A more detailed discussion
on this topic can be found in Section S4 of the Supplementary Materials. Equation (A9)
is solved for in such manner that the reaction rate k is a function of cs,surf. Accordingly,
values for cl and cs,max are needed. For cs,max, the values calculated using Equation (1) are
used. For cl, a constant value of 1000 mol m−3 is assumed, i.e., the value in the equilibrium
state. By assuming a constant value for cl, the impact of gradients during operation is
excluded for the transformation from exchange current densities to reaction rates. Doing
so, the transformed reaction rates are not dependent on cl and thus the dependency of i0
on cl in Equation (A9) is not accounted for twice. Since cs,surf may vary from the maximum
value cs,max, the reaction rate constant for a constant exchange current density may vary,
too. To avoid division by zero when cs,surf becomes 0 or cs,max, cs,surf is limited to the range
[0.01cs,max; 0.99cs,max] here. The reaction rate k is solved for using these values and then
averaged so that it is no longer a function of cs,surf. Averaging is necessary so that the
dependency of i0 on cs,surf in Equation (A9) is not accounted for twice. The averaged values
are 2.95 × 10−12 m s−1 for silicon and 1.90 × 10−11 m s−1 for NCA. However, because of
the uncertainty of the exchange current densities found in the literature, these values will
be subject to a fitting process. The final values after the fitting can be found in Table A2.

4. Results and Discussion

To maintain readability, only the results of one representative lab cell are shown and
discussed. This decision is based on the variations in gravimetric capacity between the
tested cells of 3.18% during cell formation and 1.94% during the qOCP tests, indicating
that cell manufacturing, cell formation and stabilization are reproducible.

4.1. Open-Circuit Potential Measurements

The qOCP and pOCP measurements are shown in Figure 3. Black curves refer to C/50
and red curves refer to C/10. The cell potential is plotted as a function of the normalized
cell capacity for the charge and discharge step that was recorded during the individual
tests. The reversible discharge capacity at C/50 is 5.5605 mAh. With respect to the smaller
cathode electrode sample with a diameter of 14 mm, this yields a utilized areal capacity of
3.61 mAh cm−2.
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Figure 3. quasi open-circuit potential (qOCP) data (dashed lines) and pulsed open-circuit potential
(pOCP) data (solid lines) for a current rate of C/50 (black and gray) as well as C/10 (red). The relaxed
potentials of the 2 h open-circuit phases of the pOCP test were interpolated and are displayed as a
gray/red area, indicating the voltage hysteresis effect between charging and discharging. The inset
shows one exemplary open-circuit phase in more detail. The data are plotted as a function of the
normalized charge capacity of the respective test. The tests were conducted at 25 °C.

Overall, the potential during the CC phases of the pOCP measurement plotted with
solid lines are in good agreement with the potential of the pure CC load, i.e., the qOCP
measurement, plotted with dashed lines. However, even at C-rates as low as C/50, the
cell potential still relaxes by up to 90 mV during 2 h of open-circuit conditions. The value
at the end of this relaxation phase is called the “relaxed potential” in the following. The
relaxed potentials at different SoC were interpolated and are plotted as areas, indicating
the voltage hysteresis effect between charging and discharging. Both observations hold
true for C-rates of C/50 and C/10. The pronounced relaxation has been described in
the literature [42,44,57], but to the best knowledge of the authors, its origin has not been
identified yet. The fact that the cell potentials at C/10 and C/50 are quite similar, but still
differ significantly from the relaxed potential, indicates that the effect observed here is at
least not related to ohmic losses but rather to electrode kinetics. Possibilities to implement
such behavior into the model have been discussed above.

As previously mentioned, the qOCP data at C/50 are used as a model input. Thus, the
model is not expected to be able to capture the strong relaxation behavior but the behavior
under load, as shown below. Because individual lithiation and delithiation curves are
implemented, no dedicated hysteresis model is used here.

4.2. Electrode Balancing

One of the model outputs is the full-cell potential, which is a superposition of the
half-cell potentials including overpotentials. Thus, an accurate reconstruction of the full-cell
potential from the measured half-cell potentials is needed to provide a correct model input.
During this reconstruction process, the half-cell measurements are stretched and shifted along
the capacity axis in such way that their superposition results in the full-cell measurement.
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By doing so, the electrodes are being matched to each other so that they give the reference
full-cell measurement. Complementary to the measured voltage curve, its derivative with
respect to the capacity—the differential voltage analysis (DVA)—can be used to retrieve a
satisfying reconstruction. Certain features in the DVA like the transition between between
two two-phase regions as is the case for graphite or the steep limiting region at either end of
the utilizable stoichiometry can be used to compare the superposition of anode and cathode
curves with that of the full-cell curve, and eventually minimize the difference. The procedure
was described by Smith et al. [58] and was later used by Dahn et al. [59] to facilitate the
analysis of degradation mechanisms in lithium-ion batteries.

In this work, especially the DVA was used to fit the half cells to the full cell. Addition-
ally, the process was carried out for the full-cell charge and discharge step individually,
analogous to [7].

The result of the balancing process is shown in Figure 2a for the coin full-cell charging.
The results for the discharge are given in Figure A1 in the Appendix B.

As a result of the balancing process, the measured half-cell as well as the superposed
full-cell potential is a function of the full-cell SoC instead of the electrode capacity. The
balanced half-cell potential curves show an overhang beyond the limits of the full-cell SoC,
which is due to the different cut-off potentials for the tests on full cells and half cells.

Figures 2b and A1b show a maximum absolute qOCP error of less than 11 mV and
15 mV for the charging and discharging process, respectively. The corresponding root-
mean-squared error (RMSE) is 2.9 mV and 5.4 mV. The small RMSE indicates that the
superposition of the half cells using the identified full-cell SoC is satisfactory to represent
the full-cell potential at low C-rates. This can also be seen in the overlay of the measured
and reconstructed full-cell curves (light and dark red) in Figures 2c and A1c. Here, the
differential potentials are shown and normalized by multiplying by the total capacity of
the respective (dis)charge step Q0.

4.3. Transformation to the Degree of Lithiation

At this point, the balancing process is completed and the results are dependent on
the full-cell SoC. However, the model solves for the solid-phase concentrations cs of both
electrodes. These concentrations can be normalized using the maximum solid-phase con-
centration cs,max, yielding the DoL χ, as described in Equation (2). Hence, a representation
of the equilibrium potential as a function of the DoL instead of the full-cell SoC would be
advantageous.

χ =
cs

cs,max
=

Cgr

Cgr,th
(2)

The DoL can not only be calculated based on concentrations taken from the model but also
based on capacities taken from measurements. Here, the gravimetric capacity Cgr from the
tests and the theoretical maximum gravimetric capacity Cgr,th of the material are used. For
the maximum gravimetric capacity, the maximum theoretical value of 3579 mAh g−1 [5] is
used. For the current gravimetric capacity, the current capacity from the battery cycler is
divided by the active material mass of the sample. Additionally, unlike the concentration,
the measured capacity is no absolute value but the integration of the electric current. An
integration constant or rather an initial value is needed to retrieve a proper value for the
DoL. This initial value is assumed to be the irreversible loss during formation and will be
discussed in the following.

To obtain such a representation as a function of the DoL, an estimate based on the
losses during the first formation and stabilization cycles Δχloss as well as the utilization
during the qOCP test ΔχqOCP is made. These values are then used for shifting and scaling
the curves to perform the transformation from SoC to DoL. A detailed description of this
transformation including a table with all necessary interim and final values is given in
Section S5 along with Table S4 of the Supplementary Materials.
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Figure 1 shows the final result. The plotted curves show the half-cell potentials as
a function of the DoL. Green lines represent the NCA cathode half cell, and blue lines
represent the Si anode half cell. The black arrows together with labeled crosses show the
utilization range of the respective half cell DoL for a full-cell SoC as previously identified
in the balancing process. The anode DoL utilization between 0% and 100% SoC ranges
between 0.0396 and 0.3068, respectively, and that of the cathode ranges between 0.7954 and
0.1396. The corresponding equilibrium potentials, averaged for charge and discharge, are
739.9 mV and 182.1 mV for the anode and 3.558 V and 4.378 V for the cathode. Table 3 lists
these average values together with the individual values for charging and discharging.

Table 3. Degree of lithiation and corresponding equilibrium potential at 0% and 100% SoC from
Figure 1. The values are given for the full-cell charge (CHA) and discharge (DIS) as well as the
averaged (AVE) value at the respective SoC.

SoC

Anode Cathode

DoL Eeq DoL Eeq

in – in V in – in V

0% χ0,Si = 0.0396 0.7531 χ0,NCA = 0.7954 3.5518 DIS

0.7267 3.5635 CHA

0.7399 3.5577 AVE

100% χ1,Si = 0.3068 0.1932 χ1,NCA = 0.1396 4.3797 DIS

0.1710 4.3764 CHA

0.1821 4.3781 AVE

From these utilization ranges, it can be seen that Si is not entirely delithiated. This is
due to silicon’s significantly better aging behavior when not fully delithiated. Wetjen et al. [5]
showed this for nanometer-sized silicon and Haufe et al. [13] showed this for the same
micrometer-sized silicon that is also used in the present work. This results in a half cell
balancing procedure that is slightly more complex for Si anodes than for graphite anodes
because, for graphite anodes, the minimum DoL can usually be set close to zero, while for
partially lithiated silicon, this is not recommended. If this effect were not taken into account,
significant errors between simulation and measurement results would be expected at low
full-cell SoC.

4.4. Fitting of Solid-Phase Concentrations

So far, electrodes’ equilibrium potentials from the qOCP measurements have been
balanced using a DVA-aided process and the resulting full-cell SoC has been transformed
to a degree of lithiation unique to each electrode. The curves shown in Figure 1 are used
as a model input and depend on the DoL from Equation (2). Thus, the value of cs,max
directly influences the course of the DoL and the cell potential when a fixed intercalation
rate is given. Initially, the values given by Equation (1) are used for the first simulation of a
complete cell charge and discharge at C/50. An evaluation of the DoL revealed that the Si
electrode was lithiated to a higher degree than that obtained from the transformation to the
DoL (χ1,Si = 0.3068, see Figure 1).

This effect is also shown in Figure 4a. The blue dotted line shows the full-cell potential
at C/50 (dis)charging using the initial parametrization. The data are plotted as a function
of the (dis)charge capacity normalized to the capacity during a C/50 charge for both, the
measurement (black) and model (colored), individually. Only CC phases are plotted, CV
phases are not shown. Because the DoL overshoots during the simulation, the equilibrium
potential is beyond the defined range and thus not valid. This becomes especially evident
during the discharge at approx. 98% normalized capacity. At this point, the voltage curve
shows a sharp bend. This is caused by the DoL entering the defined range again and the
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change in the shape of the anode equilibrium potential drastically impacts the full-cell
potential. This bend is not comparable to that during the experiments.

To prevent this non-physical behavior, the maximum solid-phase concentration is
fitted in such way that the DoL no longer overshoots. This fitting of the anode maximum
solid-phase concentration does not alter the electrode potential at a given DoL, but it does
alter the balancing between anode and cathode. To compensate for this overlithiation of the
anode, the anode maximum solid-phase concentration was increased by a factor of 9.56%.
Considering the volume expansion and its effect on the mass density in Equation (1), this is
considered to be within the range of physically interpretable values.
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Figure 4. Full-cell potentials during the two different fitting procedures compared to measurement
data. “No fitting” refers to the initial parametrization taken from literature, “cs,max fitting” is an
intermediate step, and “k fitting” refers to the final parametrization. Data are plotted as a function
of the (dis)charge capacity normalized to the capacity during a C/50 or C/10 charge for both, the
measurement (black) and model (colored), individually. Only CC phases are plotted, CV phases
are not shown. (a) shows the improvement due to the fitting of cs,max at C/50, and (b) shows the
improvement due to the fitting of k at 1C. The RMSE is that between simulation and measurement
and is color-coded according to the legend.

Subsequent to this individual fitting of the maximum solid phase concentration of the
anode, the maximum solid-phase concentration of both electrodes was scaled equally. By
scaling the solid phase concentrations by the same factor, the balancing between anode and
cathode is retained while adjusting the absolute capacity of the model so that it matches the
capacity of the measurements at C/10. Finally, the maximum solid-phase concentration of
the anode is increased by 3.25%, already taking into account the anode-specific factor from
above, and that of the cathode is decreased by 5.77%. The final results for the maximum
solid-phase concentrations are summarized in Table A2. The green dash-dotted line in
Figure 4a now shows a behavior similar to that during the experiments. Fitting of the
maximum solid phase concentration resulted in an improvement of the RMSE by up to
30 mV in values.

4.5. Rate Capability

Up to this point, the model describes the experimental data satisfactorily at C-rates of
C/50. To check the quality of the model’s predictions at higher C-rates, measurements at
different C-rates using a T-cell were conducted. The formation and stabilization procedure
for T-cells and coin cells are identical, and the results are comparable. Hence, the model
parametrization based on coin cells is expected to be valid for T-cells, too.
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A comparison between measurement and simulation data (black dashed vs. green
dash-dotted line) in Figure 4b shows that a certain error also remains at 1 C when using the
current parametrization. This is due to the overpotential at higher C-rates which depends
on the kinetic behavior. The literature reports a wide range for the exchange current density,
and, as such, for the reaction rate constants k, the reaction rate constants were fitted so that
the RMSE between simulation results and experimental data is minimized. Up to this point,
the only quantity that was fitted is the maximum solid-phase concentration. The fitting
of the reaction rates was done using the lsqnonlin optimizer in MATLAB® 2021b aiming
to minimize the difference between simulation and measurement data for a 1 C constant
current charge and discharge. All other C-rates were not part of the fitting procedure. They
serve as validation data and can be seen in Figures 5 and 6.

The best agreement between the simulated and measured full-cell potentials was found
with the reaction rate constants of 5.78 × 10−12 m s−1 for the anode and 1.64 × 10−10 m s−1

for the cathode. The values are also summarized in Table A2. Before further inspecting
the full-cell potential, the optimized reaction rates are checked for plausibility regarding
the range from the literature. To this end, the optimized reaction rates are re-transformed
to exchange current densities. This re-transformation is analogous to the transformation
of the initial exchange current densities to reaction rates, as described above. The results
show a re-transformed and averaged exchange current density of 2.228 A m−2 for the Si
anode and 9.108 A m−2 for the NCA cathode. These values deviate by a factor of about 2 to
9 from the initial value of 1 A m−2 for both anode and cathode, as taken from the literature.
Considering a range of several orders of magnitude for the anode exchange current density,
the fitting is considered to be within an acceptable range. For the NCA material, a value of
approximately 9 A m−2 lies at the upper end of the range given in the literature.

Figure 4b allows for a further inspection of the full-cell potential and reveals the
improvement due to the fitting of reaction rates. Here, the green dash-dotted line represents
the simulation data after the fitting of the maximum solid phase concentrations, and
the red solid line represents the subsequently optimized parametrization. Note that the
optimized parametrization consists of a single reaction rate constant for each electrode
that is optimized to match the charge and discharge at the same time. In other words: The
reaction rate constant is not dependent on the sign of the cell current or the reaction direction.
The RMSE given is that between the measurements and the optimized simulation results.
The RMSE value during charging improves by only 1.13 mV and is almost unaffected by
the optimization. This is because the regions where simulation and measurement differ
have shifted from higher to lower SoC. The RMSE value during discharging, on the other
hand, improved by approx. 28 mV, and the curves show an overall reduced deviation.
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Figure 5. Full cell potentials as validation data for the final parametrization after fitting using C-rates
of C/10 (a), C/2 (b), and 2C (c). Color-coding and representation identical to Figure 4.
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Figure 5 is similar to Figure 4 but shows the validation data at different C-rates
instead. Only the final parametrization including the optimized reaction rates is used for
the simulation data. From both figures together it can be seen that the RMSE for discharging
remains in the range between 18.30 mV and 24.02 mV for different C-rates. This indicates
that the overpotentials during discharging are well described using the symmetric Butler–
Volmer kinetics implemented here. The RMSE for charging, however, increases with
increasing C-rate, revealing that overpotentials during charging at high C-rates are more
pronounced than at low C-rates. This might indicate that kinetics are asymmetric. Another
possible explanation for this observation is an SoC-dependent porosity. With increasing
SoC, the porosity of the Si anode decreases due to intercalation-induced volume expansion.
A decrease in porosity would first occur near the separator during charging and gradually
propagate towards the current collector. Similarly, the porosity would first increase near the
separator during discharging and then gradually propagate towards the current collector.
This way, an increasing overpotential with increasing C-rate due to porosity changes is to
be expected during charging, while during discharging, a decreasing overpotential with
increasing C-rate is to be expected. Because the model does not account for such porosity
changes, the behavior in Figure 4 is different. Overall, further investigation regarding
the overpotentials during fast (dis)charging is needed in order to accurately describe the
full-cell potential. This statement agrees with the statement deduced from Figure 6.

Figure 6 shows the CC discharge capacity as a function of the C-rate. The discharge
capacity is normalized to the CC charge capacity at C/10, just as in Figures 4b and 5. Up to
2 C, the capacities predicted by the model are in good agreement with those obtained from
the measurements. The maximum deviation between simulation and measurement data up
to 2 C is <2.4% for discharging and <1.8% for charging. Especially for the discharge drawn
with dotted lines, an almost constant offset between measurement and simulation can be
seen. This could originate from the strong relaxation behavior of the qOCP measurement
which is present even at small C-rates. The model does not account for these effects. From
3 C onwards, the model overestimates the capacity for charging and discharging when
compared to the measurements. This indicates that the model underestimates the total
polarization at high C-rates.
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Figure 6. Rate capability of measurements using T-cells (black) and simulation results (red) for CC
(dis)charge tests at C-rates of C/10, C/5, C/3, C/2, 1 C, 2 C, 3 C, 5 C, and 10 C. The (dis)charge
capacity of the CC steps is normalized to the capacity during a C/10 CC charge for both, the
measurements and the model, individually. The test was conducted between 2.8 V and 4.2 V at a
constant temperature of 25 °C.

A possible explanation for the low capacity retention at elevated C-rates during the ex-
periments are mass transport limitations. Xie and Yang [60] explained the interplay between
transport in the solid and liquid phase using an electrochemical model including a graphite
anode. Due to sluggish transport in the solid particles and preferred (de)intercalation near
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the separator-electrode interface, the particle surface will become saturated, resulting in
a gradient of the surface concentration along the electrode thickness. This increases the
diffusion path length in the electrolyte to allow for further reactions, increasing the total
overpotential. The behavior described by Xie and Yang [60] is similar to that in Figure 6,
suggesting that the rate capability as seen in the figure is not exclusive to silicon.

Despite the overall good representation of the real cell behavior, one potential aspect
for optimization could lie in the model’s porosity. For the model parametrization, the
porosity calculated from data in the pristine state prior to cell formation is used. Further
information on this topic can be found in Section S1 of the Supplementary Materials.
However, because of the large volume expansion of silicon as well as the formation losses,
it is likely that the active material volume fraction after formation is different from the
value prior to formation. As a consequence, it is also likely that the increase in the active
material volume fraction causes a decrease in porosity and thus poor rate performance at
high C-rates as can be see in Figure 6. Furthermore, this decrease in porosity is likely to be
a local effect linked to the gradient in the particle concentration mentioned above. Thus, an
optimized and possibly local porosity value and as such an optimized MacMullin number
would likely further increase the model accuracy. Lastly, the error between simulation and
measurement in Figure 5 shows a clear trend with changing SoC, which might be due to
an SoC-dependent porosity affecting the overpotentials. Accounting for this effect could
enhance the model accuracy.

5. Conclusions and Outlook

Until now, the literature has not provided an electrochemical model for a silicon-
dominant electrode. Hence, the goal of this study was to parametrize and validate a
Newman-type model for a custom-built Si||NCA lithium-ion cell. Many parameters in the
model presented here, such as the porosity, could be obtained from electrode manufacturing,
while other parameters, such as the exchange current density, were taken from the literature
and underwent a fitting procedure.

In a first step, the equilibrium potentials of the half cells and the full cell were measured.
At C-rates as low as C/50, the Si half-cell potential still relaxes significantly, but the origin
of this effect has not been identified yet. The behavior at C/50 is similar to that at C/10,
indicating that more processes than just the charge transfer described by a single Butler–
Volmer equation might be at play. Thus, the qOCP measurement at constant current
have been used in the following, ignoring the model’s equilibrium potential relaxation
effect. Voltage hysteresis is accounted for by switching between lithiation and delithiation
half-cell potentials.

In a second step, a balancing process of the measured half cell qOCP curves was per-
formed. A proper superposition of the half-cell potentials then yields the reconstructed full-cell
qOCP curve with a RMSE of 2.907 mV for the charge step and 5.432 mV for the discharge
step. The measurements needed for this balancing process also allow for an estimation of the
anode and cathode utilization, and as such allow for an estimation of the DoL.

In a third step, the maximum solid-phase concentrations were fitted in such way that
the model’s relative concentration is always bounded by the minimum and maximum DoL
obtained in the previous step. Additionally, the concentrations were scaled so that the
model’s capacity meets that of the measurements.

In a fourth and final step, the model’s reaction rate constants were fitted for a 1C
constant current charge and discharge step. The fitting was performed in such a way
that the full-cell potential during both charging and discharging is described by a sin-
gle parameter set. Different C-rates between C/10 and 10 C were used to validate the
model parametrization. The model can describe the full-cell potential and also meets
the constant current (dis)charge capacity. This is true up to a C-rate of 2 C. At higher
C-rates, the model underestimates the polarization when comparing the simulation results
with measurements.
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Overall, the model results are satisfying, with an RMSE between measurements and
the simulations of 20.59 mV and 24.02 mV during 1 C charging and discharging, respec-
tively. At the same time, the absolute error in the normalized capacities is 1.27% and
2.75%, respectively. Thus, the presented parametrization is considered valid to describe a
silicon-dominant anode when a Newman-type model is used, under the premise that:

• Si is partially lithiated to a similar degree as in this study and as such does not undergo
further amorphization or crystallization.

• Model equations have not been adjusted, for example with respect to complex elec-
trode kinetics, solid state diffusion, or volumetric changes.

• Voltage hysteresis is accounted for via two equilibrium curves rather than a dedicated
hysteresis model.

In future work, several aspects regarding silicon-dominant anodes can be further
investigated. Optimized parameters such as DoL-dependencies for the solid-phase diffu-
sivity or the electrical conductivity could further improve the model quality. Additionally,
a dedicated voltage hysteresis model could prove valuable to better describe the voltage
behavior during open-circuit periods. An overview, including suggestions for experimen-
tal studies, is given for each of the parameters that have been taken from literature. An
understanding of the origin of the strong relaxation behavior, including an appropriate
kinetics model, would benefit subsequent studies. Closely related to this is an analysis of
polarization at high currents. Since only laboratory cells were used, isothermal conditions
were assumed for all experiments and simulations. A scale-up to a large-format pouch cell,
for example, would require a thermal model to capture temperature-related effects such
as joule heating and entropic heating. Similarly, a suitable mechanical model, because of
the large volumetric expansion, is needed to capture porosity changes and related effects
on the mass transport. Eventually, a fully coupled physicochemical-mechanical-thermal
model would be required to capture all mentioned effects properly.
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Abbreviations

The following abbreviations are used in this manuscript:

Acronyms

AM active material
CC constant current
CV constant voltage
DoL degree of lithiation
DVA differential voltage analysis
GITT galvanostatic intermittent titration technique
Li lithium
LIB lithium-ion battery
NCA nickel-cobalt-aluminum-oxide
PITT potentiostatic intermittent titration technique
pOCP pulsed open-circuit potential
qOCP quasi open-circuit potential
RMSE root-mean-squared error
SEI solid-electrolyte interphase
Si silicon
SoC state of charge
Roman Symbols

C capacity, Ah
c concentration, mol m−3

D diffusivity, m2 s−1

d ln f±
d lncl(x,t) activity, no unit

Eeq equilibrium potential, V
F Faraday’s constant, 96,485 A s mol−1

i current density, A m−2

i0 exchange current density, A m−2

jn pore-wall flux, mol m−2 s−1

k reaction rate constant, m s−1

L through-plane thickness, m
NM MacMullin number, no unit
r r-axis or r-dimension (pseudo dimension), m
R universal gas constant, 8.314 J mol−1 K−1

Rp particle radius, m
T temperature, K
t time, s
t+0 transference number, no unit
x x-axis or x-dimension, m
Greek Symbols

α charge transfer coefficient, no unit
χ stoichiometry, no unit
ε volume fraction, no unit
η overpotential, V
κ conductivity, S m−1

ϕ electrical potential, V
ρ density, kg m−3
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Subscripts & Superscripts

a anodic
app applied
c cathodic
eff effective
gr gravimetric
l liquid phase
max maximum
ref reference
s solid phase
surf surface
th theoretical
tot total

Appendix A. Model Equations and Parameters

Table A1. Equations for the p2D model. Here, ∇x is the spatial gradient in the real dimension,
i.e., along the through-plane direction of the cell stack, and ∇r is the spatial gradient in the pseudo
dimesion, i.e., along the radius of the spherical active material particles.

Spatial gradients ∇x = ∂
∂x , ∇r =

∂
∂r (r in spherical pseudo dimension) (A1)

Mass balance εl
∂cl(x,t)

∂t = ∇x

(
Deff

l (cl(x, t))∇xcl(x, t) +
il(x,t)(1−t0

+)
F

)
(A2)

Mass balance ∂cs(x,t,r)
∂t = ∇r(Ds∇rcs(x, t, r)) = 1

r2
∂
∂r

(
Dsr2 ∂cs(x,t,r)

∂r

)
(A3)

Potentials ∇x ϕl(x, t) = − il(x,t)
κeff

l
+ 2RT

F
(
1 − t0

+

)(
1 + d ln f±

d ln cl(x,t)

)
∇x ln cl(x, t) (A4)

∇x ϕs(x, t) = − is(x,t)
κs

with iapp(t) = is(x, t) + il(x, t) ∀ x, t (A5)

Charge balance ∇xil(x, t) +∇xis(x, t) = 0 with ∇xis(x, t) = − 3εAM
Rp

F jn(x, t) (A6)

Electrode kinetics jn(x, t) = i0(x,t)
F

(
exp

(
αaFη(x,t)

RT

)
− exp

(
− αcFη(x,t)

RT

))
(A7)

η(x, t) = ϕs(x, t)− ϕl(x, t)− Eeq(x, t) (A8)

i0(x, t) = Fkαa
c kαc

a
(
cs,max − cs,surf

)αa
(
cs,surf

)αc
(

cl
cl,ref

)αa
(A9)

Effective transport parameters κeff
s =

κs

NM
, κeff

l =
κl

NM
, Deff

l =
Dl
NM

(A10)

Boundary conditions ∇xcl(x, t)
∣∣
x=0 ∧ x=Ltot

= 0 (A11)

∇x ϕl(x, t)
∣∣
x=0 ∧ x=Ltot

= 0 (A12)

ϕs(x, t)
∣∣
x=0 = 0 (A13)

∇x ϕs(x, t)
∣∣
x=Ltot

= − iapp

κeff
s

(A14)

∇rcs(x, t, r)
∣∣
r=0 = 0 (A15)

∇rcs(x, t, r)
∣∣
r=Rp

= − jn
Ds

(A16)
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Table A2. Parametrization of the p2D model with NCA||Si electrodes.

Anode Separator Cathode

Geometry

Thickness coating L 46 μm m,c 2 × 260 μm d 68 μm m,c

d50 particle radius Rp 2.25 μm L1 3.0755 μm d

Active material volume fraction εAM 0.32 c 0.61 c

Electrolyte volume fraction (porosity) εl 0.50 c 0.55 L8 0.32 c

MacMullin number NM 5.385 c 1.29 L9,c 7.333 c

Thermodynamics

Equilibrium potential Eeq Figure 1 m Figure 1 m

Stoichiometry χ 100% SoC 0.3068 f 0.1396 f

0% SoC 0.0396 f 0.7954 f

Max. concentration cs,max 322,067 mol m−3 c,f 46,400 mol m−3 c,f

Transport

Solid diffusivity Ds 2 × 10−15 m2 s−1 L3 1 × 10−14 m2 s−1 L7

Electric conductivity κs 33 S m−1 L3 1 S m−1 L6

Kinetics

Reaction rate constant k 5.78 × 10−12 m s−1 L2,f 1.64 × 10−10 m s−1 L4,f

Anodic charge transfer coefficient αa 0.5 a 0.5 a

Cathodic charge transfer coefficient αc 0.5 a 0.5 a

Electrolyte *

Salt diffusivity Dl in m2 s−1 *, L5 10−4 · 10−4.43− 54
T−(229+5cl )

−0.22cl

Ionic conductivity κl in S m−1 *, L5,f 0.5358 · 10−1cl(−10.5 + 0.668cl + 0.494c2
l + 0.0740T − 0.0178clT − 8.86 ·

10−4c2
l T − 6.96 · 10−5T2 + 2.8 · 10−5clT2)2

Activity d ln f±
d ln cl(x,t) (no unit) *,L5 (0.601−0.24c0.5

l +0.982(1−0.0052(T−293.15))c1.5
l )

1−t0
+

− 1

Transference number t0
+

L5 0.38
Reference concentration cl,ref

a 1 mol m−3

* Analytic functions for the electrolyte are physically not interpretable. Input arguments are to be normalized (con-
centration cl per mol L−1 and temperature T per K). The functions are only valid for cl ∈ [0 mol L−1;≤ 4 mol L−1].
The output value is to be interpreted in the unit given in the table. a assumption; c calculated; d from supplier
data sheet; f fitted, based on data sheet (d,f) or based on the literature (L,f); L from the literature; L1 [13]; L2 [20];
L3 [37]; L4 [40]; L5 [46]; L6 [49]; L7 [53]; L8 [64]; L9 [65]; m measured.
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Appendix B. Additional Measurement Results
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Figure A1. Approximation of the quasi open-circuit potential (qOCP) under constant current dis-
charge at C/50 and 25 °C. Differential voltage analysis (c) was used to reconstruct the measured
qOCP vs. full-cell SoC (a) under discharge of the full cell (see NCA+Si (FC)) via the (de)lithiation
paths of the respective half cells (see NCA (HC) and Si (HC)). The approximation errors vs. SoC as
well as the RMSE of the qOCP are shown in subplot (b)).
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Abstract: Since solid electrolytes have a broad electrochemical stability window, are exceptionally
electrochemically stable against Li metal, and function as a physical separator to prevent dendrite
growth, they are at the forefront of alternate possibilities, further increasing the stability and en-
ergy density of Li-ion batteries. NASICON-type electrolytes are a promising candidate due to their
negligible moisture sensitivity, which results in outstanding stability and a lower probability of
Li2CO3 passivity under the ambient atmosphere. However, one of the most promising represen-
tatives, Li1+xYxZr2−x(PO4)3 (LYZP), has multiple stable phases with significant variation in their
corresponding Li-ion conductivity. In this paper, we have successfully synthesized the highly ionically
conductive rhombohedral phase of LYZP via spray-flame synthesis. Two different solvent mixtures
(e.g., 2-ethyl hexanoic acid/ethanol, propanol/propanoic acid) were chosen to explore the effect
of precursor composition and combustion enthalpy on the phase composition of the nanoparticle.
The as-synthesized nanoparticles from spray-flame synthesis consisted of the crystalline tetragonal
zirconia (t-ZrO2) phase, while lithium, yttrium, and phosphate were present on the nanoparticles’
surface as amorphous phases. However, a short annealing step (1 h) was sufficient to obtain the
NASICON phase. Moreover, we have shown the gradual phase conversion from orthorhombic β

phase to rhombohedral α phase as the annealing temperature increased from 700 ◦C to 1300 ◦C (com-
plete removal of β phase). In this context, Y3+ doping was also crucial, along with the appropriate
solvent mixture and annealing temperature, for obtaining the much-desired rhombohedral α phase.
Further, 0.2 at% Y3+ doping was added to the solvent mixture of 2-ethyl hexanoic acid/ethanol, and
annealing at 1300 ◦C for 1 h resulted in a high ionic conductivity of 1.14·10−5 S cm−1.

Keywords: spray-flame synthesis; solid-state electrolyte; NASICON type Li1+xYxZr2−x(PO4)3; nanopar-
ticles; Li-ion batteries

1. Introduction

Electrical energy has become an indispensable part of our modern civilization. How-
ever, the significant origin of the same is still from nonrenewable sources. Moreover, the
energy market will remain volatile in the future due to constant depletion and geopo-
litical instabilities [1,2]. Consequently, sustainable energy resources such as wind, solar,
bioenergy, and hydropower come to the center of the stage [3–5]. Nevertheless, no matter
how “low carbon” our market is, or furthermore, no matter how advanced and consid-
erate our energy management system is [6], the fluctuation of energy usage plays a part
in Achilles’ heel. Amongst systems in the field of battery energy storage [7], solutions
for serving energy support based on rechargeable batteries, mainly lithium-ion batteries
(LIBs), have become the spotlight of this stage [7]. In this context, energy density, storage
capacity, and thermal sustainability play an important role in establishing the next-best
energy storage system. Since the term LIB has been available in the market since the late
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1960s [8] and successfully commercialized in the 1990s [8,9], LIB storage systems have
gained increasing interest in numerous application scenarios. However, employing high-
energy-density Li metal anodes with conventional liquid or polymer electrolytes is not
considered a ‘termination’ of lithium anodes for high-energy batteries. Regarding strict
requirements of heat management [10–12], solid electrolytes (SEs) (e.g., inorganic [13–15],
polymer [16], and hybrid composites [17], etc.) are believed to overcome obstacles due to
their robust mechanical strength and high Li-ion transference number [18–21]. In addi-
tion, compared with liquid organic electrolytes, SEs have a wide electrochemical potential
window of up to 5 V for battery cycling [22], which could empower the electric vehicle
revolution and stationary demands. Employing solid composite electrolytes (SCE) could
eliminate polymer-based mechanical separators, avoiding the risk of flammability and Li
dendrite growth [23]. Moreover, the good wetting ability of solid electrolytes by the metallic
lithium anode can reduce or even avoid the lithium dendrite formation in all-solid-state
Li-metal batteries, resulting in high energy-density batteries [24]. Amongst many inorganic
solid electrolytes, perovskite-type Li3xLa2/3−xTiO3 (LLTO) [25], garnet-type Li7La3Zr2O12
(LLZO) [26], NASICON-type Li1+xAlxTi2−x(PO4)3 (LATP) [27], and anti-perovskite struc-
ture Li2OHX (X = Cl, Br) [28] exhibit high Li-ion conductivity up to >10−4 S·cm−1 at room
temperature. However, there are also challenges when using inorganic solid electrolytes.
Y. Shimonishi et al. and Y. Li et al. [29,30] demonstrated the instability of garnet-type
SEs in moist air (e.g., Li7−xLa3Zr2O12−(1/2x)). So is the anti-perovskite structure of Li3OB
formation [31]. The chemical reaction between those SEs and moisture causes structural
damage to solid electrolytes [32]. Consequently, the Li-ion conductivity of ceramics de-
creases, resulting in a significant increase in Li-ion interface impedance. On the other hand,
NASICON-type and perovskite-type oxides containing Ti4+ have shown high stability in
water [33].

NASICON is an acronym for sodium (Na) super-ionic conductor with the chemical
formula A1B2(PO4)3, where the A site is occupied by a monovalent cation and the B site
is either a single tetravalent, or a combination of tri, tetra, and pentavalent ions [34]. One
potential Li-ion conducting candidate of the NASICON family is LiZr2(PO4)3 (LZO), which
is electrochemically stable in contact with lithium metal [35]. The ionic conduction of
LZO is lower than that of its analogs, LiGe2(PO4)3 (LGP) and LiTi2(PO4) (LTP). It is a
known fact that due to Ti4+ reduction in the presence of a Li anode, the use of LTP is very
limited [36,37]. On the other hand, the cost of Ge precursors is generally relatively high,
which makes affordable SEs obsolete [38]. However, Zr4+ demonstrates good chemical
stability against a Li anode [39], as the energy of the Zr4+/Zr0 in LiZr2(PO4)3 is above
the Fermi level of Li metal [40]. An obstacle to NASICON-type LZO is its polymorphism
with four crystalline forms (α and α′, β and β′ phase) [41–43]. Replacing tetravalent
Zr4+ with trivalent metal ions (e.g., Y3+) can influence the stability of lithium metal and
increase the ionic conductivity above 10−5 S·cm−1 in accounting for mobile ions [44].
It has been shown that, depending upon the synthesis route and reaction temperature,
NASICON-type LZO undergoes considerable phase transformations. According to Li
et al. [44], the rhombohedral α phase (space group R-3c) transfers to the triclinic α’ phase
at temperatures below 60 ◦C. On the other hand, the orthorhombic β phase transfers to
the monolithic β’ phase at a higher temperature (~300 ◦C). The goal of this work is to
synthesize the rhombohedral α phase, which is stable at room temperature with the highest
ionic conductivity (above 10−5 S cm−1) compared to its polymorph phases (e.g., triclinic
α’), and to avoid the presence of the β phase.

Synthesis methods involving multiple pre- and post-processing steps are primary in
determining SE characteristics. Nano-size materials have been shown to have size-induced
high ionic conductivity and a high surface area with excellent mechanical properties [26,45].
The rising interest in nanosolid electrolytes is prompting the search for better synthesis
technology. The commonly used high-temperature solid-state reaction of suitable starting
materials requires an excellent mixture to form a homogeneous precipitation and, conse-
quently, a time-consuming calcination and/or sintering process at over 1000 ◦C [46,47].
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Nevertheless, it might result in undesired powder due to using course materials in the
micrometer-size range [48,49]. In contrast, the sol-gel method based on dissolved precur-
sors with subsequent annealing doesn’t require that high energy; however, impurities in
other phases seem inevitable [50]. Accordingly, the performance of the final product [51] is
strongly influenced by the starting material [52,53]. Therefore, a highly versatile and flexible
production process with high throughput is required that is also capable of providing mate-
rials with high purity. Hence, the choice of a suitable synthesis route is, therefore, decisive
for reliable nanoparticle production that enables the manufacture of high-quality materials.

As an inexpensive manufacturer of ceramics, especially ceramics at the nanoscale,
flame synthesis technology has shown its distinguishing characteristics [54]. Considering
the homogeneity of particles and the predetermination of the composition of multinary
metal oxides, we focus on gas-phase-based spray-flame synthesis (SFS). By applying a
sprayer or an atomizer [55], the limited utilization of volatile and cost-effective vaporizable
precursors such as organic metal salts is unlocked. Since the successful establishment of SFS
in 2002 [56], this route has gained increasing interest. SFS has proven its versatile module
application sharing routes with plasma, laser, and electrically heated wall reactors [57–59].
The merits of applying for SFS are self-explanatory. In some cases, the properties of
materials in combination with a suitable thermal post-treatment, such as control over
particle size (e.g., nm to μm), crystallinity, morphology and shape, and phase composition
of products, can be well controlled [60]. Unlike batch processes, i.e., time-consuming sol-gel
synthesis requiring pre- and post-processing steps such as gelation and drying, SFS based on
spraying a solution containing dissolved precursors allows fast and continuous production.

In this work, our focus was to synthesize rhombohedral α phase NASICON
Li1+xYxZr2−x(PO4)3 (LYZP) with the highest phase purity possible. Due to the bene-
fits stated above, SFS was chosen as the synthesis route. As this is the very first (to the
best of our knowledge) report to synthesize NASICON-type LYZP nanoparticles via SFS,
based on literature [61,62], we investigated their synthesis using two different solvent
mixtures that have been used in the past for spray-flame synthesis of metal oxides, i.e.,
propanol/propionic acid (PrOH/PA) and ethanol/2-ethyl hexanoic acid (EtOH/2-EHA).
Furthermore, we also optimized Y3+ doping in LYZP to observe the effect of doping on
phase purity and subsequent ionic conductivity.

2. Materials and Methods

In our prior experience [63], the Zr-based system does not directly produce a multi-
component final product by SFS. This is probably due to the first nucleation of ZrO2 in
the vapor phase rather than the rest of the elements. As a result, the remaining elements
(Y, Li, P) are generally present in a synthesized sample as an amorphous phase on ZrO2
nanoparticles. Furthermore, due to the similar phase transformation (cubic to monoclinic)
of ZrO2 at elevated temperatures, the successful stabilization of the cubic phase of ZrO2
at room temperature was accomplished by Y3+ doping [64,65]. It has been widely studied
that Y3+ ions replace Zr4+ at the cationic sublattice [65], resulting in oxygen vacancies. This
directly affects the oxygen ion conductivity of ZrO2 and makes it appropriate for appli-
cations such as solid oxide fuel cells and sensors [66]. The stated observations are one of
the major factors in synthesizing Y3+ undoped (LZP) and doped LZP (Li1+xYxZr2−x(PO4)3
with x = 0.1 (LY0.1ZP) and 0.2 (LY0.2ZP), respectively), to not only effect the desired phase
compositions but also alleviate the ionic conductivity. Like the conventional synthesis
routes [41,44,67,68], SFS also has a substantial and reasonable combination of operat-
ing parameters. Regarding the following criteria: (i) solubility of precursors in solution;
(ii) melting/boiling points of precursors and solvents; and (iii) costs of precursors and
solvents, we decided on suitable precursors and solvents. LiNO3 and Y(NO3)3 were applied
as the sources of lithium and yttrium since they are both miscible in organic solvents and in-
expensive. According to Lieber et al. [69], a higher metal precursor melting/decomposition
temperature point relative to the solvent boiling point, i.e., Tbp (solvent)/Td/mp(precursor)
less than one generates inhomogeneous particles. Moreover, their ratio values between the
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boiling point/decomposition of solvents (e.g., Tbp of 2-EHA is 217 ◦C) and melting point
of precursors (e.g., Tmp of Li(NO3)3 is 264 ◦C, Tmp of Y(NO3)3 is 52 ◦C, Table S1) satisfy the
criterion to some extent for the synthesis of homogenous particles at the nanoscale [70].

Tributyl phosphate is favored due to its low cost and solubility in our preferred
solvents. As for the Zirconium precursors, a list of suitable candidates concludes zirco-
nium nitrate (Zr(NO3)4, abbreviated as “ZN”; decomposes at 100 ◦C), zirconium acetate
(Zrx+·xH3CCOOH, abbreviated as “ZA”, 16 wt.% diluted in acetic acid), and zirconium(IV)
propoxide (Zr(OCH2CH2CH3)4, abbreviated as “ZP”, 70 wt.% in 1-propanol; Tbp = 208 ◦C).
In this study, we chose ZP as a Zr precursor because, unlike ZN, can cause explosions [71]
while ZP is relatively safer to use. Although metal acetate precursors are verified to re-
sult in small nanoparticles [72], ZA, only obtainable in dissolved and thus diluted form
(15.0–17.0 wt% in acetic acid), has some drawbacks regarding the energy supply for com-
bustion (low enthalpy of combustion of acetic acid with 15.32 kJ/mL). Considering all the
above arguments, ZP has the highest potential regarding the above-mentioned criteria,
while ZN and ZA were discarded.

As briefly stated above, depending upon the melting point/boiling point of the solvent
and solute, the solvent mixture is expected to affect the synthesized particles (e.g., size,
shape, surface characteristics, etc.). In this study, the chosen precursor solutions are denoted
as (LYxZP)PA50 (x = 0.2) involving solvent mixture ‘A’, i.e., propanol and propionic acid
(1:1 by volume), and (LYxZP)EA50 (x = 0.2) involving solvent mixture ‘B’, i.e., ethanol and
2-ethylhexanoic acid (1:1 by volume), as shown in Table 1. To study the maximum effect of
Y doping in SFS and subsequent calcination, x = 0.2 (i.e., Y content at 20%) was chosen.

Table 1. Scheme of precursors and solvents and their corresponding nomenclature.

Nomenclature Precursors Solvents

Li Y Zr P (A) (B)

LiNO3 (50% excess Li)
Y(NO3)3

·6H2O
ZP TBP

Propanol/Propionic
Acid (PrOH/PA) V/V

Ethanol/2-
Ethylhexanoic Acid
(EtOH/2-EHA) V/V

(LZP)EA50 � 0 � � × 1:1

(LY0.1ZP)EA50 � 0.1 � � × 1:1

(LY0.2ZP)PA50 � 0.2 � � 1:1 ×
(LY0.2ZP)EA50 � 0.2 � � × 1:1

(LY0.2ZP)EA70 � 0.2 � � × 3:7

Precursors were used as supplied: LiNO3 (VWR, ≥99.0% purity; Leuven, Belgium),
Y(NO3)3·6H2O (Aldrich, ≥99.8% purity; Darmstadt, Germany), Zirconium-tetra-propoxide
(ZP, 70 wt% in 1-propanol, Sigma Aldrich; Darmstadt, Germany), and tributyl phosphate
((C4H9)3PO, TBP, Sigma Aldrich, ≥99% purity; Darmstadt, Germany). Solvent mixtures
(A) and (B) were prepared from 2-propanol (PrOH, BASF, ≥99.5% purity; Ludwigshafen,
Germany) and propionic acid (PA, Acros Organics, ≥99% purity; Geel, Belgium), ethanol
(EtOH, VWR, ≥99.9% purity; Leuven, Belgium), and 2-ethylhexanoic acid (2-EHA, Alfa
Aesar, ≥99% purity; Haverhill, MA, USA), respectively. Moreover, to compensate for
the loss of lithium during synthesis and subsequent annealing [73], lithium content was
increased by 50 wt.% in all experiments. The total precursor concentration was 0.5 M in
all cases.

The reactor used in this research work has been described in our previous work [63].
Details of gas flow parameters and reaction pressure are listed in Table 2. The yield
of as-synthesized particles is around 1 g for each experiment. For further annealing,
as-synthesized particles were pressed into pellets (diameter: 5 mm, pressure: 15 kN
for 15 min). A horizontal tube furnace (Carbolite Tube Furnace, type: MTF 12/38/400)
was used for annealing the pellets at 700 ◦C and 1000 ◦C for 1 h under oxygen flow
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(6 slm) [74]. Furthermore, for annealing at higher temperatures (1150 ◦C and 1300 ◦C), a
TGA (NETZSCH STA 449 F1 Jupiter) (heating rate: 10 K/min, dwelling time: 1 h, gas flow:
O2 [44]) was used.

Table 2. Spray-flame reactor operating conditions.

Operating Parameters

Dispersion
CH4

[slm]

Dispersion
O2

[slm]

Pilot Flame
CH4

[slm]

Pilot Flame O2

[slm]

Quench
Gas Air

[slm]

Coaxial Sheath Air
[slm]

Reactor
Pressure
[mbar]

1 9 2 16 240 140 800–820

Powder diffraction XRD patterns were measured using an X-ray diffractometer
(Malvern Empyrean diffractometer PANalytical with Cu Kα radiation). Transmission
electron microscopy (TEM, Jeol JEM-2200FS; Japan) was used for particle morphology, size,
and structure determination. The surface areas of the as-synthesized powders were mea-
sured using a Brunauer–Emmett–Teller (BET) device (Nova 2200, 3P Instruments GmbH;
Odelzhausen, Germany). XPS spectra were recorded using a VersaProbe II (ULVAC-PHI,
Chanhassen, MN, USA) equipped with Al Kα radiation. Simultaneous thermal analysis
(STA) consisting of thermogravimetric analyses (TGA) and differential scanning calorimetry
(DSC) was carried out with a Netsch STA 449 F1 Jupiter (Germany) under synthetic air with
a heating rate of 10 k/min up to 1200 ◦C and combined with gas analysis during sample
heating by quadrupole mass spectrometry (QMS 403 D, NETZSCH-Gerätebau GmbH,
Selb, Germany).

The ionic conductivity of the powders was measured in the form of 5 mm diameter
pellets (prepared as mentioned above) by an impedance analyzer, Solartron 1260, over a
1 Hz to 1 MHz frequency range. Before, thin conductive gold films were deposited on both
sides of the sintered pellets by sputtering. To clarify, all impedance measurements were
done at room temperature (~22 ◦C).

3. Results

First, we investigated the influence of the solvent mixture on nanoparticle production
using the example of LYZP doped with 20% yttrium. The most suitable solvent mixture was
then selected before discussing the synthesis and characteristics of materials with lower
and no yttrium doping.

Characterization of (LY0.2ZP)PA50 and (LY0.2ZP)EA50 Nanoparticles

To determine the phase compositions of as-synthesized (LY0.2ZP)PA50 and (LY0.2ZP)EA50,
nanoparticles were analyzed with X-ray diffraction. The XRD patterns presented in
Figure 1a,b indicate that both as-synthesized powders consist of more than one phase.
It was not possible to conclusively determine whether the primary phase (main signal at
30.1◦) of as-prepared (LY0.2ZP)PA and (LY0.2ZP)EA samples is tetragonal ZrO2 (t-ZrO2, ICSD
66781, space group P 42/n m c Z) or cubic ZrO2 (c-ZrO2, ICSD 72955, space group F m -3 m)
due to the peak broadening and overlapping [75]. In the case of (LY0.2ZP)PA50 (Figure 1a),
a splitting of peaks at 35◦ (220) and 60◦ (311) (indicating t-ZrO2) was observed; however,
the splitting of peaks at 50◦ (indicating both c- and t-ZrO2) is not clear enough to be evalu-
ated [76]. Furthermore, traces of the monoclinic zirconia phase (ICSD 18190, space group
P1 21/c 1) at 28◦ and 31◦ were observed as an additional phase. In addition, the presence
of monoclinic Li2CO3 (ICSD 66941, space group C1 2/c 1) at 21.3◦ can be cross-validated
with the results from other measurement methods such as TGA and XPS, as will be shown
later. It must be concluded that the intended phase of α-LYZP was not observed in the
pristine particles made from propanol/propionic acid solution. In contrast, additional
peaks at 20◦ and 23◦ were observed for particles made from ethanol/2-ethylhexanoic acid
(LY0.2ZP)EA50, as shown in Figure 1b. It indicates the appearance of a new phase compared
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to (LY0.2ZP)PA50, which can most probably be assigned to the composition of a Y-doped
LiZr2(PO4)3 (ICSD 191891). The peak broadening compared to (Figure 1a) is because
the product from (LY0.2ZP)EA50 has a significantly lower crystallinity, which applies in
particular to the signals for the new phase.

 

Figure 1. Phase composition and particle size of as-synthesized (LY0.2ZP)PA50 nanoparticles were
determined by XRD (a), TEM (c), and HRTEM (d), respectively. Similarly, for (LA0.2ZP)EA50, the same
was determined by XRD (b), TEM (e), and HRTEM (f), respectively. The yellowish circles highlight
the single crystalline structures of as-synthesized samples.

Prior to further analysis, the particle morphology and size distribution of as-
synthesized (LY0.2ZP)PA50 and (LY0.2ZP)EA50 particles were carried out using TEM
(Figure 1c,e) and HRTEM (Figure 1d,f), respectively. Both nano- and sub-micron par-
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ticles were observed for particles produced from PrOH/PA (Figure 1c). The yellowish
circles (Figure 1c) highlight the single crystalline structures of as-synthesized samples. We
observed that, in contrast to EtOH/2-EHA, the use of PrOH/PA as solvent (LY0.2ZP)PA50
results in products with a significantly broader range (Figure S1a) [75]. In terms of mass,
the large particles are important, but due to an insufficient number, it was not possible to
fit the particle size distribution of these large particles in a meaningful way. The obtained
size distribution for the smaller mode was plotted and fitted with a lognormal function
(Figure S1a). The count median diameter (CMD) of this smaller mode is 16.6 nm with
a geometric standard deviation (σg) 1.9. Due to the large mass fraction of big particles,
it is obvious that the fitted CMD for the small mode does not agree with the estimated
BET-based mean particle size, assuming a monodisperse spherical particle size. Thus, the
measured specific surface area (SSA) of 5.74 m2/g corresponds to an average size of around
180 nm, mainly reflecting the big particle mode.

Srinivasan et al. have concluded that the particle sizes of t-ZrO2 and m-ZrO2 range
from 2 to 20 nm and 20 to 70 nm, respectively [77]. Based on that, the size distribution
of as-synthesized particles from (LY0.2ZP)PA is assumed as a combined multinary model.
To show the particle size distribution of as-synthesized particles from the experiment
(LY0.2ZP)PA50 in high resolution, identical counted data from Figure 1c,d in the range from
2 nm to 50 nm are shown in Figure S1a,b. Figure 1e shows TEM images of as-synthesized
materials from EtOH/2-EHA (LY0.2ZP)EA50 showing a significantly more homogeneous,
monomodal particle size distribution, and no particles larger than 50 nm were observed
(Figure 1e). The areas highlighted in Figure 1f show a single crystalline structure of zirconia
and/or α-LYZP. Unlike the multimodal size distribution from (LY0.2ZP)PA50, the histogram
of pristine (LY0.2ZP)EA50 shows a monomodal size distribution and could be fitted to a
CMD of 7.8 nm with a geometric standard deviation σg of 1.54 (Figure S1b). This result is
in very good agreement with the BET-based mean particle size of 8.9 nm, see Table S2.

Besides the crystalline areas, the TEM images in Figure 1d suggest huge amounts
of amorphous materials surrounding the crystalline particles. For further inspection, the
compositions of the pristine materials were analyzed by XPS. On the one hand, it was
possible to determine that the elements used are present in the product and, on the other, to
clarify their chemical composition. For (LY0.2ZP)PA50, Figure S2a–c indicates the presence
of Li2CO3. Detailed analysis of the P 2p spectra (Figure S2d) shows that phosphorus is
present in the form of phosphate (134 eV binding energy, indicating tetrahedral PO4

3−). The
presence of Yttrium as oxide was proven on the basis of the binding energy contributions
at 160.4 eV corresponding to Y 3d3/2 and 158.3 eV corresponding to Y 3d5/2 (Figure S2e).
Similarly, the XPS spectrum of zirconium in Figure S2f reveals the presence of zirconium
core level at 185.8 eV in the form of Zr 3d3/2, and a higher binding energy contribution
at 183.4 eV in the form of Zr 3d5/2, respectively. It is difficult to distinguish between the
tetragonal and monoclinic phases of ZrO2 via XPS. However, the higher binding energy
position of the 3d5/2 spectra is well within the range of tetragonal ZrO2 (i.e., monoclinic
ZrO2 generally appears at lower binding energy) [78]. Thus, this finding agrees with
our XRD data. However, the shoulder interface spectra at ~181 eV are not observed for
tetragonal ZrO2 in this case [78]. For (LY0.2ZP)EA50, a significant peak at BE ~291 eV was
detected in the spectrum of C 1s (Figure S3b), which indicates the presence of a carbonate
bond. Since hints for crystalline Li2CO3 are almost missing in the XRD pattern, we assume
that the pristine materials mainly contain amorphous Li2CO3 in addition to amorphous
compounds of yttrium and phosphorous.

Further characterization of the as-synthesized (LY0.2ZP)PA50 and (LY0.2ZP)EA50
(Figure 2a,b) was performed with TGA/DSC/QMS analysis, with the bold line showing
the TGA curve and the dotted line showing the DSC signal. The TGA curve demonstrates
a total weight loss of around 17% and 8% for (LY0.2ZP)PA50 and (LY0.2ZP)EA50, respectively.
The initial mass loss (~12% and ~3% for (LY0.2ZP)PA50 and (LY0.2ZP)EA50, respectively)
between ambient temperature and <220 ◦C can be ascribed to the removal of physi- and
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chemisorbed H2O since only H2O was detected for both (LY0.2ZP)PA50 and (LY0.2ZP)EA50
via QMS (Figure 2c,d).

Figure 2. TGA and DSC of as-synthesized samples are shown in (a,b), respectively. (c,d) describe the
CO2 and H2O QMS signal during TGA measurement of (LY0.2ZP)PA50 and (LY0.2ZP)EA50, respectively.

However, a slight amount of CO2 signal was detected for (LY0.2ZP)EA50 (Figure 2d)
in the same region, indicating the thermal decomposition of physisorbed hydrocarbons,
i.e., the carboxylic acids. The subsequent mass loss (<5% and ~1% for (LY0.2ZP)PA50 and
(LY0.2ZP)EA50, respectively) between 230 ◦C and 400 ◦C can be attributed to the oxidation
of higher hydrocarbons, which is accompanied by the release of CO2 and H2O. According
to Egger et al., the next mass loss of around 500 ◦C for both the as-synthesized samples can
be attributed to the decomposition of the residual Zr-precursor [79].

From the XPS and XRD studies, it is clear that the as-synthesized materials contain
all the elements used in the precursor solution; however, most (Zr, P, Y) are present as
an amorphous phase, and the material requires thermal annealing to reach the desired
LYZP phase. From the DSC measurements, it can be deduced that the endothermic signal
at ~980 ◦C for (LY0.2ZP)EA50 (Figure 2b) is most probably caused by the formation of
a new phase (Equation (1), [43,44,74]), presumably triggered by the melting of lithium
carbonate [80]. Furthermore, the exothermic process at about 1200 ◦C indicates a phase
transformation (Equation (2), [43,44,74]) after the thermal decomposition of leftover lithium
carbonate, releasing CO2. The slight increase in mass in the case of (LA0.2ZP)EA50 (<800 ◦C)
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may be due to a slight oxidation of the sample, which is supported by the DSC measurement
showing an exothermic signal at about 550 ◦C.

β → α’(∼ 1000 ◦C) (1)

α’ → α(∼ 1200 ◦C) (2)

As discussed above, the phase change occurs for both the as-synthesized samples
at relatively higher temperatures. Thus, the as-prepared materials were annealed at
700 and 1000 ◦C in a tube furnace under oxygen, with subsequent analysis of the crys-
tal structure. Figure 3a,c reveals the effect of calcination on as-synthesized samples at
different temperatures. When the pressed pellet from (LY0.2ZP)PA50 was heated at 700 ◦C
for 1 h, XRD patterns showed a significant difference compared to the XRD pattern of
pristine nanoparticles (Figure 3a). At this point, a significant decrease in the overall pres-
ence of t-ZrO2 can be observed. Moreover, a sharp peak at 20◦ appears after annealing
at 700 ◦C in the case of (LY0.2ZP)PA50, indicating the formation of the LiZr2(PO4)3 phase
(Figure 3a). Although the decrease in the t-ZrO2 phase is welcomed, the intended rhombo-
hedral phase has not been achieved. This further compels to anneal the samples at even
higher temperatures.

 

Figure 3. (a,c) XRD patterns comparison before and after annealing of (LY0.2ZP)PA50 and
(LY0.2ZP)EA50, respectively, at different temperature conditions for 1 h under O2. (b,d) corresponding
detailed illustration in the range of 10◦ to 35◦ 2θ, α refers to rhombohedral phase Li1+xYxZr2−x(PO4)3

and β refers to orthorhombic phase Li1+xYxZr2−x(PO4)3.
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The detailed illustration of the dotted rectangular in Figure 3a between 10◦ and 30◦ 2θ
is shown in Figures 3b and 3d for (LY0.2ZP)PA50 and (LY0.2ZP)EA50, respectively. Based on
that, it can be determined that β phase (orthorhombic) LYZP was obtained at 700 ◦C as the
primary phase in both of the as-synthesized samples. As stated above, the t-ZrO2 phase
decreases significantly at 1000 ◦C. However, an increment in m-ZrO2 has been observed
(Figure 3b,d). Furthermore, t-ZrO2 transforms into m-ZrO2 after annealing at 1150 ◦C for
1 h (peak at 28◦) (Figure S4a,b) [81]. When the annealing temperature further increased to
1150 ◦C, peaks belonging to the (rhombohedral) α-LYZP phase at 2θ 14◦, 19.5◦, and 23◦
start to appear. Ultimately, part of β phase transforms α phase under the heating condition
of 1300 ◦C for 1 h. Nevertheless, α and β phases of LYZP still coexist even after annealing
at high temperatures (1300 ◦C) (Figure S4a–d). Similarly, the smaller peaks between
2θ = 40–60◦ can be attributed to the (rhombohedral) α-LYZP phase (2θ: 42, 42.6, 45.3, 49,
54.8◦) and the β phase of LYZP (2θ: 40.6, 46.1◦). It can be concluded that, in addition to
high temperatures over 1150 ◦C, the transition of transformation from the β phase of LYZP
to the α phase needs a longer dwell time [74].

Raman spectroscopy (Figure S5) is used as a complementary to XRD to confirm the
phase change during the calcination of the (LY0.2ZP)PA as-synthesized sample. Here it is to
be noted that as-synthesized samples from SFS are generally covered with unburned resid-
ual carbonaceous components (Figure 1d), which hinders the regular Raman measurements.
Thus, almost no Raman signals could be observed for as-synthesized samples. However,
after annealing, the absorption bands of m-ZrO2 are easily recognized in Figure S5. An-
nealing at 1150 ◦C for 1 h results in extensive transformation of t-ZrO2 to the m-ZrO2
structure. All absorption bands in the range of 180 cm−1 to 616 cm−1 highlighted with
dotted rectangular in Figure S5 refer to the monoclinic phase zirconia [82], while the main
bands of t-ZrO2 at 250 cm−1 and 640 cm−1 are absent [83,84]. Due to the phase transition,
tetragonal zirconia as a minor impurity has not been detected by Raman after annealing. A
band at 1028 cm−1 was assigned to P-O stretching vibrations [85], which accounted for the
presence of phosphate, confirming LYZP phase formation.

To determine the phase composition of (LY0.2ZP)PA50 after annealing at 1300 ◦C for
1 h under O2, the result of fitted data using Rietveld refinement is shown in Figure S4e. The
XRD pattern from (LY0.2ZP)PA50 after annealing could be fitted well with the α-phase LYZP
(ICSD 191891, space group R-3 c H). There is a substantial amount of β-Li1.2Y0.2Zr1.8(PO4)3
(ICSD 91113, space group P b n a) in the pellet after heat treatment. m-ZrO2 and t-ZrO2 were
also observed as impurities. A peak at 21◦ might be ascribed to the presence of Y(PO3)3
(ICSD 420121, space group C 1 c 1). Based on the result after refinement, the contents of the
rhombohedral α-LYZP and β-LYZP are 31.5% and 40.3%, respectively (Table 3).

Table 3. Composition of phases before and after annealing of (LY0.2ZP)EA50 and (LY0.2ZP)PA50.

Status
Content of Phase [%]

t-ZrO2 m-ZrO2 α-LYZP β-LYZP

(LY0.2ZP)PA50
As-synthesized 34.0 39.9 / /

@1300 ◦C 0.6 27.6 31.5 40.3

(LY0.2ZP)EA50
As-synthesized 21.8 63.5 14.7 /

@ 1300 ◦C 0.5 14.2 49.6 35.6

As seen above, the phase transformation progress indicates the co-existence of α and
β phase LYZP after annealing at 1300 ◦C for 1 h, even for (LY0.2ZP)EA50. Nevertheless,
the sharpest peak in Figures S4d and 3d after annealing at 1300 ◦C is at 19.8◦, belonging
to α-LYZP, while the sharpest peak for (LY0.2ZP)PA50 was at 28◦, belonging to m-ZrO2
(Figures S4b and 3b). However, m-ZrO2 (shown in purple dotted line, Figure S4d) is still
present as an impurity in the case of (LY0.2ZP)EA50 even after annealing at 1300 ◦C similar
to (LY0.2ZP)PA50. The fitted XRD pattern in Figure S4f indicates that the primary phase
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of sintered material from (LY0.2ZP)EA50 is α-LYZP while the secondary phase is β-LYZP.
Additionally, the composition of m-ZrO2 as a main impurity phase decreases significantly
from 27.6 wt.% (in the case of (LY0.2ZP)PA50, Table 3) to 14.2 wt.% (Table 3; in the case of
(LY0.2ZP)PA50). Correspondingly, the composition of α-LYZP increases from 31.5 wt.% to
49.6 wt.%. In contrast to (LY0.2ZP)PA50 Figure S4e, the results shown in Figure S4f testify to
the potential of solvent ‘B’ to form desirable homogeneous nanoparticles of α-LYZP with
higher purity.

Based on further study of literature [72], and at this point to further increase α- phase,
the volumetric concentration of 2-ethylhexanoic acid (2-EHA) (in solvent mixture ‘B’)
was increased to 70 vol.% in the experiment denoted as (LY0.2ZP)EA70 to investigate its
corresponding effect on the composition development after heat treatment.

The as-synthesized samples were named (LY0.2ZP)70, keeping the Y3+ doping as
constant as the previous (LY0.2ZP)EA50. The XRD pattern of (LY0.2ZP)EA70 is shown in
Figure 4, and it shows almost no visible difference from (LY0.2ZP)EA50 sample. A significant
difference illustrated in Figure 4b is that β-LYZP was not detected in the XRD pattern
after annealing at 1300 ◦C for 1 h under O2. An increased concentration of 2-EHA may be
beneficial to obtain α-LYZP with higher purity. According to Rietveld refinements of the
XRD patterns shown in Figure 5, α-LYZP is present as the primary phase, while m-ZrO2
is the secondary phase. Impurities such as t-ZrO2 and Y(PO4)3 (ICSD 79754, space group
I 41/a m d Z) were observed. The stoichiometric setup of the experiment might have an
influence on the presence of impurity ZrO2 and Y(PO4)3 after heat treatment at 1300 ◦C.
The loss of lithium during high-temperature SFS and subsequent annealing might result in
the presence of impurities such as Y(PO4)3 [63].

 

Figure 4. (a) XRD patterns of materials from (LY0.2ZP)EA70 before and after annealing at different
temperature conditions for 1 h under O2. (b) corresponding detailed illustration in the range of 10◦

to 35◦ 2θ. α and β refer to the rhombohedral phase and orthorhombic.

To summarize and show the effective manipulation of solvent mixture keeping Y3+

doping constant, a comparative XRD of (LY0.2ZP)PA50, (LY0.2ZP)EA50, (LY0.2ZP)EA70 graph
is shown in Figure S7a. To obtain the α-Li1.2Y0.2Zr1.8(PO4)3, heat treatment of pristine
material above 1200 ◦C is inevitable in practice [44]. To illustrate the peak-intensive zone
(highlighted with dotted rectangular in Figure S7a in the range of 10◦ to 35◦ 2theta more
clearly), Figure S7b is shown. Compared to XRD patterns of materials after annealing from
(LY0.2ZP)PA50 and (LY0.2ZP)EA50, a significant difference in XRD pattern after heat treatment
from (LY0.2ZP)EA70 is the absence of β-LYZP. Regarding the improvement of the content of
α-LYZP, the utilization of the solvent mixture ethanol/2-EHA (1:1 by volume) has a slight
effect on composition after heat treatment at 1300 ◦C. On the other hand, an increased
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proportion of 2-EHA from 50 vol% to 70 vol% has a significant effect on composition
after heat treatment at 1300 ◦C. To better understand this, the composition of materials
after annealing at 1300 ◦C for 1 h under O2 from cases (LY0.2ZP)PA50, (LY0.2ZP)EA50, and
(LY0.2ZP)PA50 was shown in Table 4 via Rietveld refinement.

Figure 5. Fitted data of XRD pattern from (LY0.2ZP)EA70 after annealing at 1300 ◦C for 1 h under O2.

Table 4. Composition development of materials after annealing at 1300 ◦C for 1 h under O2.

Nomenclature Solvent Mixture Composition [wt%]

Propanol/Propionic Acid (1:1 by Volume) α-LYZP β-LYZP m-ZrO2

(LY0.2ZP)PA50
Ethanol/2-EHA
(1:1 by volume) 31.5 40.3 27.6

(LY0.2ZP)EA50
Ethanol/2-EHA
(3:7 by volume) 49.6 35.6 14.2

(LY0.2ZP)EA70 Propanol/propionic acid (1:1 by volume) 94.7 / 3.1

The most attractive observation is that the crystalline content of α-LYZP of material
from an experiment (LY0.2ZP)EA70 after sintering is 94.7 wt.%, which indicates the beneficial
potential of employed solvent mixture ethanol/2-EHA (3:7 by volume). Again, one issue
that must be mentioned is that the calculation of crystalline content based on Rietveld
refinement is used qualitatively.

Compared to solvent mixture ‘A’, solvent mixture ‘B’ has a higher boiling point
(Table S1), which might lead to a gas-to-particle mechanism. Moreover, the esterifica-
tion reaction was found in a solution containing metal nitrates, ethanol, and 2-EHA [72].
Moreover, this in turn results in a gas-to-particle formation pathway leading to smaller
nanoparticles [86]. Furthermore, it has been shown that the breakup mechanism of microex-
plosion during spray remains the same as that of a single droplet [87]. Thus, it indicates that
precursor chemistry (e.g., the boiling point of the final solvent mixture, melting point of the
solutes, chemical stability of the precursors, etc.) affects not only the behavior of the micro
explosion but also the final synthesized materials. The decomposition of zirconium(iv)
propoxide above 600 ◦C may influence the composition in the high-temperature synthesis
of α-LYZP above 1000 ◦C.

4. Discussion

In our synthesis conditions, a significant amount of zirconium propoxide was de-
composed into product zirconia which was not incorporated into the LYZP phase. So, to
summarize, solvent ‘B’ encourages the micro-explosion/droplet breakup/fragmentation,

191



Nanomaterials 2024, 14, 1278

leading to a very small size of the final droplets. Due to the low melting point of Li, Y
percussor leads to fast and foremost vaporization. On the other hand, having a high melting
point of Zr, the formation of zirconia will be the first step on the route of condensation
& nucleation from high spray-flame temperature. The smaller the final droplet, resulting
in smaller the zirconia in size. At last, other species will nucleate surrounding zirconia
Figure 1d forming an amorphous layer. The smaller the size higher the sintering activity
leading to better phase composition. The same logic applies to why EHA/EtOH (7:3/v:v)
produces a much better phase after annealing than solvent ‘B’.

To investigate the effect of doped Y3+ concentration on Li 1+xYxZr2−x(PO4)3 morphol-
ogy involving solvent mixture ‘B’, experiments are denoted (LY0.2ZP)EA50, (LY0.1ZP)EA50,
and (LZP)EA50, respectively. In this section, the effect of doping (varying Y concentration)
has been discussed. As shown in Figure 6a,b, the thermal properties of the LYxZP are com-
parable to each other. The first mass loss was due to physisorbed unburned precursors and
later may be due to Li2CO3 degradation [63]. Moreover, the exothermic change ~1200 ◦C
might be due to phase change which is a similar property to (LY0.2ZP)PA50 (Figure 2).

Figure 6. (a) TGA analysis of particles from (LY0.2ZP)EA50, (LY0.1ZP)EA50, and (LZP)EA50. (b) corre-
sponding DSC analysis. (c) XRD patterns of materials from (LZP)EA50 before and after annealing at
different conditions. (d) corresponding detailed illustration in the range of 10◦ to 35◦ 2θ. (e) XRD pat-
terns of materials from (LY0.1ZP)EA50 before and after annealing at different temperature conditions
for 1 h under O2. (f) corresponding detailed illustration in the range of 10◦ to 30◦ 2θ. α and β refer to
the rhombohedral and orthorhombic phases of Li1+xYxZr2−x(PO4)3, respectively.
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The phase composition of as-prepared LYxZP particles involving the solvent mixture
ethanol/2-EHA (1:1 by volume) was determined with XRD in an overview way (Figure S6a).
Similarly, the primary phase of as-synthesized materials from three experiments is t-ZrO2,
and the secondary phase is m-ZrO2. Nevertheless, in contrast to the as-synthesized material
from (LY0.2ZP)PA50, the significant presence of peaks at 20 ◦C and 23 ◦C (marked with a
point-point-dash line) was observed in Figure S7a. It indicates that the utilized solvent
mixture of ethanol and 2-EHA results in the presence of a new phase, which may be the
expected Y-doped LiZr2(PO4)3 (ICSD 191891, Figure S7a).

At this point, it has been established that solvent mixture ‘B’ results in smaller nanopar-
ticles with a narrower particle size distribution as well as a better phase composition than
solvent mixture ‘A’. However, it is unclear if Y incorporation has any subsequent effect
on phase composition. XRD results of (LZP)EA50 and (LY0.1ZP)EA50 are shown in Figure
S6a and Figure 6b,e, respectively. The XRD patterns of materials from (LY0.1ZP)EA50 in
Figure 6e show a similarity of the phase transformation as the case LY0.2ZP described in
Figures 3c and 5c. No β′-LYZP was detected in XRD patterns after annealing at 1300 ◦C
after 1 h under O2. However, peak splitting at 20◦ 2θ in the XRD profile from (LZP)EA50
(Figure 6c,d) at a higher annealing temperature (i.e., 1300 ◦C) was observed. A similar
kind of peak splitting has not been observed in any other samples, even after annealing at
1300 ◦C. There might be another reaction when the annealing temperature reaches 1300 ◦C.
Unfortunately, after an intensive investigation of the literature, reasonable assumptions
and convincing explanations are not supportive of this phenomenon. Further investigation
of the mentioned splitting peak needs to be done and is beyond this work.

It is clear from Figure 6c–f that the peak intensity of the α phase increases with
increasing Y3+ doping. However, m-ZrO2 impurity remains within the system with varying
Y3+ doping. The high-resolution XPS results of P 2p, Zr 3d, and Y 3d elements are shown
in Figure S6b–d, respectively. All three P 2p peaks from the experiment involving solvent
mixture ‘B’ demonstrate a symmetric shape, which manifests the presence of one type
of phosphorus (i.e., phosphate). The peaks related to the BE of ~183.2 eV and ~185.6 eV
(Figure S6c), pointed with arrows, correspond to Zr 3d5/2 and Zr 3d3/2, while peaks
related to the BE of ~158.1 eV and ~160.1 eV (Figure S6d, pointed with arrows) correspond to
Y 3d5/2 and Y 3d3/2, respectively. XPS spectra of Y and Zr from experiments (LY0.2ZP)EA50,
(LY0.1ZP)EA50, and (LZP)EA50 in Figure S6c, d demonstrate the structure change of the bonds
P-O-Zr and P-O-Y as a different compositions of aliovalent yttrium ion were incorporated.

After quantitative analysis via Rietveld refinement, there is no evidence that shows
materials after annealing at 1300 ◦C from cases LY0.2ZP)EA50, (LY0.1ZP)EA50, and (LZP)EA50
consist of any triclinic phase LYZP (α′-LYZP). Fitted data via Rietveld refinement of ma-
terials after annealing at 1300 ◦C from cases LZP is shown in (Figure S8). The impedance
spectra of (LY0.2ZP)70 and (LZP)EA50 particles after annealing at different temperatures are
shown in (Figure 7) and (Figure S8), respectively. Both the as-synthesized samples show
the highest resistance at room temperature compared to annealed samples.

The impedance of the as-synthesized (LY0.2ZP)70 is reduced by almost three orders
of magnitude by annealing at 1300 ◦C, although the shape of the spectra remains almost
the same (Figure 7a–c). As known from the literature [88], the impedance spectrum of
NASICON-type structures exhibits relaxation processes for the bulk and grain boundary
conductivity, which can be seen in two more or less pronounced semicircles in the higher-
frequency part of the spectrum. In the low-frequency part, the spectrum is characterized by
the capacitive properties of the ionic conductor, which manifest themselves in a straight
line whose imaginary part of the impedance increases with decreasing frequency. This
can be seen particularly well for the material tempered at 1000 ◦C (Figure 7c) and 1300 ◦C
(Figure 7a). This low-frequency behavior is also characteristic of pure ionic conductors. We
attribute this change in impedance to the fact that t-ZrO2 transforms into the NASICON
structure with increasing annealing temperature. This, combined with significant grain
growth, leads to a highly increased ionic conductivity compared to the as-synthesized
samples. And true to our XRD analysis (Figure 4), Figure 7a indicates that after annealing at
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1300 ◦C, (LY0.2ZP)EA shows the best conductivity (1.14 × 10−5 S cm−1), which is comparable
to the reported value [44]. In comparison, the undoped sample shows poor performance at
similar conditions (Figure S8, 1.88 × 10−6 S cm−1).

Figure 7. Impedance spectra of as-synthesized (LY0.2ZP)EA70 and after annealing at different temper-
atures. Figure (b) shows an overview of all spectra, (a,c) are enlarged sections of the measurements
on samples after annealing at 1300 and 1000 ◦C, respectively.

5. Conclusions

Here, we have successfully synthesized nanocrystalline rhombohedral (α) lithium
yttrium zirconium phosphate (LYZP) based on a spray-flame process followed by a short
annealing step. In this case, the addition of Y3+ as a dopant is a mandatory step to stabilize
the α phase. We have witnessed that direct synthesis of LYZP is not possible due to the
shorter residual time and rapid nucleation of tetragonal zirconia (t-ZrO2) in contrast to
species containing Li, Y, and phosphate species during gas-phase synthesis. This reaction
mechanism is universal with different solvent mixtures (e.g., 2-ethyl hexanoic acid/ethanol,
propanol/propanoic acid). It is shown that the 2-ethyl hexanoic acid/ethanol solvent
mixture (‘B’) is suitable to synthesize nanoparticles with narrow size distribution with
higher specific surface area compared to the nanoparticles synthesized by solvent mixture
propanol/propanoic acid (‘A’). All products, in the case of A, annealed at <1300 ◦C exhibited
the undesirable, poorly ion-conducting β phase with a mixture of a smaller percentage α

phase. However, the particularly good mixing of t-ZrO2 and Li, Y, phosphate precursor,
as occurs in spray flame synthesis, with appropriate Y3+ doping and solvent mixture ‘B’
shows advantages. To the best of our knowledge, this is the only bottom-up approach for
α-LYZP synthesis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano14151278/s1, Table S1: Physical properties of solvents and
precursors; Figure S1: Particle size distribution of as-synthesized particles from case (LY0.2ZP)PA50
(a) and (LY0.2ZP)EA50 (b) respectively; Figure S2: Results of XPS measurements of (a) Li 1s. (b) C 1s.
(c) O 1s. (d) P 2p. (e) Y 3d. (f) Zr 3d of as-synthesized (LY0.2ZP)PA50; Figure S3: Results of XPS mea-
surements of (a) Li 1s. (b) C 1s. (c) O 1s of as-synthesized (LY0.2ZP)EA50; Figure S4: (a,c) XRD patterns
comparison before and after annealing at 1150 & 1300 ◦C of (LY0.2ZP)PA and (LY0.2ZP)EA respectively,
for 1 h under O2. (b,d) corresponding detailed illustration in the range of 10◦ to 35◦ 2θ, α refers to
rhombohedral phase Li1+xYxZr2−x(PO4)3 and β refers to orthorhombic phase Li1+xYxZr2−x(PO4)3.
(e,f) phase composition of material from (LY0.2ZP)PA and (LY0.2ZP)EA respectively using Rietveld
refinement after annealing at 1300 ◦C for 1 h under O2; Figure S5: Raman spectroscopy of materials
from (LY0.2ZP)PA50 after sintering at different temperature conditions for 1 h under O2. All absorp-
tions bands in dotted rectangular indicates the presence of m-ZrO2, while the dotted line is attributed
to P-O stretching; Figure S6: (a) Compositions of as-synthesized materials from experiments involving
solvent mixture ethanol/2-EHA (1:1 by volume). Point-point-dash lines refer to new present peaks
compared to the compositions of as-synthesized particles from case (LY0.2ZP)PA50. XPS results from
(b) P 2p. (c) Zr 3d. (d) Y 3d from experiments involving solvent mixture ‘B’ with varying Y3+ doping;
Table S2. Comparison of as-synthesized average particle size; Figure S7: (a) XRD patterns of materials
from (LY0.2ZP)PA50, (LY0.2ZP)EA50 and (LY0.2ZP)EA70 (from bottom to top) after annealing at different
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temperature conditions for 1h under O2. (b) corresponding detailed illustration in the range of 10◦ to
35◦ 2θ. α and β refers to rhombohedral phase and orthorhombic phase of Li1+xYxZr2−x(PO4)3 respec-
tively; Figure S8: Impedance spectra of (LZP)EA50 particles after annealing at different temperatures
(a). And (b) represents the zoomed image of the square in (a); Figure S9: (a) TEM (b) HRTEM of
particles from (LY0.1ZP)EA50 (c) corresponding particle size distribution and fitted lognormal curve.
(d) TEM (e) HRTEM of particles from (LZP)EA50 (f) corresponding particle size distribution and fitted
lognormal curve.
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Abstract: Composite solid electrolytes (CSEs), often incorporating succinonitrile (SCN), offer promi I
confirm sing solutions for improving the performance of all-solid-state batteries. These electrolytes
are typically made of ceramics such as Li7La3Zr2O12 (LLZO) and polymers such as poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP). Garnet-applied polymer–ceramic electrolyte (g-PCE)
is composed of PVDF-HFP, SCN, and LLZO. However, the interface between SCN and LLZO is
reportedly unstable owing to the polymerization of SCN. This polymerization could cause two serious
problems: (1) gelation during the mixing of LLZO and SCN and (2) degradation of ionic performance
during charge and discharge. To prevent this catalytic reaction, polyacrylonitrile (PAN) can be added
to the g-PCE (g-PPCE). PAN blocks the polymerization of SCN through a cyclization process involving
La ions which occurs more rapidly than SCN polymerization. In this study, the enhanced chemical
stability of the garnet-applied PAN-added polymer ceramic electrolyte (g-PPCE) was achieved by
using an impregnation process which added SCN with 5 wt.% of PAN. The resulting CSE has an ionic
conductivity of ~10-4 S/cm at room temperature. Coin-type cells assembled with LFP (LiFePO4) and
LNCM (LiNi0.6Co0.2Mn0.2O2) cathodes with Li-metal anodes show specific discharge capacities of
150 and 167 mAh/g at 0.1 C, respectively, and stable cycle performance. Additionally, a pouch-type
cell with a discharge capacity of 5 mAh also exhibits potential electrochemical performance.

Keywords: composite solid electrolyte; garnet oxide; polymerization; cyclization; solid-state
Li-metal battery

1. Introduction

As the global consumption of electricity increases, electricity storage, not merely
generation, has become increasingly important because of fluctuations in levels of electricity
generation from renewable sources [1–3]. Recently, all-solid-state lithium batteries have
been widely studied owing to their potential to offer higher energy density, extended cycle
life, and enhanced safety compared to conventional lithium-ion batteries [2–5]. Among the
solid-state electrolytes, oxide-based solid-state electrolytes have attracted attention owing
to their high ionic conductivity and thermal and mechanical stability, along with sulfide
electrolytes [6–10]. Oxide-based solid electrolytes are primarily employed in the form of
pellets or sheets, which results in various limitations, such as excessive electrolyte thickness
or susceptibility to external impacts [11]. To overcome these limitations, composite solid
electrolytes (CSEs) based on oxide-based and polymer electrolytes have been actively
studied [12–17].

CSEs containing Li7La3Zr2O12 (LLZO), an oxide-based electrolyte, along with succi-
nonitrile (SCN) serving as a plasticizer in a polymer electrolyte, have been proposed. Vanita
et al. prepared a ceramic-rich (50 wt.%) composite electrolyte with Li6.4La3Zr1.4Ta0.6O12
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(LLZTO), polyethylene oxide (PEO), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), and
SCN using solvent-free cryomilling. The mixture of SCN and LiTFSI (20:1), called plastic-
crystal electrolyte (PCE), exhibits high room-temperature conductivity (5.26 × 10−3 S/cm
at 298 K). When it was mixed with LLZTO, it was observed that the mixture promoted
lithium-ion transport at the grain boundary. Moreover, the addition of PEO at 5 wt.%
reduces the brittleness/hardness of the CSE, thus overcoming the electrode–electrolyte
interfacial resistance [18]. Kumlachew et al. fabricated a tri-layer composite polymer
electrolyte (Tri-CPE) by uniformly dispersing Ga/F-doped LLZO into a poly(vinyl fluo-
ride) (PVDF)/polyacrylonitrile (PAN)/LiTFSI/SCN matrix using a simple solution-casting
method. The top and bottom membranes did not contain LLZO, and the Tri-CPE exhibited
an ionic conductivity at room temperature of 4.5 × 10−4 S/cm, with a high Li+ ion transfer
number (0.84). The cell with the LMO@T-LNCM811-based composite cathode showed a
Coulombic efficiency of 99.4% and capacity retention of 89.8% at 1 C over 300 cycles [19].
Despite the good performance shown in the above studies, problems such as the coordina-
tion or dehydrogenation of SCN with transition metals in ceramic electrolytes have been
reported [20]. The primary issue lies in the gelation of the electrolytes during the mixing of
SCN and Li6.25Ga0.25 La3Zr2O12 (LGLZO), rendering the fabrication of CSEs challenging.

Various methods have been developed to address above issues. Cheng et al. fabricated
a flexible Al-LLZO sheet with a thickness of approximately 75 μm through a tape-casting
method and impregnated the sheet with an ionic liquid, Li(G4)FSI, which consists of a
lithium bis(fluorosulfonyl)-imide (LiFSI) and tetraglyme (G4) in an equimolar complex. [21].
The impregnated ionic liquid yielded positive results by bridging the gap between the LLZO
particles, thereby creating an effective Li-ion pathway. Consequently, the impregnated
electrolyte film exhibited a high ionic conductivity (approximately 0.1 mS/cm) and good
cycling performance, owing to the excellent interfacial stability with the electrode. Because
the electrolyte is fabricated through a tape-casting method, mass production is possible,
which considerably improves processability. Shen et al. fabricated LLZO scaffolds with
a porosity of 75% using an aqueous freeze tape-casting method [22]. Using this method,
LLZO scaffolds with constant pore size and shape can be fabricated. A porous LLZO
scaffold impregnated with PEO/LiTFSI exhibited excellent ionic conductivity. However,
these studies did not consider the side reactions of the impregnated SCN.

Recently, a sharp increase in resistance during the charge and discharge of cells with
these composite electrolytes was reported, which was attributed to the polymerization of
SCN during the side reaction of SCN with La in LGLZO [23,24]. Yang et al. confirmed the
coordination between the nitrile groups of SCN and the La atoms of LLZTO [23]. More
specifically, Fourier-transform infrared spectroscopy (FTIR) and x-ray photoelectron spec-
troscopy (XPS) analyses indicated that the -C≡N groups of SCN transform into C=N groups,
which suggests that SCN is polymerized. This phenomenon increases CSE resistance and
decreases cell performance. To address this issue, they dissolved 20 wt.% of PAN in the PCE
and applied the solution as a coating on the prepared LLZTO substrate (~800 μm). The cell
with the PAN-modified electrolyte exhibited a conductivity of approximately 10−4 S/cm
as well as excellent Coulombic efficiency (95.6%) and capacity retention (99% at 0.1 C,
25 ◦C) after 250 cycles [23]. In addition, Zhang et al. reported the reaction of the nitrile
group of SCN with LLZTO to decrease the ionic conductivity of SCN. They applied a PAN
coating on LLZTO and subsequently dissolved it in SCN to obtain an electrolyte with a
thickness of approximately 13 μm using the tape-casting method. The SCN/PAN-coated
LLZTO exhibited a conductivity of ~10−4 S/cm at room temperature. In cell applications,
it demonstrated a capacity of 163 mAh/g and an 87% capacity retention after 500 cycles
at 0.2 C [24]. However, these studies primarily focus on the interface between the LLZTO
substrate and the SCN layer, while investigations into the interfacial behavior of SCN and
LLZO particles during the impregnation process remain insufficient.

To overcome these problems, we designed a process, electrolyte materials, and a struc-
ture that can solve the gelation problem during the mixing process as well as the difficulties
incurred by the polymerization of SCN during charging and discharging. By using a simple
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tape-casting and impregnation process, three-layer g-PCE consisting of a PVDF-HFP-based
SPE-LGLZO was successfully fabricated without gelation during the process. As men-
tioned above, however, the SCN-LLZO interface poses a risk of unstable electrochemical
performance due to the polymerization of SCN during the charge/discharge process. Also,
the interface area between SCN and LGLZO in this study is much higher than that reported
previously [25]. SCN’s polymerization is much more severe and critical to electrochemical
performance. Therefore, the effect of added PAN on SCN’s polymerization and the electro-
chemical performance of a solid-state Li-metal battery was carefully investigated. At first,
polymerization of SCN with LGLZO and the role of PAN were described with diagrams. To
visualize the polymerization, polymerization behaviors of SCN in a composite of LGLZO
and SCN were studied by a thermal aging experiment. Additionally, the optimization of
the amount of added PAN was conducted by measuring basic ionic-conducting proper-
ties. Finally, electrochemical performance levels with LFP||Li-metal and NCM||Li-metal
batteries were evaluated to confirm the role of PAN by comparing those with and without
PAN in CSE.

2. Materials and Methods

2.1. Synthesis of Li6.25Ga0.25La3Zr2O12 Powders

The LGLZO was synthesized via a solid-state reaction. Li2CO3 (Sigma-Aldrich, Saint
Louis, MO, USA, 99%), La2O3 (Sigma-Aldrich, 99.99%), ZrO2 (Terio Co., Qingdao, China,
99.9%) and Ga2O3 (Sigma-Aldrich, >99.99%) were weighed stoichiometrically. La2O3 was
dried at 900 ◦C for 6 h before weighing to remove moisture. A 10 mol% excess of Li2CO3
was added to compensate for the Li loss during the subsequent heat treatment of LGLZO.
The mixture was ball-milled for 24 h with ethanol and first-calcined at 900 ◦C for 6 h in an
alumina crucible under ambient atmosphere to obtain an LGLZO powder. The heating
rate was 5 ◦C/min. After the first calcination stage, the LGLZO powder was ball-milled in
a zirconia jar for 24 h. The powder was subsequently sintered at 1200 ◦C for 12 h with a
heating rate of 5 ◦C/min.

2.2. Preparation of LGLZO Sheets

The tape-casting method was used to produce LGLZO green sheets. The LGLZO
powder was heated at 900 ◦C for 1 h in dry air before use. The average particle size of the
LGLZO powder was 5–7 μm. To create a slurry, we added 3 wt.% of BYK 103 dispersant
(BYK), 8 wt.% of dioctyl phthalate plasticizer (DoP, Sigma Aldrich), and 11 wt.% of ethyl
cellulose binder (10 cP, Sigma Aldrich). Ethanol and propyl acetate (38 wt.%) were used
as solvents. All concentrations were relative to the weighed LGLZO powder. The tape
slurry was ball-milled for 48 h at room temperature. After that, the slurry was casted on
the polyester (PET) film with a comma coater. The gap of the coater was 150 μm and the
temperature of the plate was 40 ◦C. The speed of the coater was 3.6 mm/s. Lastly, the sheet
was dried at 50 ◦C for 1 h after casting.

2.3. Preparation of the SPE

A PVDF-HFP-based polymer electrolyte was prepared from PVDF-HFP (Mw = 400,
000, Sigma-Aldrich), SCN (Sigma-Aldrich, 99%), LiTFSI (Sigma-Aldrich), and 4-fluoro
ethylenecarbonate (FEC) (Sigma-Aldrich). First, a PCE, which is essential for Li ion con-
ductivity, was prepared by mixing SCN and LiTFSI in a molar ratio of 19:1. The solution
was stirred at 50 ◦C for 12 h to ensure homogeneous dispersion. For the SPE solution, 1.5 g
of PVDF-HFP, 2.5 g of PCE, 0.12 g of FEC and 6 g of acetone (Daejung, Nonsan, Republic
of Korea, 99.5%) were mixed at 80 ◦C for 12 h. The incorporation of 3 wt.% of FEC served
as a beneficial electrolyte additive, effectively causing the formation of LiF and enhancing
the stability of the solid electrolyte interphase (SEI) on the lithium metal anodes [26]. The
solution was cast onto a glass plate using the doctor blade method to form a film with a
thickness of 15 μm.
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2.4. Synthesis of g-PCE and g-PPCE
2.4.1. g-PCE (Garnet-Applied Polymer–Ceramic Electrolyte)

The g-PCE is a garnet-applied polymer–ceramic electrolyte. It is composed of PVDF-
HFP, SCN, LiTFSI, and LGLZO. To prepare the g-PCE, 3 ml of the prepared SPE solution
was cast onto a glass plate using the doctor blade method and dried at 50 ◦C for 10 min in
a glove box. The cast SPE films were punched into disks 20 and 18 mm in diameter. Disks
of 20 mm diameter were used at the bottom of the electrolyte. Then, 10 μL of liquid-phase
PCE was pipetted onto the SPE disks. An LGLZO sheet (16 mm in diameter) was placed
at the center of the SPE disk. Subsequently, 10 μL of PCE was pipetted onto the LGLZO
green sheet. Finally, an 18 mm diameter SPE disk was placed on top of the second PCE
aliquot. The prepared g-PCE was covered with PET film to prevent SCN volatilization and
heated on a hot plate at 50 ◦C for 5 h to uniformly impregnate the LGLZO green sheet with
the PCE.

2.4.2. g-PPCE (Garnet-Applied PAN Added Polymer–Ceramic Electrolyte)

The g-PPCE is a garnet-applied PAN-added polymer–ceramic electrolyte. It is com-
posed of PVDF-HFP, SCN, LiTFSI, LGLZO and PAN. PPCE was prepared by adding 5 wt.%
PAN to the PCE and stirring at 120 ◦C for 24 h to obtain a homogeneous solution. This
solution was impregnated onto a green sheet using the same process as described above in
Section 2.4.1.

2.5. Material Characterizations

Field emission scanning electron microscopy (FE-SEM, Hitachi S-4800, Tokyo, Japan)
and environmental scanning electron microscopy (ESEM, QuattroS, London, UK) were
used to analyze the microstructures of the LGLZO green sheet and g-PPCE. Additionally,
an energy-dispersive spectrometer (EDS, QuattroS, London, UK) was used to determine the
elemental distribution of the electrolyte. X-ray diffraction (XRD) patterns were measured
from 20◦ to 50◦ using a Rigaku Smart Lab (Houston, TX, USA) to reveal the crystal structure
of the electrolyte. The thermal stability of each electrolyte in the g-PPCE was analyzed
by thermogravimetry analysis (TGA, Labsys Evo TG-DTA, Pennsauken, NJ, USA) in an
air atmosphere, with a ramp-up condition of 10 ◦C/min and a temperature range of
25–800 ◦C. The chemical structure of the electrolyte was characterized, and the mechanism
for the competitive coordination protection of SCN with PAN was analyzed using Fourier
Transform Infrared Spectroscopy (FTIR spectroscopy, Bruker Alpha II., Billerica, MA, USA)

2.6. Preparation of Cells

LFP/CSE/Li cells were used to evaluate the charge and discharge performance levels.
The cathode was made of LFP/carbon black/PVDF (80:10:10). The cathode was punched
into circular pieces with diameters of 14 mm. The active substance was loaded at a density
of approximately 2.4 mg/cm2. Additionally, NCM/CSE/Li cells were fabricated, with the
cathode consisting of NCM/carbon black/PVDF (94:3:3). The cathode was punched into
the circular pieces with a diameter of 14 mm. The active substance was loaded at a density
of approximately 7 mg/cm2.

Moreover, the electrochemical properties of CSE were determined using a 3450 sized
pouch cell. First, the cathode LFP with a density of 3.3 mg/cm2 was cut into a 3 × 4 cm2

size. Li metal with 100 μm thickness was also cut into the same dimensions and hot-pressed
with copper foil. The g-PCE and g-PPCE were prepared with 3.4 × 4.4 cm2-sized SPE
and a 3.2 × 4.2 cm2-sized LGLZO sheet, and the electrodes and electrolytes were stacked
carefully. The pouch cells with g-PCE and g-PPCE were prepared with cutting and sealing
processes. The pouch cells received uniform pressure using the cold isostatic press (CIP)
after production (100 bar, 5 min). During the process, stacking three layers of electrolytes
accurately was not easy, but the items were successfully prepared. Although the solid
electrolyte was investigated for solid-state battery, an additional solid electrolyte, also
known as catholyte, was needed to gain a stable interface inside of the cathode. Because
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this research was only focused on controlling interfaces in a solid electrolyte, the effect of
a cathode–electrolyte interface in cathode should be eliminated. A small amount of gel
electrolyte was added to form a gel state, but only on the inside of the electrode. Specifically,
10 μL of PVA-CN-based gel electrolyte (3 wt.% of PVA-CN-added liquid electrolyte; the
liquid electrolyte was 1 M LiPF6 in EC:DEC(1:1 vol.%)) was dropped on the cathode’s
surface and aged at 50 ◦C for 12 hrs for gelation after cell assembly. All of the incorporation
of the gel electrolyte for cathode preparation was performed according to previously
reported research [26–28].

2.7. Electrochemical Performance Measurements

Electrochemical impedance spectroscopy (EIS, WonATech) was performed on SS|g-
PCE|SS and SS|g-PPCE|SS shaped in a sandwich structure. The measurement conditions
were fixed in the frequency range between 1 MHz and approximately 0.1 mHz at 25 ◦C.
The ionic conductivity (σ) was calculated by Equation (1).

σ =
L

RS
(1)

where R is the bulk resistance, S is the area of the electrode, and L is the thickness of
the electrolyte. Linear sweep voltammetry (LSV) was performed using a cell with the
SS/g-PCE/Li and SS/g-PPCE/Li structure. The voltage range was 3–5.3 V, at a scan
rate of 1 mV/s at 25 ◦C. Cyclic voltammetry (CV) was performed using a cell with the
SS/g-PCE/Li structure. The voltage range was 1–6 V, at a scan rate of 1 mV/s at 25 ◦C. SS/g-
PCE/Li and SS/g-PPCE/Li cells were required to measure the Li+ transference number.
The Li+ transference number is calculated using Equation (2), where ΔV is 10 mV; Io and Iss
represent the initial and steady-state currents, respectively; and Ro and Rss are the initial
and steady-state interfacial resistances between the Li metal and the electrolyte.

tLi+ =
Iss(ΔV − IoRo)

Io(ΔV − IssRss)
(2)

The activation energy Ea for the conduction of Li+ can be obtained from the Nernst
equation (Equation (3)).

ln σ · T = ln (N · q · e · D0) − (Ea/k · T) (3)

where σ is the conductivity, N is the charge carrier density, q is the electric charge, e is the
elementary-charge constant, D0 is temperature-independent pre-exponential constant, k is
the Boltzmann constant, and T is the temperature. The electrochemical properties of the
g-PPCE were analyzed using a CR2032 coin cell. LFP/g-PPCE/Li cells were tested at 25 ◦C
with a voltage range of 3–4 V and a C-rate of 0.1 C. Additionally, NCM/g-PCE/Li and
NCM/g-PPCE/Li cells were tested at 25 ◦C with a voltage range of 3–4.25 V and a C-rate
of 0.1 C. Moreover, the electrochemical properties of g-PPCE as shown were determined
using 3450 sized pouch cells. The LFP/g-PPCE/Li cell was tested at 25 ◦C with a voltage
range of 3–4 V and a C-rate of 0.1 C.

3. Results

Figure 1 shows a schematic of the SPE-LGLZO CSE and the chemical reaction between
SCN and PAN on the LGLZO surface with and without PAN. Specifically, the structure on
the left shows a three-layer CSE using a ceramic middle layer and two polymer top/bottom
layers. The ceramic layer is brittle and has a rough surface due to its high ceramic content
(~80 wt.%). There are two main weaknesses of this application as a solid electrolyte. First,
it is difficult to handle during cell preparation. Secondly, large interface resistance levels
with the electrodes are unavoidable. Therefore, we have designed a three-layered ceramic–
polymer composite electrolyte. The ceramic layer was an LGLZO sheet impregnated with
PCE. Two solid polymer electrolyte (SPE) layers consisted of poly(vinylidene fluoride-
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co-hexafluoropropylene) (PVDF-HFP) and PCE positioned on the top and bottom, and
a PCE-impregnated LGLZO sheet was positioned in the middle. SPEs on the top and
bottom were sufficiently flexible and strong to form a good interface with the electrode
and exhibited a high ionic conductivity (~1 mS/cm) owing to the inclusion of PCE [29]. In
Figure S1, the Nyquist impedance plots of PCEs with various ratios of LiTFSI and SCN are
shown. The PCE with a specific ratio of LiTFSI:SCN = 1:19 mol% was selected due to its
solid-state nature at that particular ratio and its excellent conductivity. The LGLZO sheet
in the middle had an LGLZO content of approximately 80%, which provided the main
ionic conduction paths through the ceramics. In addition, the impregnation of the LGLZO
sheet with PCE increased the mobility of Li-ions and reduced the interfaces between the
LGLZO powders.

Figure 1. Schematic illustration of SPE-LGLZO composite solid electrolyte and the chemical reactions
on the LGLZO particles of g-PCE and g-PPCE.

During the preparation of SPE-LGLZO CSEs, the La of LGLZO and the nitrile groups
of SCN reacted chemically, resulting in the polymerization of SCN. The structure at the top
right of Figure 1 shows the chemical structures of the species involved in SCN polymer-
ization, which entailed the reaction between SCN and LGLZO in g-PCE. The coordination
between La on the surface of LGLZO and the nitrile group of SCN leads to the conversion
of the triple bond in -C≡N into a double bond, forming a -C=N- group. This was observed
in the chemical structure of the resulting polymer. Additionally, the polymerization of the
surrounding SCN was observed. This reaction occurred due to the π-back donation effect,
in which the nitrile group donated an electron to the unoccupied d-orbital of the La ion,
while the inner orbital electrons of the La ion transferred to the nitrile group. Eventually,
an overall charge transfer occurred from LGLZO to the nitrile group. As a result, electrons
accumulated on the nitrile groups of SCN, increasing the charge density and creating a
Lewis alkaline environment, thereby causing the polymerization of the nitrile group. The
polymerized nitrile groups manifested as a continuous decrease in ionic conductivity due
to loss of its original gauche-trans conformations [24]. A more serious problem is that the
Lewis alkaline environment causes polymerization of not only the SCN on the LGLZO
surface, but also the surrounding SCN away from the surface, which keeps reducing the
electrochemical functionality of the SCN during the charge/discharge process [23]. The
bottom-right structure in Figure 1 represents the reaction between La and PAN on the
surface of LGLZOs in the g-PPCE, which is a CSE containing PAN. The introduction of
PAN, which has a strong polarity, caused La on the surface of LGLZO to react with PAN
more readily than with SCN. During the coordination of the La in LGLZO and PAN, the
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conversion of the -C≡N in PAN into -C=N- induced PAN cyclization. [30,31] Owing to
the strong polarity of cyclized PAN, free SCN in the vicinity remained unpolymerized.
Therefore, PAN prevented the polymerization of SCN, both on the LGLZO surface and
in the surroundings, which retained its electrochemical function during cell cycles. It is
certain that, because the cyclized PAN cannot cover LGLZO particle perfectly, there were
still Li-ion conducting paths from the plastic crystal electrolyte (LiTFSI-added SCN) into
the bulk LGLZO, as the simply drawn images in Figure S2 depict.

As to the gelation during the mixing of LGLZO and SPE, photo images of the
SPE/LGLZO and SPE/PAN/LGLZO slurry before and after mixing were obtained, as
shown in Figure S3a,b. Without PAN, the slurry gelled, along with a severe color change.
On the other hand, slurry with PAN exhibited no gelation, but still evinced a color change.
The photo images of fabricated sheets are also given. With slurry without PAN, it was
impossible to gain a film due to the gelation, while with the slurry with PAN, it was possible
to fabricate a sheet. Even though there was no gelation, the color change still indicated a
part-polymerization of SCN. Therefore, we have developed a different fabrication, one with
tape-casting of a ceramic sheet and impregnation of PCE, as in the following description.
Figure 2 shows a schematic of the fabrication of SPE, LGLZO sheets and CSE, along with
SEM images of each electrolyte. The SEM image of the SPE fabricated through blade coating
reveals small pores distributed on the surface. The cross-sectional SEM image of the LGLZO
sheet prepared using the tape-casting method reveals a constant thickness, suggesting that
a constant interface can be achieved by placing the SPEs at the top and bottom of the
LGLZO sheet. Also, Figure S4 shows a cross-sectional SEM image of g-PPCE along with the
corresponding EDS mapping results. Notably, the nitrogen (N) content originating from
SCN exhibits an even distribution within both the SPE and the LGLZO sheets. Similarly,
the fluorine (F) content from PVDF-HFP and LiTFSI is uniformly distributed, with a higher
concentration found in the SPE. Finally, lanthanum (La), a constituent of LGLZO, is pri-
marily concentrated within, and uniformly distributed across, the LGLZO sheet. The SEM
image and the XRD pattern of the LGLZO particles are shown in Figure S5. The SEM image
reveals the constant particle size of the LGLZO, whereas XRD demonstrates its absolute
cubic phase. The average particle size of the LGLZO is 5–7 μm. Numerous research stud-
ies focusing on polymer–ceramic composite solid electrolytes employ nano-scale ceramic
particles to increase specific surface area, thereby preventing polymer crystallization and
consequently improving ionic conductivities [32–34]. These studies suppose an increase
in the particle volumetric distribution. However, as the ceramic content in the composite
solid electrolyte increases, aggregation of ceramic particles occurs [35]. In our research, we
employ micro-sized ceramic materials to mitigate particle aggregation, a common issue
when using nano-sized particles. This approach allows us to substantially enhance the
ceramic content, creating a predominant pathway for lithium ions within the ceramic
structure. [36,37]. Cubic-phase LGLZO has an ionic conductivity that is approximately
10 times higher than that of the tetragonal phase [7]. The XRD patterns of the LGLZO green
sheet, SPE, and CSE are shown in Figure S6. The XRD pattern of the CSE also showed the
same cubic phase of LGLZO. In addition, the existence of pores in the cross-sectional image
demonstrates an effective PCE impregnation. The surface of the three-layer CSE closely
resembles that of the SPE. Furthermore, the cross-sectional image evidenced an electrolyte
thickness of approximately 75 μm in total. Additionally, a smooth and constant connection
between the SPE and LGLZO was demonstrated. It should be mentioned that there were
no differences in the microstructures between samples with and without PAN, because
only a small amount of PAN, lower than 10 wt.%, was substituted for SCN. Moreover, to
prove the role of PAN, electrochemical performance levels as well as the chemical change
of g-PCE was precisely observed, as described in the following.
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Figure 2. Schematic diagram of preparing g-PPCE and SEM images of the SPE, LGLZO sheet, and
g-PPCE membrane.

It is well-known that the color of PCE continuously changes from ivory to brown, and
finally to dark brown, with the proceeding of polymerization of SCN [38–40]. To effectively
illustrate the browning phenomenon, wherein the slurry turns brown, a simple thermal
aging experiment was conducted with beaker cells. To quantify the alterations in ionic
conductivity resulting from the reaction between SCN and LGLZO and the influence of
PAN, EIS measurements were conducted on the PCE/LGLZO and PPCE/LGLZO slurries.
The left inset image of Figure 3a shows the beaker cell. After aging at 80 ◦C for 1 h, the
color of the slurry changed from ivory to dark brown, as shown in the right inset image,
which clearly indicates polymerization of SCN. As shown in EIS results of the PCE/LGLZO
slurry before and after aging, its resistance increased from 425 Ω to 1395 Ω. This can be
attributed to the reaction between SCN with LGLZO, which led to the polymerization of
SCN, resulting in the browning and gelling of the slurry.

Figure 3b shows the images and EIS measurements of the PPCE/LGLZO slurry before
and after aging. After aging at 80 ◦C for 1 h, the resistance value increased from 503 Ω
to 601 Ω. The pristine PPCE/LGLZO slurry shows a higher series resistance than that
of PCE/LGLZO slurry due to the effect of PAN, which does not aid the dissociation of
Li-salts compared to SCN. The browning progressed less, compared to the case without
PAN. In addition, no additional color change was detected after the initial change into
bright brown. This color change is surely attributed to cyclization of PAN on the LGLZO
surface [41]. Nevertheless, the inclusion of PAN prevented the severe reaction between
SCN and LGLZO. The chemical instability of SCN toward LGLZO was corroborated by
FTIR analysis to validate the alteration in the chemical structure of SCN with adding PAN.
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Figure 3. (a) Nyquist impedance spectra and the images (inset) of the beaker cell of PCE/LGLZO
slurry before and after aging at 80 ◦C, 1 h; (b) Nyquist impedance spectra and the images (inset) of
the beaker cell of PPCE/LGLZO slurry before and after aging at 80 ◦C, 1 h; (c) FTIR images of g-PCE
and g-PPCE samples; and (d) Raman spectroscopy of g-PCE and g-PPCE samples.

In Figure 3c, FTIR spectra of the g-PCE and g-PPCE samples aged at 80 ◦C for 1 h
are shown. FTIR analysis was performed to confirm the reaction with SCN on the surface
of LGLZO. Peaks at 1694, 1625, and 1550 cm−1 were observed in the FTIR spectrum
of g-PCE. The peak at 1694 cm−1 represents the vibration mode of the carbonyl group
(C=O) [42], the peak at 1625 cm−1 represents C=N bonds, and the peak at 1550 cm−1

represents C=C bonds [23,24]. In the case of g-PCE, as it contains SCN, C=N and C=C bonds
should not be observed. However, peaks corresponding to these bonds were observed
in the FTIR spectrum of g-PCE, indicating that -C≡N changed to C=N and C=C. This
phenomenon is attributed to the nitrile group of SCN reacting with LGLZO and the
resulting polymerization. As shown in bottom graph of Figure 3c, however, the FTIR
spectrum of g-PPCE did not show polymerization peaks at 1550 and 1625 cm−1. The
peaks at 1730 cm−1 and 1682 cm−1 represent the stretching vibration absorption of the free
and hydrogen-bonded C=O [43,44]. These peaks originated from the end of the chemical
structure of PAN. The peak at 1628 cm−1 represents the vibration mode of the C=C bond of
the cyclized PAN, and the peak at 1582 cm−1 represents the cyclic C=N group [30,45]. As
PAN also contains a C≡N bond, the FTIR results of g-PPCE should not present a C=N or
C=C bond. This suggests that the triple bond of PAN breaks and transforms into double
bonds, including C=C and C=N. Consequently, PAN reacts with LGLZO more readily than
SCN in the g-PPCE, effectively preventing its polymerization. The full range of FTIR data
is presented in Figure S7. To compare the thermal properties, TGA graphs of the LGLZO
green sheet, SPE, PPCE-impregnated green sheet, and g-PPCE are shown in Figure S8.
After heat treatment at 800 ◦C, the LGLZO remains about 26 wt.% of g-PPCE.
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To further verify the results of FTIR analysis, Raman analyses of g-PCE and g-PPCE
were performed (Figure 3d). The Raman measurements exhibit peaks at 1550 and 1625 cm−1

in g-PCE, representing the C=N and C=C bonds, respectively. This indicates that the
triple bonds of C and N in the nitrile groups of SCN changed to double bonds as the
SCN polymerization progressed. However, in the case of g-PPCE, no peaks at 1550 and
1625 cm−1, which would have indicated polymerization, appear. Conversely, a peak at
1582 cm−1 appears, demonstrating the presence of a cyclic C=N bond. This confirms the
cyclization phenomenon of PAN and demonstrates that SCN polymerization is prevented
because PAN readily reacts with LGLZO.

In order to optimize the amount of added PAN and evaluate its effects, we measured
basic ionic conducting properties. Figure 4a displays the Nyquist plots of the measured
EIS spectra for the three-layer CSE samples with different ratios of wt.% of PAN. The
inset shows a magnified view of the high-frequency region. The Nyquist plot of each
electrolyte consisted of a semicircle representing the interface resistance and a Warburg
plot representing Li-ion diffusion. The series resistance among the electrolytes is similar,
approximately 10 Ω, indicating that the addition of PAN does not change the resistance
of the electrolyte itself. The interface resistance of g-PPCE with 0, 5, and 10 wt.% PAN
is 27, 31, and 104 Ω, respectively. Figure S9 shows that the interface resistance levels
of g-PPCE with 2.5 and 7.5 wt.% PAN are 28 Ω and 41 Ω, respectively. Except for the
electrolyte containing 10 wt.% PAN, the resistance was 15–20 times higher than that of
the liquid electrolyte [46,47]. The diameter of the semicircle increased as the wt.% of PAN
increased. Even if there is no PAN addition, there is still a semicircle observed in this
Nyquist plot. In addition, no semicircles were observed in beaker cell experiment, both
with and without PAN, as described in Figure 3. From the above results, this presence of
a semicircle in the Nyquist plot is attributed to the interface between LGLZO and PCE
(or PPCE). Specifically, applying a ceramic sheet for impregnation of PCE resulted in
insufficient contact between ceramic powders and PCE (or PPCE). Another clue is that
there is no semicircle detected in three-layer CSE fabricated by blade coating of mixture of
LGLZO and PCE solution, even though the result is not shown in this research. Adding
PAN might make for more difficulty in formation of contacts between LGLZO and PCE by
increasing the viscosity of PCE. Consequently, PAN is not critical to ionic conductivity of
PCE itself, but the impregnation condition should be carefully applied to ensure sufficient
contact between LGLZO and PCE.

Figure 4b illustrates the ionic conductivities of the g-PPCEs with different ratings of
wt.% of PAN, including error bars. In addition to the CSE, Figure S10 shows a Nyquist
plot of an LGLZO pellet. The inset of the graph shows a photo image of an LGLZO pellet.
The conductivity of the LGLZO pellet was 1.4 mS/cm. A Nyquist plot of the SPE is shown
in Figure S11. The SPE exhibited a conductivity of 0.7 mS/cm. With PAN contents of 0,
2.5, and 5 wt.%, the g-PPCE exhibited similar conductivities (0.23 mS/cm, 0.22 mS/cm,
and 0.20 mS/cm, respectively). However, the resistance of the g-PPCE with a 7.5 wt.%
PAN content increased to 41 Ω and exhibited an ionic conductivity of 0.15 mS/cm. The
resistance of the g-PPCE with 10 wt.% PAN increased significantly to 104 Ω and exhibited
an ionic conductivity of 0.06 mS/cm. In addition, the error rate increased by more than
10 wt.% of PAN content. This suggests that PAN, as a minor conductor, did not significantly
affect the resistance of the CSE up to 5 wt.% and reacted first with LGLZO to prevent the
polymerization of the nitrile group of SCN. However, when g-PPCE contained more than
5 wt.% of PAN, the resistance significantly increased because of the reduced proportion
of SCN, resulting in a reduction in Li+ conductivity [24]. As a result, g-PPCE containing
5 wt.% PAN demonstrates that PAN blocks the polymerization of SCN while having no
significant effect on conductivity. Thus, all the g-PPCE have 5 wt.% of PAN content for the
following evaluations of electrochemical properties.
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Figure 4. Electrochemical properties of the g-PCE and g-PPCE samples. (a–c) Nyquist impedance
spectra, ionic conductivities and Arrhenius plots of the SS||g-PCE||SS and SS||g-PPCE||SS
samples; (d) LSV curves of the SS||g-PCE||Li and SS||g-PPCE||Li samples; (e,f) polarization
curves (inset) and steady-state impedance diagram of the Li||g-PCE||Li and Li||g-PPCE||Li
samples, respectively.

Figure 4c depicts the Arrhenius curves of the temperature-dependent conductivities
of g-PCE and g-PPCE, both exhibiting two zones with distinct slopes. The turning point
indicating a change in slope in the Arrhenius curves corresponds to the melting point of
PCE. The melting point of SCN is 58 ◦C; With the addition of LiTFSI, however, its melting
point was reduced, enabling it to partially exist as a liquid at 40 ◦C [48]. This leads to
a change in the slope at 40 ◦C. Consequently, the Ea values for g-PCE and g-PPCE were
0.40 and 0.59 eV, respectively, below 40 ◦C. However, the Ea decreased to 0.27 eV for both
electrolytes above 40 ◦C, indicating an enhancement of the ion transport capacity of the CSE
during the solid-to-liquid transition. This is attributed to SCN reducing the crystallinity of
the polymer, serving as a Li-ion carrier and promoting Li-ion transfer. The activation energy
of an LGLZO pellet is 0.30 eV [49,50], and that of PCE is 0.23 eV below 40 ◦C and 0.16 eV
above 40 ◦C [51]. From above results, the activation energy levels of g-PCE and g-PPCE
approximated those of LGLZO pellets (0.30 eV) rather than that of PCE. This suggests that
LGLZO serves as the primary pathway for Li-ion conduction in the g-PCE and g-PPCE.
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A wide potential window for the electrolyte is essential to drive batteries at high
voltages. The graph in Figure 4d shows the LSV (linear sweep voltammetry) curves of
g-PCE and g-PPCE. As the voltage changed, both g-PCE and g-PPCE exhibited virtually no
increase in current, up to 5.0 V. However, g-PPCE exhibited a slightly faster current increase
above 5.0 V, reaching 0.2 mA for g-PCE and 0.46 mA for g-PPCE at 5.3 V. Consequently,
there was no obvious oxidative degradation of either g-PCE or g-PPCE over Li+/Li, at least
within operating voltages of up to 5.0 V.

For a deeper understanding of the Li-ion conduction, the polarization curves and
steady-state impedance diagrams (insets) of g-PCE and g-PPCE are shown in Figure 4e
and 4f, respectively. First, the polarization curve of g-PCE shows that the initial current (I0)
was 207 μA and reached a stable region after approximately 180 min, with a steady-state
current (Iss) of 133 μA. The inset shows the steady-state impedance diagram of g-PCE,
where Rb represents the bulk resistance, Ri is the interfacial resistance, and Rb+Ri shows
the charge-transfer resistance. In the steady state, g-PCE exhibited a Rb of 28 Ω; Rb+Ri was
84 Ω. The charge-transfer resistance increased after the polarization test. The calculated Li+

transfer number of g-PCE was 0.64, which is higher than the 0.5 of conventional polymer
electrolytes [52,53]. With the same polarization procedure, the calculated Li+ transfer
number of g-PPCE was 0.82, which is higher than that of g-PCE. Better Li-ion transport
ability in g-PPCE containing PAN is obtained because PAN reacts with LGLZO first and
prevents the severe polymerization of SCN. Moreover, the higher tLi+ values of g-PCE
and g-PPCE, both higher than 0.5, demonstrate that g-PCE and g-PPCE are single-ion
conducting materials and that LGLZO in the electrolyte dominates the Li-ion conduction
process [54,55]. Consequently, g-PPCE is a promising CSE, in spite of its relatively low
ionic conductivity due to its higher Li+ transference number.

The electrochemical compatibility of g-PCE and g-PPCE with the metallic Li anode was
assessed through the use of Li/g-PCE/Li and Li/g-PPCE/Li symmetric cells. As shown
in Figure 5, galvanostatic cycling curves of the symmetric cells of g-PCE and g-PPCE are
gained with current density and capacity of 0.1 mA/cm2 and 0.1 mAh/cm2, respectively.
The voltage of the g-PCE cell gradually increased after 350 h due to the formation of dead
Li. Furthermore, the sudden short circuit was detected after 500 h, which was obviously
due to Li-dendrite. However, no indication of a short circuit event was detected in the cycle
of g-PPCE within 500 h cycling; nevertheless, the voltage was gradually increased. Cyclic
voltammetry of g-PPCE (as shown in Figure S12) also shows no noticeable peaks up to 5 V,
which also indicates voltage stability of the solid electrolyte. All of the results confirm that
the g-PPCE has stable interface properties which are superior to those of the g-PCE with
Li-metal. Consequently, the stable electrochemical performance of solid electrolyte due to
PAN addition also guarantees a stable interface with the Li-metal anode, which is critical to
the electrochemical performance levels of the battery.

Figure 5. Galvanostatic cycling curves of the Li symmetric cells of g-PCE and g-PPCE at 0.1 mA /cm2.

210



Energies 2023, 16, 7695

To compare the electrochemical performance levels of g-PCE and g-PPCE in Li-metal
batteries, confirming the effect of PAN, LFP||g-PCE||Li and LFP||g-PPCE||Li cells
were fabricated. First of all, excellent rate capability is an essential feature of all-solid-
state batteries. The rate-performances of g-PCE and g-PPCE are shown in Figure 6a. The
specific capacities of g-PCE were 147, 130, 115, 104, and 90 mAh/g at 0.1, 0.3, 0.5, 0.7, and
1 C, respectively. However, the specific capacities of g-PPCE were 150, 141, 138, 134, and
127 mAh/g under the same conditions, higher than those of g-PCE. At a current density
of 0.1 C, no significant difference existed between the capacities with and without PAN.
However, as the C-rate increased, g-PPCE maintained a good discharge capacity 1.5 times
higher than that exhibited by g-PCE at 1 C. This suggests that the SCN in g-PCE reacted
with LGLZO and was polymerized, leading to the gelation of the electrolyte and an increase
in resistance. Conversely, in the g-PPCE, PAN prevented the polymerization of the nitrile
groups of SCN, preventing battery degradation and maintaining stability at a high current
density. The graph also illustrates a gradual decrease in current density. Upon restoring
the current density to 0.1 C, the reversible capacities of both g-PCE and g-PPCE remained
stable. The Coulombic efficiencies of g-PCE and g-PPCE were high (~99%). However,
changes in C-rate caused instability at some points. This was considered an instrument
operating error in the measurement process, as the CE values were stable after the changes
in current density.

The discharge curves of the LFP||g-PCE||Li and LFP||g-PPCE||Li cells at different
C rates are shown in Figure 6b,c. The g-PPCE curves showed clear potential plateaus,
indicating a reversible cycling process [56,57]. Contrastingly, the discharge curve exhibited
by g-PCE was non-linear, with a leftward slant at current densities exceeding 0.5 C. This
variation in voltage plateau is generally related to battery degradation, indicating changes
in the structure and composition of the electrode materials [58]. The curves with unstable
potential plateaus also suggest that the polymerization of the nitrile groups of SCN in the
g-PCE may have caused some degradation reactions at high cycle rates, leading to stability
issues between the electrolyte and electrode.

Secondarily, cyclic performance levels of g-PCE and g-PPCE were compared. Figure 7a
displays the charge and discharge curves of the LFP||g-PCE||Li cell at a rate of 1 C and
25 ◦C. The initial polarization voltage of the g-PCE cell was 0.2 V and the capacities
at cycles number 1, 2, 50 and 100 were 118, 118, 95, and 85 mAh/g, respectively. The
discharge graph sloped slightly after 50 cycles, indicating a significant decrease in capacity.
Figure 7b illustrates the charge and discharge curves of the LFP||g-PPCE||Li cell at a rate
of 1 C and 25 ◦C. The initial polarization voltage of the g-PPCE cell was 0.19 V, and the
capacities at cycles number 1, 2, 50 and 100 were 132, 132, 131 and 116 mAh/g, respectively.
The discharge capacity was 130 mAh/g up to the 50th cycle and reduced subsequently.
The charge/discharge curves of the g-PPCE show flat and reversible plateaus, indicating
minimal polarization. Moreover, the Nyquist plots of LFP||g-PPCE||Li cell before and
after galvanostatic cycling at 1 C and 25 ◦C are shown in Figure S9. These Nyquist plots
were subsequently analyzed by fitting them to the equivalent circuits presented in Figure
S10. Following 100 cycles, a stable formation of the solid electrolyte interface (SEI) with the
increased charge transfer resistance is observed, showing the appearance of two semicircles.
Figure 7c shows the cycle performance levels of LFP||g-PCE||Li and LFP||g-PPCE||Li
cells (1 C, 25 ◦C). The capacity of g-PCE decreases continuously, resulting in a Coulombic
efficiency of 98% and specific capacity of 92 mAh/g at 100 cycles, corresponding to 69%
of the initial capacity. Conversely, the capacity of g-PPCE remained constant; the CE was
99% and the specific capacity was 117 mAh/g at 100 cycles, 89% of the initial capacity. In
terms of performance over 100 cycles, g-PPCE exhibited a higher capacity retention rate
than g-PCE. This indicates that the unstable cycling performance of g-PCE at high current
densities is due to the coordination of SCN and LGLZO in g-PCE, leading to gelation of the
electrolyte and increased resistance. In contrast, the stable cycling performance of g-PPCE
can be attributed to PAN reacting with LGLZO more readily than SCN, preventing SCN
polymerization and, consequently, performance degradation.
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Figure 6. (a) The rate performance of the LFP||g-PCE||Li and LFP||g-PPCE||Li batteries at room
temperature. (b,c) The discharge curves of the LFP||g-PCE||Li and LFP||g-PPCE||Li batteries at
different rates at 25 ◦C.

For a higher voltage operation of solid-state Li-metal battery, NCM was applied as
a cathode active material. Figure 8a displays the charge and discharge curves of the
NCM||g-PCE||Li cell at 0.1 C and 25 ◦C. The capacities at cycles number 1, 2, and 20 were
151, 149, and 119 mAh/g, respectively, with overcharging occurring at the 28th cycle.
This suggests that cells with g-PCE undergo micro-short-circuits as the Li dendrites grow.
SCN polymerization appears to induce gelation of the electrolyte and locally change its
resistance distribution, leading to the growth of Li dendrites. Figure 8b depicts the cycling
performance of the NCM||g-PCE||Li cell. The Coulombic efficiency at the 27th cycle
(before overcharging) was 94%, and the discharge capacity was 94 mAh/g, indicating a 62%
capacity retention. The unstable data at the 15th cycle is considered to be due to instrument
errors. In addition, the charge and discharge curves of the NCM||g-PPCE||Li cell at
0.1 C and 25 ◦C are displayed in Figure 8c. The capacities at cycles number 1, 2, 20, and 50
were 167, 167, 164, and 155 mAh/g, respectively. Figure 8d shows the cycle performance
of the same cell. The Coulombic efficiency at the 50th cycle was 97%, and the discharge
capacity was 92% of the initial one. The Coulombic efficiencies around the 12th, 35th, and

212



Energies 2023, 16, 7695

42nd cycles exhibited fluctuations. This was attributed to operational errors in the device
and recovery in later cycles. The g-PPCE exhibited stable cycle performance with no side
reactions at high voltages.

Figure 7. (a,b) The charge and discharge curves of the LFP||g-PCE||Li and LFP||g-PPCE||Li
batteries at 1 C and 25 ◦C; (c) The cycle performance levels of the LFP||g-PCE||Li and LFP||g-
PPCE||Li batteries at 1 C and 25 ◦C.

Figure 8. (a) The charge and discharge curves of the NCM||g-PCE||Li battery at 0.1 C and 25 ◦C.
(b) The cycle performance of the NCM||g-PCE||Li and batteries at 0.1 C and 25 ◦C. (c) The charge
and discharge curves of the NCM||g-PPCE||Li battery at 0.1 C and 25 ◦C. (d) The cycle performance
of the NCM||g-PPCE||Li and batteries at 0.1 C and 25 ◦C.
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Finally, a pouch cell was fabricated with a g-PPCE and cell tests were conducted to ver-
ify the feasibility of large-area battery processing. Figure 9a illustrates the charge/discharge
curves of a 3450 size-pouch cell assembled with an LFP||g-PPCE||Li structure. The
cell exhibited an initial capacity of 5 mAh at 0.1 C and 25 ◦C, and the capacities at the
2nd, 5th, and 10th cycles were 5.0, 4.9, and 4.8 mAh/g, respectively. Figure 9b depicts
the cycling performance of the pouch cell. After 10 cycles, the Coulombic efficiency was
98% and the capacity was 4.9 mAh, with a 98% capacity retention. This indicated that the
electrolyte/electrode interface was stable even in the pouch cell configuration.

Figure 9. (a) The charge and discharge curves of the LFP||g-PPCE||Li battery at 0.1 C and 25 ◦C
(b) The cycle performance of 3450 sized solid state-pouch cell with g-PPCE at 0.1 C and 25 ◦C and
photographic image of the pouch cell with LFP||g-PPCE||Li.

4. Conclusions

CSE with SCN are known to have two serious problems with LLZO ceramics, in spite
of SCN’s superior performance as a solid plasticizer: (1) gelation during the mixing process,
and (2) polymerization during the charge/discharge process. By using a tape-casting and
impregnation process, we successfully fabricated a PVDF-HFP-based SPE-LGLZO CSE
without gelation. To solve the second problem, we simply added PAN to SCN prior to
the impregnation process. By an aging test with a beaker cell, it was proved that the
addition of PAN to SCN provided a protection mechanism for the coordination between
the nitrile groups of SCN and La in LGLZO. Even though the interface area is high, PAN
effectively prevents SCN polymerization via the rapid coordination with LGLZO due to its
higher dielectric constant. The g-PPCE with 5 wt.% of PAN shows an ionic conductivity
of 2 × 10−4 S/cm at 25 ◦C with a high Li+ transference number of 0.85. The Li-metal cell
(LFP||Li) assembled using the g-PPCE exhibited a high discharge capacity of 113 mAh/g
at 1 C and cycle stability over 100 cycles. With a high-loading (~7 mg/cm2) NCM cathode,
Li-metal cell exhibited stable cycle performance, with a capacity of 167 mAh/g. Moreover,
the g-PPCE was more durable than the g-PCE at high current densities. The preparation of
a pouch cell with a g-PPCE and a cell capacity of 5 mAh demonstrated the potential for
large-scale production. Consequently, adding PAN is key to enhancing the electrochemical
performance levels of solid-state Li-metal battery with CSE containing LLZO and SCN. As
for future work, a more effective impregnation process will be developed to overcome the
increased interface resistance due to the higher viscosity of PPCE.

Supplementary Materials: The following supporting information can be downloaded from: https:
//www.mdpi.com/article/10.3390/en16237695/s1, Figure S1. Nyquist impedance plots of LiTFSI/
SCN(PCE) with various ratios of concentration. Figure S2. The schematic image and the real image
of LGLZO particle that is protected by the cyclized PAN. Figure S3. Images of SPE/LGLZO and
SPE/PAN/LGLZO slurry before and after 80 ◦C, 2 h mixing and the image of aged slurry after
fabrication. Figure S4. The cross-section SEM image of g-PPCE and the corresponding EDS mappings
of N, F and La. Figure S5. SEM image of LGLZO and XRD pattern of LGLZO. Figure S6. XRD graphs
of LGLZO green sheet, SPE, impregnated green sheet and g-PPCE samples. Figure S7. FT-IR analysis.
Figure S8. TGA graphs of LGLZO green sheet, SPE, g-PPCE and g-PPCE samples. Figure S9. Nyquist
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impedance plots of SSllg-PPCEllSS with different percent of PAN. Figure S10. Nyquist impedance plot
and the image of the LGLZO pellet(inset), and the conductivity of LGLZO pellet. Figure S11. Nyquist
impedance plot of SPE. Figure S12. Cyclic voltammetry curves of g-PPCE. Figure S13. Nyquist
impedance plots of a LFP||g-PPCE||Li-metal cell before and after galvanostatic cycling at 1C and
25 ◦C. Figure S14. The equivalent circuits of Nyquist impedance plots of a LFP||g-PPCE||Li-metal
cell before and after galvanostatic cycling at 1C and 25 ◦C.
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Abstract: Sodium-ion batteries are a technology rapidly approaching widespread adoption, so
studying the thermal stability and safety of their components is a pressing issue. In this work, we
employed differential scanning calorimetry (DSC) and ex situ powder X-ray diffraction to study the
thermal stability of several types of sodium-ion electrolytes (NaClO4 and NaPF6 solutions in PC, EC,
DEC, and their mixtures) and various cathode and anode materials (Na3V2(PO4)3, Na3(VO)2(PO4)2F,
β-NaVP2O7, and hard carbon) in combination with electrolytes. The obtained results indicate, first,
the satisfactory thermal stability of liquid Na-ion electrolytes, which start to decompose only at
270~300 ◦C. Second, we observed that charged vanadium-based polyanionic cathodes, which appear
to be very stable in the “dry” state, demonstrate an increase in decomposition enthalpy and a shift
of the DSC peaks to lower temperatures when in contact with 1 M NaPF6 in the EC:DEC solution.
However, the greatest thermal effect from the “electrode–electrolyte” interaction is demonstrated
by the anode material: the heat of decomposition of the soaked electrode in the charged state
is almost 40% higher than the sum of the decomposition enthalpies of the electrolyte and dry
electrode separately.

Keywords: Na-ion batteries; differential scanning calorimetry; thermal stability; electrode material;
electrolyte; cathode; anode

1. Introduction

Lithium-ion batteries (LIBs) are the most efficient electricity storage solution available
today, and their applications have steadily expanded over the past thirty years. Yet, the
safety of LIBs is an extremely important issue, which has become the subject of many studies
during the last decades [1–13]. It mainly concerns the thermal stability of the charged
electrode materials, electrolytes, and their combinations. In general, the accumulated
experimental experience consists of the following theses: (a) oxide cathode materials are
less stable than phosphate ones, although the release of oxygen when heating charged
cathodes occurs in both cases; (b) in combination with an electrolyte, decomposition
processes, as a rule, occur more intensely and at lower temperatures; (c) anode materials
(primarily graphite) demonstrate enthalpies of decomposition that are several times higher
than cathode ones. Sodium-ion batteries (SIBs), which are considered the most likely
successors to LIBs in many areas of technology, may also cause certain operational safety
issues, and, in recent years, there has been active research devoted to the thermal stability
of their components [14–23]. Thus, the analysis of the thermal behavior of Prussian blue
analogs revealed the generation of toxic cyanides and their exothermic reactions with
electrolytes, indicating that PBA cathodes may bring safety concerns to nonaqueous Na-
ion batteries [18,19]. Zhang et al. studied the thermal stability of hard carbon in the
presence of an electrolyte at different states of charge and showed that the thermal effect of
decomposition varies from 1.9 kJ/g for an initial electrode (2.5 V vs. Na/Na+) to 3.0 kJ/g
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for an electrode at a potential of 0 V vs. Na/Na+, which is close to the values for a metallic
sodium anode (3.6 kJ/g). [20]. Mohsin et al. demonstrated an increase in enthalpy and
a decrease in the temperature of decomposition peaks for the Na3V2(PO4)3 cathode and
hard carbon anode materials with increasing their degree of charge [21]. Samigullin et al.
conducted a systematic study of the thermal stability of several charged materials for LIBs
and SIBs in the absence of an electrolyte, demonstrating the advantages of polyanionic
vanadium compounds over oxides and carbon materials [22,23]. A natural question arises
regarding the stability of such systems in the presence of an electrolyte, as well as the
stability of the liquid electrolytes themselves. A significant difference in the thermal
stability of LIB electrode materials between dry and electrolyte-soaked states, due to certain
chemical interactions, was previously observed [3,6,24]. It was shown that polyanionic
cathodes, such as LiFePO4 (LFP) or LiFe1−xMnxPO4 (LFMP), that begin to decompose at
300–400 ◦C in the absence of an electrolyte, demonstrate a strong decrease in the onset
temperature of the exothermic process, i.e., down to 200–250 ◦C [3,24,25]. Most authors
consider PF5, produced from the decomposition of LiPF6 during the initial stage of heating,
to be the most reactive component of the reaction media. On the other hand, NaPF6 salt has
a better thermal stability with a higher decomposition temperature [11,26,27]. Therefore,
the behavior of the “electrode-electrolyte” composition in the Na-ion system seems quite
ambiguous and worth studying. In the recent paper, Gan et al. conducted a systematic
study of the thermal stability of the NaNi1/3Fe1/3Mn1/3O2 (NaNFM) cathode material in
different Na-ion electrolytes and revealed its better compatibility with NaPF6- and NaTFSI-
based solutions; the combination of ethylene carbonate and diethyl carbonate demonstrated
better thermal behavior then propylene-carbonate-based electrolytes [28].

In this work, we investigated the thermal stability of several types of electrolytes
(NaClO4 and NaPF6 solutions in propylene carbonate (PC), ethylene carbonate (EC), diethyl
carbonate (DEC), and their mixtures), as well as cathode and anode materials (Na3V2(PO4)3
(NVP), Na3(VO)2(PO4)2F (NVOPF), β-NaVP2O7 (NVPO), and hard carbon) in combination
with electrolytes utilizing differential scanning calorimetry (DSC) and ex-situ powder X-ray
diffraction (PXRD).

2. Materials and Methods

2.1. Material Preparation

All electrode materials were synthesized according to previously published routes.
All the initial reagents were purchased from Merck (formerly Sigma Aldrich, Rahway, NJ,
USA). Briefly, the synthesis procedure is as follows.

2.1.1. Na3V2(PO4)3 (NVP)

The Na3V2(PO4)3 sample was prepared by a two-step synthesis. In the first step,
vanadium oxide and citric acid were dissolved in distilled water in a molar ratio of 1:3,
followed by stirring for 40 min at 70 ◦C. Then, a solution of sodium dihydrogen phosphate
in distilled water was added dropwise and stirred for another 40 min, after which the
solution was evaporated overnight at 95 ◦C. The solid residue was ground in a mortar
and annealed at 350 ◦C for 3 h under argon, after which it was ground in a SPEX-8000M
vibration mill for 5 min and annealed at 750 ◦C for 8 h under argon [29].

2.1.2. Na3(VO)2(PO4)2F (NVOPF)

V2O5, NaF, NH4H2PO4, and oxalic acid were mixed in 1:3:2:2 molar ratio. Then, the
initial precursors were dissolved in deionized water, and the solution was magnetically
stirred at 65–70 ◦C for about 30 min while adding 1 mL of ammonia solution (25 mass%).
Next, 5 mL of the obtained homogeneous solution was transferred to a 10 mL glass vessel,
placed into a microwave hydrothermal reactor Anton Paar 400 and treated at 180 ◦C for
30 min. The final solid products were centrifuged and washed with deionized water several
times and dried in air. To obtain carbon coating, the material was mixed with glucose
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(8 wt.%) in a mortar to receive homogeneous mixture. Then, the mixture was annealed at
600 ◦C for 1 h under Ar flow [30].

2.1.3. β-NaVP2O7 (NVPO)

The sample was synthesized in two stages. At the first stage, the synthesis was carried
out using the hydrothermal method. At the second stage, the obtained precipitate was
annealed in an inert atmosphere. The hydrothermal stage was carried out according to
the following scheme. The initial reagents—VOSO4, NaOH, H3PO4, and N2H6SO4—were
dissolved in distilled water at room temperature with constant stirring. Then, the solution
was poured into a Teflon beaker, loaded into a steel autoclave (50 mL). The autoclave was
heated with stirring and maintained at 230 ◦C for 24 h. After that, the autoclave was cooled
in air or subjected to rapid cooling under a stream of cold water. The resulting powder was
centrifuged (3000 rpm, 3 min) with repeated washing with distilled water and dried in air.
At the second stage, the obtained samples were annealed in a furnace at 650 ◦C in an argon
flow (gas flow rate of 10 mL/min, heating time of 3 h) with preliminary argon purging for
30 min [31].

2.1.4. Hard Carbon (HC)

First, D-glucose powder was caramelized in air at 200 ◦C for 24 h. Then, obtained
precursor was powdered in an agate mortar. The second step of the synthesis was annealing
at 1300 ◦C under argon flow for 1 h. The obtained HC material was ground at 400 rpm in a
ball mill (Fritsch Pulverisette 5 classic line) for 1 h [32].

2.1.5. Electrodes

For the preparation of the electrodes, all powders were mixed with super P carbon
black (Timcal, Willebroek, Belgium) and polyvinylidene fluoride (PVdF, Kureha Chemical,
Tokyo, Japan) in a weight ratio of 80:10:10 with N-methyl-2-pyrrolidone (NMP) as the
solvent. The homogenous slurry was cast on an aluminum foil by the Doctor Blade
technique. The cast sheet was dried at 80 ◦C to remove NMP, roll-pressed, and punched
into 10 or 16 mm diameter electrodes. Subsequently, the punched electrodes were dried at
120 ◦C under vacuum, and then taken for cell assembly.

2.2. Characterization

The electrochemical measurements were carried out using two-electrode half-cells
with hard carbon, NVP, NVOPF, and NVPO as the working electrode; sodium metal as the
counter electrode; and glass fiber (Schleicher & Schuell MicroScience, Dassel, Germany)
as the separator. Electrolytes were prepared by dissolving NaPF6 or NaClO4 in the cor-
responding solvents: PC, EC, and DEC, pre-dried with molecular sieves. All electrolyte
components were supplied by Merck (formerly Sigma Aldrich, Rahway, NJ, USA) and
Kishida Chemicals. Electrochemical cells were assembled in an Ar-filled glove box (MBraun,
Garching, Germany). Galvanostatic experiments were carried out using an Elins P-20X8
potentiostat-galvanostat (ES8 software, v. 4.192).

Thermal stability of the electrode materials was investigated by differential scanning
calorimetry (DSC) using a Netzsch DSC 204 F1 Phoenix instrument (Selb, Germany) within
the temperature range 50–450 ◦C (5 ◦C·min−1 heating rate) in an argon atmosphere. Elec-
trodes from fully charged “half-cells” were extracted, washed with DMC, and dried under
vacuum, and then electrode materials were scrapped from the current collector. The result-
ing powders (about 6 mg), either separately or in the presence of an electrolyte (about 5 μL),
were placed in sealed crucibles made of high-pressure Cr–Ni stainless steel in an Ar-filled
glove box. The electrode powder/electrolyte mass ratio was 1:1 to ensure an excess of the
electrolyte during the experiment. To calculate the magnitude of the thermal effect, the
area under the peak on the DSC curve was considered with subtraction of the background
(if any) using the Netzsch Proteus 6.0 software.
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Morphology of the samples was investigated using a JEOL JSM-6490LV (Tokyo, Japan)
scanning electron microscope (SEM). The phase composition of the electrodes (ex situ
experiments) was investigated by powder X-ray diffraction (PXRD) data assembled from a
Huber Guinier camera G670 (Image Plate detector, curved Ge (111) monochromator, and
CuKα1 radiation λ = 1.54051 Å) (Rimsting, Germany).

3. Results

First, we performed the DSC experiments in several types of liquid Na-ion electrolytes
often used in research works (Figure 1). PC, EC, and DEC were chosen as co-solvents.

Figure 1. DSC curves for different electrolyte solutions: (a) 1M NaPF6 in EC:DEC, EC:PC, and PC;
(b) 1M, 2M, and 3M NaPF6 in EC:DEC; and (c) 1M NaPF6 and NaClO4 in PC.

The results of the studies on 1M NaPF6 solutions in various solvents do not clearly
indicate a definitive advantage for any particular type of electrolyte. Although a PC-based
electrolyte has a higher temperature of the onset and peak of decomposition (Table 1), the
heat released is 1.7 times greater than in the case of 1M NaPF6 in the EC:DEC solution.
Similar results were published earlier when comparing solutions of sodium salts in PC and
a mixture of EC and dimethyl carbonate (DMC) [10].

Table 1. DSC data for different electrolyte solutions.

Electrolyte Onset Temperature, ◦C Peak Temperature, ◦C Enthalpy, J·g−1

1M NaPF6 in EC:DEC 274 290 268
2M NaPF6 in EC:DEC 258 270 281
3M NaPF6 in EC:DEC 257 267 246
1M NaPF6 in PC 301 307 476
1M NaPF6 in PC:EC 279 295 456
1M NaClO4 in PC 279 302 629

The study of electrolytes with various NaPF6 concentrations indicates that the thermal
stability decreases with an increasing amount of salt in the solution. This observation may
seem to contradict the common point of view regarding the better safety of concentrated
electrolytes in a lithium-ion system. However, early works devoted to the unique properties
of concentrated solutions were concerned rather with the lower volatility of the organic
solvent in such systems, whereas later studies using DSC and accelerated rate calorimetry
(ARC) revealed a decrease in the decomposition onset temperature with the increasing
concentration of lithium salts in different solvents [33–35]. Hence, our data for the concen-
trated sodium electrolytes are in good agreement with the results previously published
for lithium-ion systems, as well as with our experiments. As for the salts, according to
our data, the decomposition enthalpy in the case of the NaClO4-based solution is approx.
1.5 times higher than for the NaPF6 solution (Figure 1c, Table 1).

In general, the better stability of sodium-ion electrolytes compared to lithium-ion
ones is worth noting. Research shows that solutions of LiPF6 in alkyl carbonates have an
S–type decomposition curve, with an endothermic peak of LiPF6 decomposition followed
by an exothermic reaction of the interaction between PF5 (a strong Lewis acid) and solvent
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components [3,6,7]. The position of the decomposition peak of 1M LiPF6 solutions varies
slightly among different studies but is generally within the range of 230–260 ◦C. In contrast,
the Na-ion electrolyte demonstrates a higher temperature of the exothermic peak without
any signs of endothermic salt decomposition (this effect is slightly noticeable only in a 3M
NaPF6 solution; Figure 1b), which suggests a safety advantage of SIBs.

The obtained electrode materials (their morphology is shown in Figure 2a) demon-
strated typical electrochemical properties, with discharge capacities (Figure 2b) in the range
of 83–95% of the theoretical ones. Detailed information about the crystal structure, phase
composition, and electrochemical properties of the studied electrode materials is provided
in previous publications [29–32].

Figure 2. SEM images and charge–discharge curves for the electrode samples: Na3V2(PO4)3 (a),
Na3(VO)2(PO4)2F (b), β–NaVP2O7 (c), and hard carbon (d). Points on the curve where the electrodes
were tested are marked with an asterisk.

The study of Na-ion cathode materials reveals the following pattern. Desodiated
vanadium-based polyanionic cathodes—Na3V2(PO4)3, Na3(VO)2(PO4)2F, and β–NaVP2O7—
demonstrate a significant increase in the decomposition enthalpy in the presence of an
electrolyte compared to their “dry” state (Figures 3a–c and 4). Here and below, the thermal
effect of the mixture is normalized to the mass of the electrode material. In the absence of
chemical interaction, this effect is defined as:

ΔHelectrode+electrolyte = ΔHelectrode + ΔHelectrolyte.

Moreover, the decomposition onset temperature of vanadium-based polyanionic
cathodes soaked in electrolytes is greatly reduced compared to their dried state, and even
lower than that of the liquid electrolyte. This can be a consequence of the increased
reactivity of vanadium in high oxidation states with the electrolyte components. This
effect was observed by S. Whittingham’s group in delithiated LiVOPO4. The authors
suggested that the interaction between the charged material (VOPO4) and the solvent in
the electrolyte is accelerated by LiPF6, and they proposed 11 possible chemical reactions
to describe this process [3]. In the present work, we have obtained similar results for all
three studied vanadium-containing cathode materials in the presence of an electrolyte,
i.e., a strong decrease in the onset temperature of exothermic processes compared to
“dry” materials and electrolytes. Notably, in the case of charged Na3(VO)2(PO4)2F and
β–NaVP2O7 (Na(VO)2(PO4)2F and β–VP2O7, correspondingly), the first decomposition
peak appears at 170~180 ◦C. However, this temperature is higher for Na1V2(PO4)3, reaching
~225 ◦C (Figure 4).

222



Energies 2024, 17, 3970

Figure 3. DSC curves (red line) for the charged electrode materials soaked in electrolyte: Na3V2(PO4)3

(a), Na3(VO)2(PO4)2F (b), β–NaVP2O7 (c), and hard carbon (d). For comparison, DSC curves for the
dried electrodes (dot line) and 1M NaPF6 in EC:DEC electrolyte (blue line) are also plotted.

Figure 4. Schematic representation of the data on the enthalpy of dried [20] and soaked electrodes.

Recently, Pablos et al. studied the thermal stability of Na3−xV2(PO4)2F3 and Na3−x
V2(PO4)2F3−yOy at different states of charge and observed a similar low-temperature de-
composition peak at a high desodiation state in all samples (x = 2) [36]. According to
our findings and literature data, the onset of interaction between the charged vanadium-
containing material and the electrolyte during heating is largely determined by the degree
of oxidation of vanadium cations, i.e., the desodiation potential. Additionally, an increase in
the charging potential leads to a change in the quantity and composition of electrolyte oxi-
dation products at the cathode–electrolyte interface, potentially decreasing the temperature
at which the material starts to decompose. Thus, in the work of Samigullin and co-authors,
an increase in the enthalpy and a decrease in the onset temperature of the decomposition
process for Na3V2(PO4)3 charged at a higher potential (4.5 versus 3.8 V vs. Na/Na+) were
found [22]. Considering that, at 3.8 V, the material is already completely charged, it was
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concluded that the decrease in thermal stability was associated precisely with an increase
in the amount and reactivity of the CEI (cathode–electrolyte interface) components.

In terms of decomposition enthalpy, β–NaVP2O7 remains the most stable among
the studied cathode materials despite exhibiting the highest charging potential and the
lowest onset temperature (Table 2). This is likely due to the well-known stability of the
pyrophosphate group, as well as the fact that the main product of the electrode–electrolyte
reaction, α–NaVP2O7, is quite similar to β–VP2O7 in terms of its composition and structure
(Figure 5) [31].

Table 2. DSC data and phase composition of the charged electrodes after the DSC experiment in the
presence of electrolyte (ex situ PXRD).

Initial Sample
Onset

Temperature, ◦C
Peak

Temperature, ◦C
Enthalpy, Dry *,

J·g−1
Enthalpy, Soaked,

J·g−1

Main Crystalline
Phases by Ex Situ

PXRD

Na3V2(PO4)3 243 256, 270 78 503 α–NaVP2O7

Na3(VO)2(PO4)2F 170 188, 229, 391 111 460 Na5V3O3F11

β–NaVP2O7 150 175, 247 – 364 α–NaVP2O7

Hard carbon 85 114, 238 610 1205 NaF

Electrolyte (1M
NaPF6 in EC:DEC) 274 290 268

* Data for the charged, washed, and dried electrode materials obtained in our previous study [23]. All calculations
are normalized to the weight of the “dry” electrode material.

Figure 5. Results of ex situ PXRD for the charged electrodes soaked in 1M NaPF6 in EC:DEC
electrolyte before and after DSC experiments: Na3V2(PO4)3 (a), Na3(VO)2(PO4)2F (b), β–NaVP2O7

(c), and hard carbon (d).

According to the X-ray diffraction data (Figure 5), the decomposition products of
NaV2(PO4)3 and Na(VO)2(PO4)2F in the presence of an electrolyte differ significantly
from those of the dry electrodes described in literature [23]. This correlates well with the
elevated values of thermal effects: while charged dry electrodes mainly produce desodiated
phases after the DSC experiment, the presence of electrolytes results in the formation of
sodium-containing pyrophosphate and oxofluoride (Figure 5, Table 2).

In the case of the anode material, the presence of electrolytes leads to similar results:
the thermal effect of the decomposition increases while the onset and peak temperatures
decrease (Figure 3, Table 2). The total enthalpy released during heating by the mixture
of the charged hard carbon and electrolyte is 1205 J·g−1. Hard carbon shows the highest
increase in enthalpy compared to the “electrode+electrolyte” sum (≈38%) among all the
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studied samples (Figure 4). It is likely that the chemical interaction in the mixture during
heating occurs in a manner similar to the formation of the solid–electrolyte interface (SEI).
This process is well-known to proceed more intensely at the anode (i.e., reduction in the
electrolyte) than at the cathode (oxidation of the electrolyte) side [37–40].

4. Discussion

The choice of a polyanionic cathode material for the development of sodium-ion
battery technology is an extremely ambiguous task, since scientists and developers know
a large family of different cathodes, each with its own advantages and disadvantages.
In this paper, we studied such a key parameter of a sodium-ion battery as the thermal
stability of the “electrode–electrolyte” combination for several vanadium-based cathode
materials. Particularly, two of them are well-known and intensively studied—Na3V2(PO4)3
and Na3(VO)2(PO4)2F—and a third—β–NaVP2O7—was discovered much later than the
others, but is gaining popularity, at least in laboratory studies. The inclusion of this material
in this paper is also dictated by the fact that pyrophosphates are much more thermally
stable than phosphates or fluoride phosphates, which means that the use of β–NaVP2O7
may be in demand in those areas where battery safety is more important than its weight
and size characteristics [4]. Indeed, a comparison of the theoretical specific energy capacity
of these cathodes does not speak in favor of Na3V2(PO4)3: ≈415 Wh kg−1 for Na3V2(PO4)3,
≈420 for β–NaVP2O7, and ≈480 for Na3(VO)2(PO4)2F. However, as the data presented
in the article show, it exhibits less chemical activity during the thermal decomposition of
the electrode wetted with an electrolyte: the increase in heat for β–NaVP2O7 (compared
to the value for liquid electrolyte) was 36% versus 87% for Na3V2(PO4)3 and 71% for
Na3(VO)2(PO4)2F.

For a deeper understanding of the results, it is necessary to compare the obtained data
with the lithium-ion system, more precisely, with the most popular polyanionic material—
LiFePO4. There are some difficulties with this, since the literature data devoted to the
study of the thermal stability of delithiated LiFePO4 in “dry” form and in the presence
of electrolytes are partly contradictory. Thus, Xiang et al., who studied the interaction
of liquid electrolyte with various cathode materials, found that LiFePO4 suppresses the
decomposition of the electrolyte and reduces the magnitude of the thermal effect [24]. The
authors explained this by the fact that some active groups on the surface (e.g., PO4

3−) of
the material interact with Lewis acid PF5, which is a catalyst for the thermal decomposition
of the electrolyte. On the other hand, Joachin et al., as well as Huang et al. and Yi et al.,
found a significant increase in the enthalpy of decomposition of FePO4 in the presence
of an electrolyte [3,5,41]. Joachin et al. estimated the thermal effect of the reaction at
145 J·g−1 (however, the authors did not indicate what exactly the thermal effect value
was normalized to), Huang et al. at 251 J·g−1 (normalized to the mass of the electrode
+ the mass of the electrolyte, which was from 25 to 35% in the mixture), and Yi et al.
501 J·g−1 (normalized to the mass of the electrode material, with an electrode:electrolyte
mass ratio = 1:2). Yamada et al. did not provide data for a “dry” electrode, but the one
wetted with electrolytes showed thermal effect values similar to Joachin’s—147 J·g−1 [42]. It
is worth noting that, in this case, too, the authors did not indicate what exactly the thermal
effect was normalized to. Thus, even among those researches who report an increase in
the enthalpy of decomposition in contact with an electrolyte, there is no consensus on the
values of thermal effects; this is probably largely due to different approaches to conducting
the experiment. We performed our studies with hydrothermally synthesized LiFePO4 and
commercially available 1M LiPF6 in EC:DEC:DMC = 1:1:1 (Figure 6a) and obtained a value
of 276 J·g−1 (50 J·g−1 for an electrode without electrolyte), normalized to the mass of the
electrode material (or 138 J·g−1, if normalized to the sum of the masses of the electrode and
electrolyte—i.e., using the approach of Huang et al.).
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Figure 6. DSC curves (red line) for the charged Li-ion electrode materials soaked in electrolyte:
LiFePO4 (a) and graphite (b). For comparison, DSC curves for the dried electrodes (dot line) and 1M
LiPF6 in EC:DEC:DMC electrolyte (blue line) are also plotted.

The increase in heat release compared to a pure electrolyte in our experiment was 22%,
which is less than for all studied sodium cathodes. Thus, even despite the better stability
of the sodium-ion liquid electrolyte compared to the lithium-ion one, sodium-containing
vanadium-based cathodes in a charged state demonstrate a greater increase in the enthalpy
of decomposition in the presence of an electrolyte than LiFePO4.

As for the anode material, the situation is rather the opposite. Wang et al. studied
charged graphite in dry form and in the presence of an electrolyte and obtained the values
of the thermal effect of decomposition of 1341 and 2253 J·g−1, respectively (normalized to
the mass of the electrode material; the mass ratio electrode:electrolyte = 1:1) [43]. In our
experiment, under the same conditions, we obtained 449 and 2334 J·g−1 with the same
normalization (Figure 6b). Thus, the thermal effect of the reaction of charged graphite with
an electrolyte is higher than that of hard carbon (610 and 1205 J·g−1, respectively).

5. Conclusions

To summarize the results, we would highlight the following observations.
Sodium-ion electrolytes, depending on their composition, begin to decompose when

heated to 250~300 ◦C, which is 20–30 ◦C higher than the published temperatures for
lithium electrolytes.

Vanadium-based polyanionic cathodes in contact with 1M NaPF6 in the EC:DEC elec-
trolyte demonstrate reduced decomposition temperatures and a more intense heat release
in comparison with the dry state. The onset temperature depends on the desodiation
potential; this effect may be a consequence of both a more reactive cathode–electrolyte
interface and the previously described chemical interaction of vanadium cations with
electrolyte components. However, in terms of decomposition enthalpy, β-NaVP2O7 demon-
strates a better behavior compared to Na3V2(PO4)3 and Na3(VO)2(PO4)2F despite its high
charging potential.

The least stable part of the sodium-ion electrochemical cell is the anode material. In the
presence of electrolytes, it demonstrates almost a 40% increase in decomposition enthalpy
and a shift of the main peak maxima from 273 to 238 ◦C. However, both the increase in the
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heat of the decomposition of hard carbon in the presence of electrolytes and its absolute
value are less than similar parameters for graphite in a lithium-ion system, in accordance
with the literature data and the results of our own experiments.

Overall, the significant increase in the thermal effect of the decomposition of “charged
material–electrolyte” mixtures compared to “dry” electrodes confirms the widespread
belief that the liquid electrolyte is the main source of safety problems in metal-ion batteries.
To eliminate these shortcomings, it is necessary to develop solid-state secondary current
sources using polymeric and/or ceramic electrolyte materials.
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Abstract: Manganese-based layered oxides are promising cathode materials for potassium-ion bat-
teries (PIBs) due to their low cost and high theoretical energy density. However, the Jahn-Teller
effect of Mn3+ and sluggish diffusion kinetics lead to rapid electrode deterioration and a poor rate
performance, greatly limiting their practical application. Here, we report a Co/Al co-substitution
strategy to construct a P3-type K0.45Mn0.7Co0.2Al0.1O2 cathode material, where Co3+ and Al3+ ions
occupy Mn3+ sites. This effectively suppresses the Jahn-Teller distortion and alleviates the severe
phase transition during K+ intercalation/de-intercalation processes. In addition, the Co element
contributes to K+ diffusion, while Al stabilizes the layer structure through strong Al-O bonds. As a
result, the K0.45Mn0.7Co0.2Al0.1O2 cathode exhibits high capacities of 111 mAh g−1 and 81 mAh g−1

at 0.05 A g−1 and 1 A g−1, respectively. It also demonstrates a capacity retention of 71.6% after
500 cycles at 1 A g−1. Compared to the pristine K0.45MnO2, the K0.45Mn0.7Co0.2Al0.1O2 significantly
alleviates severe phase transition, providing a more stable and effective pathway for K+ transport, as
investigated by in situ X-ray diffraction. The synergistic effect of Co/Al co-substitution significantly
enhances the structural stability and electrochemical performance, contributing to the development
of new Mn-based cathode materials for PIBs.

Keywords: potassium-ion batteries; Mn-based layered oxide cathodes; synergy effect; Jahn-Teller
effect; potassium storage mechanism

1. Introduction

In the current era of rapidly depleting fossil fuels and the growing demand for renew-
able energy, lithium-ion batteries (LIBs) have been widely used in various electronic devices
due to their high energy density and long cycle life [1–3]. However, the huge consumption,
rapidly increasing price and uneven distribution of lithium resources pose significant
challenges to the sustainable development of LIBs. Consequently, there is a pressing need
to identify suitable alternatives that are cost-effective and suitable for large-scale energy
storage. In recent years, potassium-ion batteries (PIBs) have become highly promising
candidates because of abundant resources and low cost [4–7]. PIBs have a similar operating
mechanism to LIBs. And the low redox potential of K+/K (−2.93 V vs. SHE, second
only to Li+/Li) gives it a high theoretical energy density. In addition, K+ exhibits fast
diffusion kinetics in organic electrolytes because of its weak Lewis acidity [8,9]. However,
the inherent property of the large K+ ionic radius (1.38 Å) greatly limits K+ transport in

Materials 2024, 17, 1277. https://doi.org/10.3390/ma17061277 https://www.mdpi.com/journal/materials230



Materials 2024, 17, 1277

the electrode material and the electrode material undergoes severe volume changes during
electrochemical cycling, leading to rapid capacity loss [10,11]. Therefore, the development
of suitable electrode materials plays a crucial role in advancing PIB technology.

Currently, the main cathode materials being investigated for PIBs are Prussian blue ana-
logues [12,13], polyanionic compounds [14,15] and layered transition metal oxides [16–18].
Among these, layered transition metal oxides are one of the most promising cathode mate-
rials thanks to the ease of synthesis and high theoretical capacity. Specifically, Mn-based
layered oxides have garnered significant attention in PIBs owing to their low cost and
environmental friendliness [19]. However, the Jahn-Teller distortion of Mn3+ leads to an
unbalanced lengthening of the Mn-O bond and reduces the symmetry of the molecular
structure, thus exacerbating the overall structural instability [20,21]. In addition, slow
K+ transport, limited K+ storage sites and severe phase transitions during cycling cause
their poor performance in practical applications [22]. Kim et al. [23] reported layered
P3-K0.5MnO2 with a complex phase transition during cycling, leading to rapid capacity loss
and retaining only 70% of the initial discharge capacity after 50 cycles at 20 mA g−1. Due to
the poor diffusion of K+, this electrode shows a low specific capacity of only 38 mAh g−1

at 300 mA g−1, indicating a poor rate performance. Studies have shown that metal-ion
substitution is a powerful measure to improve the above defects in KxMnO2. For example,
Ni [24], Co [25], Fe [26], Mg [27] and Ni-Ti [28] substitutions have demonstrated the abil-
ity to improve their structural stability and electrochemical properties. Zhang et al. [29]
reported a K0.3Mn0.95Co0.05O2 cathode. The Co doping suppressed Jahn-Teller distortion,
allowing for more isotropic migration pathways for K+ in the interlayer. This enhanced
the ionic diffusion and, consequently, the rate capability. Zhong et al. [30] found that
Co-Fe co-substitution could expand the interlayer distance and effectively suppressed the
interlayer-gliding to achieve highly reversible phase evolution, thus improving the rate
performance and cycle life of K0.5MnO2.

Herein, we have modified K0.45MnO2 (KMO) with two selected metal elements (Co
and Al), and have innovatively synthesized the co-substituted P3-K0.45Mn0.7Co0.2Al0.1O2
(KMCAO). Through the careful consideration of chemical bonding, Al3+ partially replaces
the Mn3+ sites, forming stronger Al-O bonds compared to the Mn-O bonds. This substi-
tution serves to stabilize the layer structure [31]. Additionally, the inclusion of Co3+ ions
facilitated electrochemical reactions, providing active sites for K+ storage. Moreover, the
Co3+/Al3+ co-substitution of Mn3+ sites effectively inhibited Jahn-Teller distortion, mitigat-
ing severe crystal structural transformations. Through in situ XRD, spherical aberration
scanning transmission electron microscopy and first-principles simulation calculations, the
KMCAO electrode exhibits a highly reversible phase structure transition during the cycling
process. Meanwhile, Co/Al co-substitution widens the K layer spacing of the material and
lowers the barrier energy for K+ migration. Compared to the pristine KMO, the KMCAO
cathode exhibits superior cycling stability and rate performance. The excellent electrochem-
ical performance of the KMCAO || soft carbon full cell also demonstrates its potential
for practical applications. These findings highlight the effectiveness of our modification
strategy and provide new insights into the development of PIB cathode materials.

2. Materials and Methods

All reactants are analytical grade. P3-type K0.45Mn0.7Co0.2Al0.1O2 and K0.45MnO2
samples are synthesized using a sol–gel method. Firstly, add 2 g of polyvinylpyrrolidone
(PVP K90, Mw = 1,300,000) to 20 mL of deionized water and stir continuously to form
a solution. KNO3, Mn(CH3COO)2·4H2O, Co(CH3COO)2·4H2O and Al(NO3)3·9H2O are
dissolved into the solution by stoichiometric amounts. The mixed solution is dried at 80 ◦C
for 15 h and then pre-sinters at 350 ◦C in air for 3 h to obtain a black solid. Finally, the
black solid powder is calcined at 800 ◦C in air for 12 h to obtain K0.45Mn0.7Co0.2Al0.1O2.
After slowly cooling down to 150 ◦C, the products are transferred promptly and stored
in an Ar-filled glove box. The synthesis procedure of K0.45MnO2 is the same as that
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of K0.45Mn0.7Co0.2Al0.1O2, except that Co(CH3COO)2·4H2O and Al(NO3)3·9H2O are not
added to the mixed solution.

The soft carbon is synthesized from 3,4,9,10-perylenetetracarboxylic dianhydride
(PTCDA) after pyrolysis at 900 ◦C for 10 h under a flowing Ar atmosphere [32].

3. Results and Discussion

3.1. Structure and Morphology

The ICP test results of KMCAO and KMO are shown in Table S1. The chemical
composition of the elements is consistent with the nominal composition. The electrical
conductivities of KMCAO and KMO are measured using the four-probe method. The con-
ductivity values obtained are 9.73 × 10−6 and 6.21 × 10−6 S cm−1, respectively (Table S2).
Higher conductivity will favor the diffusion of ions, thus improving electrochemical per-
formance. Figures 1a and S1a show the Rietveld refinement XRD patterns of KMCAO
and KMO. These patterns indicate that both samples exhibit a P3-type layered structure
and belong to the R3m space group. Figure 1b shows the crystal structure of the P3 phase,
where O ion layers are arranged in parallel in ABBCCA order, TM (Mn, Co, Al) ions occupy
octahedral sites, and K ions occupy prismatic sites. The Rietveld refinement XRD reports of
KMCAO and KMO are shown in Tables S3 and S4. The decreasing value of a (KMCAO:
a = 2.8681 Å, KMO: a = 2.8745 Å) indicates that Co/Al co-substitution shrinks the TM
layers, which helps stabilize the TM layers. The analysis of the cell parameters along the
c-axis shows an enlargement of the K layers’ spacing, as evidenced by the increase in c
value (KMCAO: c = 21.1069 Å, KMO: c = 20.8983 Å). This expansion is supported by the
observed shift of the diffraction peak of the KMCAO (003) plane to a smaller angle in the
XRD pattern (Figure S1b). The expansion of the interlayer space facilitates the diffusion of
K ions and reduces the electrostatic repulsion between O ions in the neighboring TM layers.
These effects contribute to the mitigation of phase transitions and interlayer sliding [25].

A spherical-aberration-corrected transmission electron microscope (AC-TEM) is used
to obtain detailed atomic-scale crystal structure information of KMCAO through annular
bright-field (ABF) and high-angle annular dark-field (HAADF) imaging. In the ABF-STEM
images, the O and K layers are represented by bright grey dotted contrasts, while the TM
layer appears as dark dotted contrasts. Conversely, the HAADF-STEM images display a
reversal of contrast. In the ABF-STEM images, the arrangement of the K and TM layers
in an alternating manner, as well as the stacking of the O layer according to the ABBCCA
sequence along the [010] zone axis, can be observed (Figure 1c). This is a typical P3-phase
structure. The HAADF-STEM image confirms that the distance between the neighboring
layers is about 0.7 nm (Figure 1d), which corresponds to the Rietveld refinement XRD
results (c/3). In addition, the ABF-STEM image reveals a hexagonal symmetry in the
arrangement of the TM atoms along the [001] zone axis (Figure 1e). In the HAADF-STEM
image, the measured distance between adjacent TM atoms is about 0.28 nm, which is
consistent with the cell parameter a in the Rietveld refinement XRD results (Figure 1f). The
detailed crystal structure of KMO can also be observed in the ABF-STEM and HAADF-
STEM images (Figure S2). The scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images (Figure S3a,b,d,e) reveal that both the KMCAO and
KMO samples exhibit irregular polygonal shapes in terms of their particle morphology.
The average particle diameter is approximately 1 μm. The high-resolution TEM (HRTEM)
images show clear lattice stripes, indicating their high crystallinity. The lattice spacing is
measured to be approximately 0.24 nm, corresponding to the (012) plane of the P3-type
layered structure (Figure S3c,f). And both inset Selected Area Electron Diffraction (SAED)
patterns show the hexagonal structure. Further, the energy-dispersive spectroscopy (EDS)
mapping images demonstrate a uniform distribution of K, Mn, (Co, Al) and O elements
throughout all the particles in the samples (Figures 1g and S3g).
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Figure 1. Structure characterizations of the KMCAO and KMO. (a) XRD Rietveld refinement of
KMCAO. (b) P3 type structure schematic. (c) ABF-STEM and (d) HAADF-STEM images of KMCAO
along the [010] zone axis. (e) ABF-STEM and (f) HAADF-STEM images of KMCAO along the [001]
zone axis. (g) HAADF-STEM image of KMCAO and the corresponding EDS mappings for K, Mn, Co,
Al and O elements. The XPS spectra of (h) Mn 2p, (i) Co 2p and (j) Al 2p of KMCAO.

X-ray photoelectron spectroscopy (XPS) is used to characterize the surface chemical
compositions and valences of the corresponding elements in KMCAO and KMO. The
full spectrum clearly shows signals of K, Mn, Co, Al and O elements, confirming the
successful co-substitution of Co and Al elements (Figure S4a). In the Co 2p spectrum of
KMCAO, a double peak feature is observed at 780.1 eV and 795.2 eV, corresponding to
Co 2p3/2 and Co 2p1/2, respectively, indicating the trivalent state of Co ions in the sample
(Figure 1i) [33]. The Al 2p spectrum of the KMCAO exhibits a characteristic peak at 73.3 eV,
corresponding to Al3+ (Figure 1j) [34]. The Mn 2p spectrum exhibits two main peaks that
can be deconvoluted into four characteristic peaks (641.9 eV and 642.9 eV, 653.4 eV and
654.7 eV), which are attributed to Mn 2p3/2 and Mn 2p1/2, respectively. This indicates the
presence of both Mn3+ and Mn4+ in the sample (Figures 1h and S4b) [35]. It is worth noting
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that the area of the Mn4+ characteristic peaks is significantly larger in KMCAO compared
to KMO, which effectively raises the average valence of Mn. The X-ray absorption near
edge structure (XANES) tests are performed to further investigate the average oxidation
state of Mn in KMCAO and KMO (Figure S4c). The comparison of the Mn2O3 and MnO2
reference spectra shows that the average oxidation state of Mn is an intermediate value
between +3 and +4. The photon energy of the Mn K-edge of KMCAO shifts to a higher
energy, indicating an increased oxidation state of Mn after Co/Al co-substitution. This
finding is also consistent with the results obtained from theoretical chemical component
valence calculations (Table S5). This co-substitution strategy could potentially mitigate
the structural degradation caused by the Jahn-Teller effect of Mn3+, thereby enhancing the
overall structural stability of the electrode materials.

3.2. Electrochemical Performance

The K storage performance of the prepared KMCAO and KMO cathodes was evalu-
ated using cyclic voltammetry (CV) and constant current charge/discharge tests within the
voltage range of 1.5~3.9 V. Figure 2a,b show the typical CV curves for KMCAO and KMO
cathodes, respectively, at a scan rate of 0.2 mV s−1. KMCAO shows five pairs of redox
peaks. It is generally believed that the pair of redox peaks at 1.78/1.50 V may be related to
the transformation of K+/vacancy order/disorder due to the mixing of transition metal
ions [36]. And the two pairs of redox peaks at 2.08/1.87 V and 2.50/2.28 V are attributed to
the Mn3+/Mn4+ redox pair, while the other two pairs of redox peaks at 2.84/3.14 V and
3.58/3.81 V are associated with Mn3+/Mn4+ and Co3+/Co4+ contributions [37,38]. The
redox peaks in KMO are all attributed to Mn3+/Mn4+ [18]. Compared to the pristine KMO,
the Co/Al co-substitution significantly reduces the potential interval between the oxidation
and reduction peaks, and the reduction in polarization will be beneficial for its practical
application. Table S6 shows the calculation of voltage polarization. In addition, the better
overlap of the CV curves indicates that KMCAO has remarkable reversibility during the
electrochemical reaction process. The participation of active Co elements in the electro-
chemical reaction contributes to additional capacity, while the electrochemically inactive Al
element stabilizes the layer structure through robust Al-O bonding [39]. Figures 2c and S5
show the charge/discharge curves of KMCAO and KMO cathodes for different cycles
at a rate of 0.1 A g−1. The voltage plateaus correspond to the redox peaks. Co/Al co-
substitution in KMO can effectively smooth the charge–discharge profiles and increase the
reversible capacity. At 0.1 A g−1, KMCAO exhibits a high reversible discharge specific
capacity of 102 mAh g−1, with a capacity retention of 83.3% after 150 cycles. In contrast,
the KMO cathode shows a rapid capacity decrease from 91 mAh g−1 to 48 mAh g−1 after
150 cycles, corresponding to a capacity retention of only 52.7% (Figure 2d). The SEM and
TEM images after cycling for KMCAO and KMO are presented in Figure S6. The particle
morphology of both KMCAO and KMO are preserved well after cycling. In comparison,
KMCAO has a better integrity of particle morphology. In addition, the KMCAO cathode
has an excellent rate performance with average discharge specific capacities of 111, 104, 96,
87, 77 and 67 mAh g−1 at 0.05, 0.1, 0.2, 0.5, 1 and 2 A g−1, respectively. When the current
density is reset to 0.05 A g−1, a discharge specific capacity of 108 mAh g−1 can be obtained,
which is close to the initial value (Figure 2e). The corresponding charge/discharge curves
demonstrate the rapid K+ storage property and low polarization characteristics of the KM-
CAO cathode (Figures 2f and S7). The KMCAO cathode also exhibits a long cycle lifespan.
After 500 cycles at 1 A g−1, the discharge specific capacity is 58 mAh g−1, corresponding to
a capacity retention of 71.6%. In comparison, the KMO cathode retains only 49.2% of its
capacity (Figure 2g). This improved cycling performance can be attributed to the successful
regulation of the Mn average valence through Co/Al co-substitution, which suppresses
the Jahn-Teller effect. Notably, the KMCAO cathode demonstrates competitive K+ storage
performance compared to previously reported layered oxide cathodes for PIBs (Table S7).
The electrochemical performance of the high mass loadings of KMCAO is investigated
(Figure S8). It also performs well. After 100 cycles at 0.1 A g−1, the KMCAO with a high
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mass loading of 7.11 mg cm−2 maintains a high reversible capacity of 64 mAh g−1 and
capacity retention of 77.1%. Also, the KMCAO demonstrates exceptional rate performance
even with a high mass loading of 6.34 mg cm−2. The average discharge capacities are 88,
81, 74, 65 and 54 mAh g−1 at 0.1, 0.2, 0.5, 1 and 2 A g−1, respectively. Further, galvanostatic
intermittent titration technique (GITT) and electrochemical impedance spectroscopy (EIS)
tests are performed to investigate the K+ diffusion dynamics of the KMCAO and KMO
cathodes. Based on the GITT test results (Figure S9a,b), the K+ diffusion coefficient of
KMCAO is calculated to be 10−9–10−11 cm2 s−1 during the first discharge cycle, which
is generally higher than that of the pristine KMO cathode (Figure S9c). The EIS fitting
results show that the KMCAO cathode has a lower charge transfer resistance and faster K+

diffusion dynamics compared to the KMO cathode (Figure S10 and Table S8).

Figure 2. Electrochemical performance of KMCAO and KMO in 1.5~3.9 V (vs. K+/K). CV curves
of the first three cycles at 0.2 mV s−1 of (a) KMCAO and (b) KMO. (c) Charge/discharge curves of
KMCAO at 0.1 A g−1. (d) Cycling performance at 0.1 A g−1. (e) Rate performance at 0.05, 0.1, 0.2,
0.5, 1 and 2 A g−1. (f) The corresponding charge/discharge curves of KMCAO at different rates.
(g) Long-term cycling performance at 1 A g−1.

3.3. Potassium Storage Mechanism

In order to investigate the detailed crystal structure evolution during the K+ inter-
calation/de-intercalation process, in situ XRD experiments are conducted to monitor the
charging/discharging process of both the KMCAO and KMO cathodes (Figure 3). During
the charging process, the (006) plane of KMCAO gradually shifts to a lower angle, while the
(101), (012) and (015) planes shift to higher angles. These observations indicate the detach-
ment of K+. K+ acts as an electrostatic shield between the O layers. With K+ extraction, the
shielding effect weakens and the electrostatic repulsion between O ions dominates. This
leads to an expansion of the c-axis and a contraction of the a-b plane [40]. At higher voltages,
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the (015) peak disappears and a new diffraction peak appears at about 40.5◦, corresponding
to the (104) plane of the O3 phase. During discharge, the (015) peak reappears as the voltage
decreases. At this stage, the electrostatic repulsion between the O layers decreases with the
re-insertion of K+. The (006) plane shifts back to a higher angle, and the (101), (012) and
(015) planes shift to lower angles, restoring the initial P3 phase state. These shift behaviors
of typical planes are the same in the first two charge/discharge cycles, showing the highly
reversible K+ intercalation/de-intercalation process (Figure 3a,b). In the case of KMO, the
phase transition between P3 and O3 also occurs in the high-potential zone. However, a
notable difference arises as the (006) plane experiences a sudden jump during the phase
transition, corresponding to an abrupt change in the lattice parameter c value, which shows
a drastic lattice distortion in KMO. On the other hand, the c value of KMCAO changes
smoothly throughout the charging/discharging process (Figure S11). The (104) plane also
exhibits a jump during the process (Figure 3c,d). In addition to the phase transition in the
high-potential zone, the intensity of the KMO (006) plane diminishes in the low-potential
zone (discharging to ~2.5 V and charging to ~2.8 V), indicating a weakening of the P3 phase
feature. Furthermore, indistinguishable diffraction peaks appear near the (101) and (012)
planes, while the (015) peak shows jumping displacements and disconnections. Therefore,
we suggest that these complex and severe phase transitions may accelerate the further
degradation of the lattice structure of the KMO cathode during charging/discharging,
leading to the poor cycle stability observed during K+ intercalation/de-intercalation [41].

Figure 3. In situ XRD characterization of (a,b) KMCAO and (c,d) KMO at 50 mA g−1 in the range of
1.5~3.9 V.

3.4. First-Principles Calculations

First-principles calculations are conducted to further investigate the reasons for the
superior electrochemical performance of the KMCAO cathode. First, based on the crystal
structures of KMCAO (Figure 4a,b) and KMO (Figure S12a,b), the transition state structures
are constructed using the Climbing Image Nudged Elastic Band (CINEB) method with
linear interpolation points [42], illustrating the path for K+ migration (the green balls in
the figures). Subsequently, the migration energy barrier of K+ in the KMCAO lattice is
calculated to be about 0.61 eV (Figure 4c). The lower migration energy barriers favor K+
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intercalation and de-intercalation, thereby facilitating highly reversible redox reactions. In
addition, the density of states (DOS) show that KMCAO exhibits a continuous distribution
of the density of states near the Fermi energy level, with a significantly higher intensity
of the density of states compared to KMO, which has a clear band gap near the Fermi
energy level. This confirms the enhanced electrical conductivity of the KMCAO material.
These results provide conclusive evidence for the excellent electrochemical performance
of the KMCAO cathode. Overall, the Co/Al co-substitution offers more active channels
for K+ diffusion, which helps alleviate the irreversible phase transition during the reaction,
thereby ensuring the maintenance of the structural stability of the crystals.

Figure 4. First-principles calculations. Schematic of the KMCAO crystal structure showing the K+

migration pathways (indicated by the green balls) from (a) the side and (b) the top views. (c) The
corresponding migration energy barriers in KMCAO and KMO. Density of states of (d) KMCAO and
(e) KMO.

3.5. Full Cell Demonstration

To assess the practical application potential of the KMCAO cathode, performance tests
are conducted on a potassium-ion full cell, paired with a soft carbon anode (Figure 5). The
structural and morphological characterizations of the soft carbon are shown in Figure S13.
And Figure S14 shows its electrochemical performances. Before assembling the full cell,
the soft carbon anode was pre-cycled at 0.01~1.5 V (vs. K+/K) to activate the material. The
anode/cathode capacity ratio is adjusted to 1.2 to eliminate irreversibility. The configuration
and operational mechanism of typical full PIBs are shown in Figure 5a. Figure 5b shows
the normalized charge/discharge curves of KMCAO and soft carbon electrodes in half/full
PIBs. The full cell maintains a high specific capacity of 82 mAh g−1 after 100 cycles at
0.1 A g−1 (Figure 5c). It also exhibits a good rate performance, with average discharge
specific capacities of 85, 76, 73, 71 and 69 mAh g−1 at 0.1, 0.2, 0.3, 0.4 and 0.5 A g−1,
respectively (Figure 5d). When tested at 0.3 A g−1, the initial discharge specific capacity of
the full cell was 76 mAh g−1 and the initial coulombic efficiency was close to 99%. And the
capacity remains at 80.2% after 300 cycles. (Figure 5e). These results highlight that KMCAO
cathode has a great deal of potential for practical applications in PIBs.
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Figure 5. Electrochemical performance of potassium-ion full cell based on KMCAO/soft carbon in
0.8~3.8 V. (a) Schematic illustration of the cell configuration and operational mechanism of the full
PIBs. (b) Normalized charge/discharge curves of the half and full PIBs. (c) Cycling performance at
0.1 A g−1. (d) Rate performance at 0.1, 0.2, 0.3, 0.4 and 0.5 A g−1. (e) Long-term cycling capability at
0.3 A g−1.

4. Conclusions

In summary, the successful synthesis of a Co/Al co-substituted P3-type layered KM-
CAO cathode for PIBs has been achieved. The incorporation of Co3+/Al3+ into the Mn3+

sites effectively suppresses the Jahn-Teller distortion. Additionally, Co contributes to the
electrochemical reaction, enhancing capacity, while Al forms stable bonds with oxygen,
further stabilizing the layer structure. The KMCAO cathode exhibits a specific discharge
capacity of 111 mAh g−1 at 0.05 A g−1. It also shows an excellent rate performance with a
specific capacity of 81 mAh g−1 at 1 A g−1 and retains 71.6% of its capacity after 500 cycles.
The Co/Al co-substitution also results in a wider spacing between the K layers, reduced
K+ diffusion barriers and faster K+ diffusion dynamics compared to the pristine KMO
cathode. Furthermore, the in situ XRD results show that the KMCAO cathode exhibits
a milder phase transition during electrode cycling. The Co/Al co-substitution strategy
employed in this work provides an effective approach for designing high-performance
cathode materials in PIBs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma17061277/s1. Figure S1. (a) XRD Rietveld refinement of KMO.
(b) Zoomed-in image of XRD patterns of KMCAO and KMO for (003) peaks. Figure S2. (a) ABF-STEM
and (b) HAADF-STEM images of KMO along the [010] zone axis. (c) ABF-STEM and (d) HAADF-
STEM images of KMO along the [001] zone axis. Figure S3. (a) SEM, (b) TEM and (c) HRTEM
images of KMCAO. (d) SEM, (e) TEM and (f) HRTEM images of KMO (inset: SEAD pattern). (g)
HAADF-STEM image of KMO and the corresponding EDS mappings for K, Mn and O elements.
Figure S4. (a) The XPS spectra of KMCAO and KMO. (b) Mn 2p of KMO. (c) XANES spectra of
Mn K-edge. Figure S5. Charge/discharge curves of KMO at 0.1 A g−1. Figure S6. SEM images
after 150 cycles at 0.1 A g−1 for (a) KMCAO and (b) KMO. TEM images after 150 cycles at 0.1 A
g−1 for (c) KMCAO and (d) KMO. Figure S7. The corresponding charge/discharge curves of KMO
at different rates. Figure S8. Cycling and rate performances of KMCAO at the high mass loadings.
(a) Charge/discharge curves at 0.1 A g−1 (b) Cycling performance with coulombic efficiencies
measured at 0.1 A g−1. (c) Rate performance conducted at 0.05, 0.1, 0.2, 0.5, 1 and 2 A g−1. Figure S9.
Potential response of (a) KMCAO and (b) KMO during GITT measurements. (c) The calculated
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diffusion coefficient of K+ for KMCAO and KMO. Figure S10. Nyquist plots and the equivalent circuit
model. Figure S11. Lattice parameter c variation of (a) KMCAO and (b) KMO during the second
charge/discharge process. Figure S12. Schematic crystal structure of KMO showing the K+ migration
pathways (described by the green balls) from (a) the side and (b) the top views. Figure S13. Structural
and morphological characterizations of soft carbon. (a) XRD pattern. (b) SEM image. (c) Raman
spectrum. Figure S14. Electrochemical performances in the potential range of 0.01–1.5 V of soft carbon.
(a) Charge/discharge curves at 0.1 A g−1. (b) Cycling performance at 0.1 A g−1. (c) Rate performance
at 0.1, 0.2, 0.5, 1 and 2 A g−1. Table S1. ICP measurement results of KMCAO and KMO. Table S2.
The resulting electrical conductivities of KMCAO and KMO measured by the four-point probe
method. Table S3. Structural parameters and atomic position of KMCAO from Rietveld refinement.
Table S4. Structural parameters and atomic position of KMO from Rietveld refinement. Table S5. Mn
average valence calculation results of K0.45Mn0.7Co0.2Al0.1O2 and K0.45MnO2. Table S6. The voltage
polarization calculation results of K0.45Mn0.7Co0.2Al0.1O2 and K0.45MnO2. Table S7. Electrochemical
performance of K0.45Mn0.7Co0.2Al0.1O2 compared with other layered oxide cathodes in PIBs. Table
S8. The obtained resistance values for K0.45MnO2 and K0.45Mn0.7Co0.2Al0.1O2 through fitting the EIS
spectra along the equivalent circuit. Refs. [28,40,43–51] are cited in the Supplementary Materials.

Author Contributions: Conceptualization, J.L. and X.W. (Xuanpeng Wang); Methodology, J.L.; Soft-
ware, W.S.; Validation, W.S.; Formal analysis, G.Z.; Investigation, G.Z.; Resources, C.H.; Data curation,
C.H.; Writing—original draft, J.L.; Writing—review & editing, J.M. and X.W. (Xuanpeng Wang);
Visualization, X.W. (Xiujuan Wei); Supervision, X.W. (Xiujuan Wei); Project administration, X.W.
(Xiujuan Wei); Funding acquisition, X.W. (Xuanpeng Wang). All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (52373306,
52102225), the Natural Science Foundation of Hubei Province (2023AFA053), and the Hainan Provin-
cial Joint Project of Sanya Yazhou Bay Science and Technology City (2021CXLH0007). And the APC
was funded by the Hainan Provincial Joint Project of Sanya Yazhou Bay Science and Technology City
(2021CXLH0007).

Data Availability Statement: Data are contained within the article and Supplementary Materials.

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

References

1. Camargos, P.H.; dos Santos, P.H.J.; dos Santos, I.R.; Ribeiro, G.S.; Caetano, R.E. Perspectives on Li-ion battery categories for
electric vehicle applications: A review of state of the art. Int. J. Energy Res. 2022, 46, 19258–19268. [CrossRef]

2. Kainat, S.; Anwer, J.; Hamid, A.; Gull, N.; Khan, S.M. Electrolytes in Lithium-Ion Batteries: Advancements in the Era of Twenties
(2020’s). Mater. Chem. Phys. 2024, 313, 128796. [CrossRef]

3. Kobayashi, T.; Ohnishi, T.; Osawa, T.; Pratt, A.; Tear, S.; Shimoda, S.; Baba, H.; Laitinen, M.; Sajavaara, T. In-Operando Lithium-Ion
Transport Tracking in an All-Solid-State Battery. Small 2022, 18, 2204455. [CrossRef]

4. Tatara, R.; Ishihara, K.; Kosugi, M.; Aoki, K.; Takei, Y.; Matsui, T.; Takayama, T.; Komaba, S. Application of Potassium Ion
Conducting KTiOPO4 as Effective Inner Solid-Contact Layer in All-Solid-State Potassium Ion-Selective Electrode. J. Electrochem.
Soc. 2023, 170, 027507. [CrossRef]

5. Woo, D.; Ban, M.; Lee, J.S.; Park, C.Y.; Kim, J.; Kim, S.; Lee, J. Anisotropic lens-shaped mesoporous carbon from interfacially
perpendicular self-assembly for potassium-ion batteries. Chem. Commun. 2024, 60, 590–593. [CrossRef]

6. Wrogemann, J.M.; Fromm, O.; Deckwirth, F.; Beltrop, K.; Heckmann, A.; Winter, M.; Placke, T. Impact of Degree of Graphitization,
Surface Properties and Particle Size Distribution on Electrochemical Performance of Carbon Anodes for Potassium-Ion Batteries.
Batter. Supercaps 2022, 5, e202200206. [CrossRef]

7. Sada, K.; Darga, J.; Manthiram, A. Challenges and Prospects of Sodium-Ion and Potassium-Ion Batteries for Mass Production.
Adv. Energy Mater. 2023, 13, 2302321. [CrossRef]

8. Dhir, S.; Wheeler, S.; Capone, I.; Pasta, M. Outlook on K-Ion Batteries. Chem 2020, 6, 2442–2460. [CrossRef]
9. Li, J.; Hu, Y.; Xie, H.; Peng, J.; Fan, L.; Zhou, J.; Lu, B. Weak Cation–Solvent Interactions in Ether-Based Electrolytes Stabilizing

Potassium-ion Batteries. Angew. Chem. Int. Ed. 2022, 61, e202208291. [CrossRef]
10. Sohn, W.; Chae, J.S.; Lim, G.H.; Roh, K.C. Ion-exchange-assisted Li0.27K0.72Ni0.6Co0.2Mn0.2O2 cathode in potassium-ion batteries.

J. Alloys Compd. 2022, 898, 162904. [CrossRef]
11. Ko, W.; Kim, J.; Kang, J.; Park, H.; Lee, Y.; Ahn, J.; Ku, B.; Choi, M.; Ahn, H.; Oh, G.; et al. Development of P3-type

K0.70[Cr0.86Sb0.14]O2 cathode for high-performance K-ion batteries. Mater. Today Energy 2023, 36, 101356. [CrossRef]

239



Materials 2024, 17, 1277

12. Le Pham, P.N.; Wernert, R.; Cahu, M.; Sougrati, M.T.; Aquilanti, G.; Johansson, P.; Monconduit, L.; Stievano, L. Prussian blue
analogues for potassium-ion batteries: Insights into the electrochemical mechanisms. J. Mater. Chem. A 2023, 11, 3091–3104.
[CrossRef]

13. Shu, W.; Huang, M.; Geng, L.; Qiao, F.; Wang, X. Highly Crystalline Prussian Blue for Kinetics Enhanced Potassium Storage. Small
2023, 19, 2207080. [CrossRef]

14. Park, W.B.; Han, S.C.; Park, C.; Hong, S.U.; Han, U.; Singh, S.P.; Jung, Y.H.; Ahn, D.; Sohn, K.-S.; Pyo, M. KVP2O7 as a Robust
High-Energy Cathode for Potassium-Ion Batteries: Pinpointed by a Full Screening of the Inorganic Registry under Specific Search
Conditions. Adv. Energy Mater. 2018, 8, 1703099. [CrossRef]

15. Fedotov, S.S.; Luchinin, N.D.; Aksyonov, D.A.; Morozov, A.V.; Ryazantsev, S.V.; Gaboardi, M.; Plaisier, J.R.; Stevenson, K.J.;
Abakumov, A.M.; Antipov, E.V. Titanium-based potassium-ion battery positive electrode with extraordinarily high redox potential.
Nat. Commun. 2020, 11, 1484. [CrossRef]

16. Park, S.; Park, S.; Park, Y.; Alfaruqi, M.H.; Hwang, J.-Y.; Kim, J. A new material discovery platform of stable layered oxide
cathodes for K-ion batteries. Energy Environ. Sci. 2021, 14, 5864–5874. [CrossRef]

17. Jha, P.K.; Totade, S.N.; Barpanda, P.; Sai Gautam, G. Evaluation of P3-Type Layered Oxides as K-Ion Battery Cathodes. lnorg. Chem.
2023, 62, 14971–14979. [CrossRef] [PubMed]

18. Kim, Y.; Oh, G.; Lee, J.; Kang, H.; Kim, H.; Park, J.; Kansara, S.; Hwang, J.-Y.; Park, Y.; Lestari, K.R.; et al. Stabilization of
layered-type potassium manganese oxide cathode with fluorine treatment for high-performance K-ion batteries. J. Power Sources
2023, 588, 233729. [CrossRef]

19. Zhu, X.; Meng, F.; Zhang, Q.; Xue, L.; Zhu, H.; Lan, S.; Liu, Q.; Zhao, J.; Zhuang, Y.; Guo, Q.; et al. LiMnO2 cathode stabilized by
interfacial orbital ordering for sustainable lithium-ion batteries. Nat. Sustain. 2021, 4, 392–401. [CrossRef]

20. Zhao, Z.; Xu, T.; Yu, X. Unlock the Potassium Storage Behavior of Single-Phased Tungsten Selenide Nanorods via Large Cation
Insertion. Adv. Mater. 2023, 35, 2208096. [CrossRef]

21. Li, X.; Ma, X.; Su, D.; Liu, L.; Chisnell, R.; Ong, S.P.; Chen, H.; Toumar, A.; Idrobo, J.-C.; Lei, Y.; et al. Direct visualization of the
Jahn–Teller effect coupled to Na ordering in Na5/8MnO2. Nat. Mater. 2014, 13, 586–592. [CrossRef]

22. Hwang, J.-Y.; Kim, J.; Yu, T.-Y.; Jung, H.-G.; Kim, J.; Kim, K.-H.; Sun, Y.-K. A new P2-type layered oxide cathode with superior
full-cell performances for K-ion batteries. J. Mater. Chem. A 2019, 7, 21362–21370. [CrossRef]

23. Kim, H.; Seo, D.-H.; Kim, J.C.; Bo, S.-H.; Liu, L.; Shi, T.; Ceder, G. Investigation of Potassium Storage in Layered P3-Type K0.5MnO2
Cathode. Adv. Mater. 2017, 29, 1702480. [CrossRef]

24. Cho, M.K.; Jo, J.H.; Choi, J.U.; Myung, S.-T. Cycling Stability of Layered Potassium Manganese Oxide in Nonaqueous Potassium
Cells. ACS Appl. Mater. Interfaces 2019, 11, 27770–27779. [CrossRef]

25. Choi, J.U.; Kim, J.; Hwang, J.-Y.; Jo, J.H.; Sun, Y.-K.; Myung, S.-T. K0.54[Co0.5Mn0.5]O2: New cathode with high power capability
for potassium-ion batteries. Nano Energy 2019, 61, 284–294. [CrossRef]

26. Liu, C.-L.; Luo, S.-H.; Huang, H.-B.; Liu, X.; Zhai, Y.-C.; Wang, Z.-W. Fe-doped layered P3-type K0.45Mn1−xFexO2 (x ≤ 0.5) as
cathode materials for low-cost potassium-ion batteries. Chem. Eng. J. 2019, 378, 122167. [CrossRef]

27. Weng, J.; Duan, J.; Sun, C.; Liu, P.; Li, A.; Zhou, P.; Zhou, J. Construction of hierarchical K0.7Mn0.7Mg0.3O2 microparticles as high
capacity & long cycle life cathode materials for low-cost potassium-ion batteries. Chem. Eng. J. 2020, 392, 123649.

28. Xu, Y.-S.; Zhou, Y.-N.; Zhang, Q.-H.; Qi, M.-Y.; Guo, S.-J.; Luo, J.-M.; Sun, Y.-G.; Gu, L.; Cao, A.-M.; Wan, L.-J. Layered oxides with
solid-solution reaction for high voltage potassium-ion batteries cathode. Chem. Eng. J. 2021, 412, 128735. [CrossRef]

29. Zhang, Q.; Didier, C.; Pang, W.K.; Liu, Y.; Wang, Z.; Li, S.; Peterson, V.K.; Mao, J.; Guo, Z. Structural Insight into Layer Gliding
and Lattice Distortion in Layered Manganese Oxide Electrodes for Potassium-Ion Batteries. Adv. Energy Mater. 2019, 9, 1900568.
[CrossRef]

30. Zhong, W.; Liu, X.; Cheng, Q.; Tan, T.; Huang, Q.; Deng, Q.; Hu, J.; Yang, C. Suppressing the interlayer-gliding of layered P3-type
K0.5Mn0.7Co0.2Fe0.1O2 cathode materials on electrochemical potassium-ion storage. Appl. Phys. Rev. 2021, 8, 031412. [CrossRef]

31. Kim, U.-H.; Myung, S.-T.; Yoon, C.S.; Sun, Y.-K. Extending the Battery Life Using an Al-Doped Li[Ni0.76Co0.09Mn0.15]O2 Cathode
with Concentration Gradients for Lithium Ion Batteries. ACS Energy Lett. 2017, 2, 1848–1854. [CrossRef]

32. Wang, X.; Han, K.; Qin, D.; Li, Q.; Wang, C.; Niu, C.; Mai, L. Polycrystalline soft carbon semi-hollow microrods as anode for
advanced K-ion full batteries. Nanoscale 2017, 9, 18216–18222. [CrossRef]

33. Gogula, S.K.; Gangadharappa, V.A.; Jayaraman, V.K.; Prakash, A.S. High-Voltage Layered NaNi0.5Co0.1Ti0.3Sb0.1O2 Cathode for
Sodium-Ion Batteries. Energy Fuels 2023, 37, 4143–4149. [CrossRef]

34. Chae, M.S.; Kim, H.J.; Lyoo, J.; Attias, R.; Gofer, Y.; Hong, S.-T.; Aurbach, D. Anomalous Sodium Storage Behavior in Al/F
Dual-Doped P2-Type Sodium Manganese Oxide Cathode for Sodium-Ion Batteries. Adv. Energy Mater. 2020, 10, 2002205.
[CrossRef]

35. Eom, S.; Jeong, S.H.; Lee, S.J.; Jung, Y.H.; Kim, J.-H. Mitigating the P2–O2 phase transition of Ni–Co–Mn based layered oxide for
improved sodium-ion batteries via interlayered structural modulation. Mater. Today Energy 2023, 38, 101449. [CrossRef]

36. Liang, J.; Lin, C.; Meng, X.; Liang, M.; Lai, J.; Zheng, X.; Huang, Q.; Liu, L.; Shi, Z. P3-Type K0.45Co1/12Mg1/12Mn5/6O2 as
a superior cathode material for potassium-ion batteries with high structural reversibility ensured by Co–Mg Co-substitution.
J. Mater. Chem. A 2021, 9, 17261–17269. [CrossRef]

37. Hao, J.; Xiong, K.; Zhou, J.; Rao, A.M.; Wang, X.; Liu, H.; Lu, B. Yolk–Shell P3-Type K0.5[Mn0.85Ni0.1Co0.05]O2: A Low-Cost
Cathode for Potassium-Ion Batteries. Energy Environ. Mater. 2022, 5, 261–269. [CrossRef]

240



Materials 2024, 17, 1277

38. Sada, K.; Barpanda, P. P3-type layered K0.48Mn0.4Co0.6O2: A novel cathode material for potassium-ion batteries. Chem. Commun.
2020, 56, 2272–2275. [CrossRef] [PubMed]

39. Singh, A.N.; Kim, M.-H.; Meena, A.; Wi, T.-U.; Lee, H.-W.; Kim, K.S. Na/Al Codoped Layered Cathode with Defects as
Bifunctional Electrocatalyst for High-Performance Li-Ion Battery and Oxygen Evolution Reaction. Small 2021, 17, 2005605.
[CrossRef] [PubMed]

40. Xiao, Z.; Xia, F.; Xu, L.; Wang, X.; Meng, J.; Wang, H.; Zhang, X.; Geng, L.; Wu, J.; Mai, L. Suppressing the Jahn–Teller Effect in
Mn-Based Layered Oxide Cathode toward Long-Life Potassium-Ion Batteries. Adv. Funct. Mater. 2022, 32, 2108244. [CrossRef]

41. Caixiang, Z.; Hao, J.; Zhou, J.; Yu, X.; Lu, B. Interlayer-Engineering and Surface-Substituting Manganese-Based Self-Evolution for
High-Performance Potassium Cathode. Adv. Energy Mater. 2023, 13, 2203126. [CrossRef]

42. Henkelman, G.; Jónsson, H. Improved tangent estimate in the nudged elastic band method for finding minimum energy paths
and saddle points. J. Chem. Phys. 2000, 113, 9978–9985. [CrossRef]

43. Kresse, G.; Furthmüller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis
set. Comput. Mater. Sci. 1996, 6, 15–50. [CrossRef]

44. Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 1999, 59, 1758–1775.
[CrossRef]

45. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865–3868.
[CrossRef] [PubMed]

46. Monkhorst, H.J.; Pack, J.D. Special points for Brillouin-zone integrations. Phys. Rev. B 1976, 13, 5188–5192. [CrossRef]
47. Henkelman, G.; Uberuaga, B.P.; Jónsson, H. A climbing image nudged elastic band method for finding saddle points and

minimum energy paths. J. Chem. Phys. 2000, 113, 9901–9904. [CrossRef]
48. Zhang, Z.; Hu, Q.; Liao, J.; Xu, Y.; Duan, L.; Tian, R.; Du, Y.; Shen, J.; Zhou, X. Uniform P2-K0.6CoO2 Microcubes as a High-Energy

Cathode Material for Potassium-Ion Batteries. Nano Lett. 2023, 23, 694–700. [CrossRef]
49. Luo, R.-J.; Li, X.-L.; Ding, J.-Y.; Bao, J.; Ma, C.; Du, C.-Y.; Cai, X.-Y.; Wu, X.-J.; Zhou, Y.-N. Suppressing Jahn-Teller distortion

and phase transition of K0.5MnO2 by K-site Mg substitution for potassium-ion batteries. Energy Storage Mater. 2022, 47, 408–414.
[CrossRef]

50. Xu, Y.-S.; Zhang, Q.-H.; Wang, D.; Gao, J.-C.; Tao, X.-S.; Liu, Y.; Sun, Y.-G.; Gu, L.; Chang, B.-B.; Liu, C.-T.; et al. Enabling reversible
phase transition on K5/9Mn7/9Ti2/9O2 for high-performance potassium-ion batteries cathodes. Energy Storage Mater. 2020, 31,
20–26. [CrossRef]

51. Jo, J.H.; Choi, J.U.; Park, Y.J.; Jung, Y.H.; Ahn, D.; Jeon, T.-Y.; Kim, H.; Kim, J.; Myung, S.-T. P2-K0.75[Ni1/3Mn2/3]O2 Cathode
Material for High Power and Long Life Potassium-Ion Batteries. Adv. Energy Mater. 2020, 10, 1903605. [CrossRef]

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

241



Citation: Tian, H.; Zhang, H.; Zuo, Y.;

Ling, L.; Meng, T.; Zhang, H.; Sun, X.;

Cai, S. An Artificial MnWO4 Cathode

Electrolyte Interphase Enabling

Enhanced Electrochemical

Performance of δ-MnO2 Cathode for

Aqueous Zinc Ion Battery. Materials

2023, 16, 3228. https://doi.org/

10.3390/ma16083228

Academic Editors: Huang Zhang and

Yuan Ma

Received: 23 March 2023

Revised: 12 April 2023

Accepted: 15 April 2023

Published: 19 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

An Artificial MnWO4 Cathode Electrolyte Interphase Enabling
Enhanced Electrochemical Performance of δ-MnO2 Cathode for
Aqueous Zinc Ion Battery

Hao Tian, Huanlin Zhang, You Zuo, Lei Ling, Tengfei Meng, Hang Zhang, Xiaohong Sun and Shu Cai *

Key Laboratory of Advanced Ceramics and Machining Technology of Ministry of Education,
School of Materials Science and Engineering, Tianjin University, Tianjin 300072, China
* Correspondence: caishu@tju.edu.cn

Abstract: The dissolution of active material in aqueous batteries can lead to a rapid deterioration
in capacity, and the presence of free water can also accelerate the dissolution and trigger some side
reactions that affect the service life of aqueous batteries. In this study, a MnWO4 cathode electrolyte
interphase (CEI) layer is constructed on a δ-MnO2 cathode by cyclic voltammetry, which is effective
in inhibiting the dissolution of Mn and improving the reaction kinetics. As a result, the CEI layer
enables the δ-MnO2 cathode to produce a better cycling performance, with the capacity maintained
at 98.2% (vs. activated capacity at 500 cycles) after 2000 cycles at 10 A g−1. In comparison, the
capacity retention rate is merely 33.4% for pristine samples in the same state, indicating that this
MnWO4 CEI layer constructed by using a simple and general electrochemical method can promote
the development of MnO2 cathodes for aqueous zinc ion batteries.

Keywords: cathode electrolyte interphase; Mn dissolution; δ-MnO2 cathode; electrochemical
performance; aqueous zinc ion battery

1. Introduction

At present, aqueous zinc ion batteries (AZIBs) have been widely studied for energy
storage due to various advantages such as low cost, environmental benignity, and high
safety performance [1–10]. So far, there have been various materials reported to be suitable
as cathodes for AZIBs, including manganese-based materials [11–15], vanadium-based
materials [16–20], and Prussian blue analogs [21–24]. Among them, manganese oxide has
attracted widespread attention because of its abundance, low toxicity, high energy density,
and structural diversity [25]. However, Mn dissolution issues still limit the cycling stability
of manganese-based materials for AZIBs [26].

In the past decades, there has been some progress made in the research on how to
improve the performance of electrode materials [27] and electrolytes [28] in resisting the
dissolution of cathodes. Apart from the existing strategies, researchers have also discovered
that the construction of an electrode-electrolyte interphase (EEI), including anode electrolyte
interphase and cathode electrolyte interphase, can also help improve the energy density,
cycling performance, and power density of batteries [29]. Therefore, building the cathode
electrolyte interphase (CEI) surface protection layer is considered a feasible solution to
the dissolution of cathodes. However, the research on CEI is still limited now due to
the complexity of the cathode energy storage mechanism for AZIBs and the difficulty in
characterizing various interfacial reactions [30].

Typically, the methods of CEI construction are divided into two categories: in situ
formation and artificial synthesis. In recent years, some studies have reportedly been
conducted on the in situ formation of CEI. Liang et al. proposed to perform electrochemical
synthesis of the CaSO4·2H2O layer in situ on a Ca2MnO4 cathode, which significantly
improved the stability and service life of the battery [31]. Cao et al. also built an in situ CEI
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layer of BaSO4 on the Ba0.26V2O5·0.92H2O cathode of AZIBs, which reduced the dissolution
of cathodes, thus leading to an excellent cycling performance [32]. Compared with the
synthesis of CEI in situ, the artificial construction of CEI is much easier to manipulate.
Xiong et al. synthesized a reduced graphene oxide (rGO) layer coated with α-MnO2 powder,
which improved both rate performance and cycling stability [33]. For different coating
materials, powder coating may cause hindrances to ion transport to some extent. Unlike
the powder coating as described above, the artificial CEI is more similar to cathode coating,
where a layer is formed between the cathode and the electrolyte. Guo et al. reported a HfO2
layer formed on a Zn3V2O7(OH)2·2H2O electrode as an artificial solid electrolyte interphase.
The HfO2 layer was built by means of atomic layer deposition and is capable of isolating
the electrode from the electrolyte, thereby reducing the dissolution of the cathode in the
electrolyte and inhibiting the formation of insulated by-products. As a result, the capacity
retention rate was considerably improved from 45% to 90% after 100 cycles at 0.1 A g−1 [34].
Based on the construction of the CEI layer and its effect on cycling performance, there have
been many studies carried out. For example, Paraffin [35], (Zn(OH)2)3(ZnSO4)(H2O)5 [36],
and SrCO3 [37] have been reported as a kind of CEI layer. All these results demonstrate
that the construction of CEI is effective in significantly enhancing the electrochemical
performance of AZIBs.

For the manganese-based material used in AZIBs, the CEI layer can help prevent
the cathode from direct exposure to the electrolyte, which suppresses Mn dissolution,
thus maintaining high cycling performance and capacity. However, the strategy of CEI
layer construction on manganese-based materials is not universal, and the economic ben-
efits are unsatisfactory. In this study, a CEI layer of MnWO4 is constructed on a δ-MnO2
cathode through a facile electrochemical method (cyclic voltammetry), which not only
inhibits the Mn dissolution but also improves the reaction kinetics. The key to this eco-
nomical and efficient strategy lies in the dissolution of the Mn-based cathode in solutions
that do not co-exist with Mn2+ ions. The prepared MnWO4-coated δ-MnO2 (denoted as
W-MnO2) shows an outstanding cycling performance (98.2% capacity retention vs. acti-
vated capacity at 500 cycles, after 2000 cycles at 10 A g−1), indicating the effectiveness of
the CEI construction strategy. In addition, the low-cost strategy of the CEI layer can be
applied to other manganese-based AZIBs.

2. Experimental Section

2.1. Materials Preparation

The synthesis of the cubic MnCO3 precursor was performed in the way as reported by
others [38]. Firstly, 25 mL of 0.8 M NH4HCO3 aqueous solution, 25 mL of n-butanol, and
500 mL of cyclohexane were thoroughly mixed. Then, 20 g of cetyltrimethylammonium
bromide (CTAB) was added into the mixed solution and stirred until it became clear. Next,
25 mL of 0.4 M MnSO4 aqueous solution was added dropwise into the solution, which led
to a white precipitate. Afterwards, the precipitate was collected through centrifugation,
washed clean with alcohol and distilled water, respectively, and dried under vacuum at
100 ◦C to obtain white MnCO3. To further oxidize MnCO3 into MnO2 [39,40], 1 g of the
synthesized MnCO3 precursor was added into 0.032 M of KMnO4 aqueous solution. Then,
the mixed solution was subjected to ultrasonic treatment for 30 min and stirred for 1 day.
The δ-MnO2 precursor was collected by centrifugation, washed (three times) with alcohol
and distilled water, and finally dried at 75 ◦C.

The δ-MnO2 cathode was produced by using N-methylpirpiridone (NMP) as a solvent
to disperse the precursor powder (δ-MnO2, 70 wt%), conductive additive (Super P, 20 wt%),
and binder (PVDF, 10 wt%), and was coated on carbon fiber paper. The loading density of
the cathode was set to about 1.5 mg cm−2.

The MnWO4-coated δ-MnO2 (W-MnO2) was constructed in a conventional three-
electrode configuration by cyclic voltammetry (CV) at a scan rate of 50 mV/s (negative
scan from −0.6 to 0.6 V for 100 segments). The electrolyte was 0.1 mol/L Na2WO4 solution,
and the pH value was adjusted to 7 by using H2SO4. The pristine δ-MnO2 cathode was

243



Materials 2023, 16, 3228

treated as the working electrode of the three-electrode system, while Ag/AgCl and graphite
were taken as the reference and counter electrodes, respectively. Finally, W-MnO2 was
obtained by washing it thoroughly with distilled water (three times) and drying it at 75 ◦C.
The loading density of the W-MnO2 cathode was approximately 0.5–1% higher than the
pristine cathode.

2.2. Materials Characterization

X-ray diffraction (XRD, D8 Advance, Bruker, Cu Kα) data were collected at a scan
range of 5–70◦ (2θ) and a step size of 0.02◦. Both SEM (Sigma 300, Zeiss, operating
voltage 5 kV) and HR-TEM (JEM-2100F, JEOL) were employed to examine the morphology
and microstructure of the samples. X-ray photoelectron spectroscopy (XPS, PHI-1600,
PerkinElmer) was performed to record the valence states of the samples loaded with Cu.
The C 1s peak with a binding energy of 284.8 eV was used to calibrate all XPS spectra.
Nitrogen adsorption measurements for Brunauer–Emmett–Teller (BET) analysis were tested
at 77 K using an ASAP 2460.

2.3. Electrochemical Measurements

The 2032-type coin cells were assembled with prepared W-MnO2 as the cathode, a Zn
foil as the counter electrode, and an aqueous ZnSO4 (3 M) solution with a MnSO4 additive
(0.2 M) as the electrolyte. The CV and EIS (100 kHz to 10 mHz) were measured on a CHI
660E electrochemical workstation. To conduct the CV tests at different scan rates, the peak
current (i) and scan rate (ν) were determined through Equation (1) [41]:

i = aνb, (1)

where a and b represent variable parameters, and the b-value is obtained through the slope
of log(i) vs. log(ν). Furthermore, the current contribution is divided into capacitive and
diffusion contributions according to Equation (2) [42]:

i = k1V + k2V 1
2 , (2)

where k1 and k2 refer to the coefficients of proportionality for capacitive and diffusion
contributions, respectively. The GCD curves, cycling performance, and GITT measurements
were achieved by using the LAND CT2001A battery test system at room temperature. More-
over, the pause and rest time of GITT at 0.2 A g−1 lasted 10 min and 180 min, respectively.
The diffusion coefficient can be determined through the following equation [43]:

D =
4l2

πτ
, (3)

where D represents the diffusion coefficient, l indicates the diffusion length (cm) of active
materials, and τ refers to the duration of the current pause (s). ΔEs and ΔEt represent
the voltage difference by the current pulse and the voltage difference during the constant
current pulse, respectively.

3. Results and Discussion

The MnWO4-coated δ-MnO2 (W-MnO2) was obtained by means of the electrochemical
treatment (cyclic voltammetry) conducted in a three-electrode system, as shown in Figure 1a.
The working electrode was the δ-MnO2 cathode. Figures S1 and S2 show the XRD and
BET results of δ-MnO2 powder, respectively. According to the N2 adsorption isotherm,
the specific area of δ-MnO2 is 20 m2 g−1. To confirm the chemical composition of the CEI
layer on the δ-MnO2 cathode, XRD was performed for the W-MnO2 cathode, as shown in
Figure 1b. In addition to the weak characteristic peaks of δ-MnO2, a peak appears at 18◦
corresponding to MnWO4 (JCPDS No. 72-0478) after the CV process. Moreover, there are
some other characteristic peaks of MnWO4 observed at around 37◦ and 52◦, indicating the
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presence of the MnWO4 after the CV process. It is suspected that the absence of the δ-MnO2
characteristic peaks may result from the limited crystallinity of δ-MnO2 and the strong
diffraction peak of the carbon fiber paper. XPS was performed to determine the Mn valence
during the CV process. As shown in Figure 1c, the splitting magnitude of two splitting
components for the Mn 3s peak increases to 6.13 eV from 4.87 eV after the electrochemical
treatment. In general, the Mn 3s peak consists of two multiple splitting components [11,44],
with the oxidation state of Mn determined by the splitting magnitude ΔE, which is 6.0 eV
and 4.7 eV for Mn2+ and MnO2 (Mn4+), respectively [45]. It can be found that the valence
state of Mn shifted from +4 in δ-MnO2 to +2 in W-MnO2, indicating the formation of the
MnWO4 on the δ-MnO2 cathode. To determine the effect of MnWO4 formation on the
morphology of δ-MnO2 and the area of MnWO4 distribution, SEM and TEM tests were
performed. As shown in Figure 1d, the size of δ-MnO2 cubes is approximately 500 nm,
and the morphology of the δ-MnO2 cubes is barely changed during the formation of
MnWO4 (Figure 1e). The EDS element mapping of W-MnO2 (Figure 1f) shows a uniform
distribution of element W on the surface of the MnO2 cube, indicating that the MnWO4 is
formed uniformly on the surface of the δ-MnO2 cathode. Moreover, the HRTEM (Figure 1g)
images of the W-MnO2 surface show that lattice fringes are 0.22 nm and 0.249 nm, which
correspond to the (121) and (002) crystal planes of MnWO4, respectively. Meanwhile, the
(121), (002), and (−113) crystal planes of MnWO4 are also observable in the results of
selected area electron diffraction (SAED). Judging from the image of TEM (Figure 1f), it
can be concluded that MnWO4 was formed on the surface of δ-MnO2 cathodes as a CEI
layer. Thus, it can be inferred that during the CV process, the δ-MnO2 surface is partially
dissolved and rapidly reacts with WO4

2- to form MnWO4 during the CV process. Finally,
the MnWO4 CEI layer is successfully constructed on the δ-MnO2 cathode.

To examine the effect of the MnWO4 CEI layer on the electrochemical performance
of the δ-MnO2 cathode, a number of coin cells were assembled with 3 M ZnSO4 + 0.2 M
MnSO4 as the electrolyte and zinc foil as the anode. Figure 2a presents the CV curves drawn
for the W-MnO2 cathode in the initial five CV cycles. The peak of the CV curves almost
overlap, and their intensity increases at a slow pace after the second cycle, indicating that the
W-MnO2 cathode maintains excellent performance in electrochemical activity and reversibility
after the construction of the CEI layer. For the W-MnO2 cathode, the two cathodic peaks at
1.2 V and 1.4 V correspond to different stages of charge carrier insertion [15,46]. By drawing a
comparison with the CV curves of the δ-MnO2 cathode (Figure S3), the increased intensity of
cathodic peak shown by W-MnO2 near 1.4 V is suspected to result from the improvement of
reaction kinetics by the MnWO4 CEI layer. The galvanostatic charge and discharge (GCD)
curve of the W-MnO2 cathode at 0.2 A g−1 (Figure 2b) shows a slow-paced improvement
of capacity during cycling, suggesting the activation of the W-MnO2 cathode. Afterwards,
the W-MnO2 cathode exhibits two-stage charge carrier intercalation, which is coherent with
the CV results. In comparison with the GCD curves of the δ-MnO2 cathode (Figure S4)
and W-MnO2 cathode, there is almost no difference found between them, indicating that
the CEI layer did not change the characteristics of the two-stage charge carrier intercala-
tion. As confirmed by the cycling test conducted at 0.2 A g−1 (Figure 2c), the W-MnO2
cathode is slowly activated by the MnWO4 CEI layer. In the first 100 cycles, the capacity of
the W-MnO2 cathode improves slowly and stabilizes gradually at around 301.2 mAh g−1,
which is close to the initial capacity of the δ-MnO2 cathode. However, the capacity of the
δ-MnO2 cathode declines continuously, which indicates that the MnWO4 CEI layer improves
the cycling stability significantly. As shown in Figure 2d, the rate capability of the W-MnO2
cathode was evaluated after the activation process. To be specific, the W-MnO2 cathode
achieves a specific discharge capacity of 295.2, 260.5, 237.4, 210.3, 158.1, and 105.5 mAh g−1

at the current density of 0.2, 0.5, 1, 2, 5, and 10 A g−1, respectively. The corresponding
GCD curves of W-MnO2 and δ-MnO2 cathodes at various current densities are presented
in Figures S5 and S6, respectively. Compared with the corresponding values of the δ-MnO2
cathode that vary from 0.2 to 10 A g−1, the capacity rate of W-MnO2 and δ-MnO2 cathodes
reaches 35.7% and 26.9%, respectively. It implies that the MnWO4 CEI layer is conducive
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to improving rate performance. Notably, the W-MnO2 cathode achieves an outstanding
performance in cycling stability at 10 A g−1, as shown in Figure 2e, from which it can be
seen that the capacity of the W-MnO2 cathode slowly increases to 98.6 mAh g−1 during ac-
tivation (initial 500 cycles). After 2000 cycles, the W-MnO2 cathode maintains a capacity
retention rate of 98.2% (vs. the activated capacity at 500 cycles). However, the cycling ca-
pacity of the δ-MnO2 cathode without the MnWO4 CEI layer decreases rapidly after the
initial 100 cycles. Subsequently, the capacity is gradually reduced to 35 mAh g−1 after
2000 cycles. At this point, the capacity retention rate is merely 33.4%. This result confirms
that the electrochemical cycling performance can be improved by the MnWO4 CEI layer on
the δ-MnO2 cathode. Without any significant change in the structure and morphology of
the cathode material, a thin layer constructed on the cathode surface is sufficient to improve
the electrochemical performance significantly. The construction of the CEI layer is more
universal than the adjustment for electrodes [12] and electrolytes [13]. In comparison with
other reported CEI or SEI layers (Table S1, Supporting Information) [31–37], the MnWO4
CEI layer, as constructed in this paper, leads to a significant improvement of high current
cycle performance.

Figure 1. (a) Schematic illustration of the preparation process of MnWO4 CEI layer. (b) XRD patterns
of δ-MnO2 and W-MnO2. (c) High-resolution XPS spectra of Mn 3s region in δ-MnO2 and W-MnO2.
(d,e) The morphology of (d) δ-MnO2 and (e) W-MnO2. (f) TEM image and the elemental mappings
of W-MnO2. (g) HRTEM image of MnWO4 on the surface of W-MnO2 and the corresponding SAED
pattern (inset).
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Figure 2. Electrochemical performance of δ-MnO2 and W-MnO2 cathodes. (a) CV curves of W-MnO2

cathode at 1 mV s−1. (b,c) Galvanostatic charge and discharge curves of the W-MnO2 cathode and
corresponding cycling performance at 0.2 A g−1. (d) Rate capacity of δ-MnO2 and W-MnO2 cathodes
with current density from 0.2 to 10 A g−1. (e) Cycling performance at 10 A g−1.
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To explore the effect of the CEI layer on the mechanism of energy storage, the structure
evolution of the W-MnO2 cathode was analyzed by means of ex situ XRD, XPS, and TEM.
Taking into account the BET result of δ-MnO2 and the morphology change of the W-MnO2
cathode, the storage mechanism was analyzed through bulk diffusion rather than surface
adsorption. The ex situ XRD of the W-MnO2 cathode (Figure 3a) reveals the incremental
increase of characteristic peaks (around 10◦ and 33◦) corresponding to Zn4SO4(OH)6·xH2O
upon the entire discharge process, which evidences the occurrence of H+ insertion. This
is consistent with the findings of previous research [47–50]. In addition, the formation of
Zn4SO4(OH)6·xH2O nanosheet at the discharge stage is revealed by ex situ TEM (Figure S7).
The results of TEM mapping show the presence of S, Zn, and O elements. Moreover, it can
be seen from the SAED pattern (Figure S7) that the nanosheet is Zn4SO4(OH)6·xH2O. In
contrast, H+ is gradually released from the W-MnO2 cathode during the subsequent charge
to 1.8 V, which is accompanied by the disappearance of Zn4SO4(OH)6·xH2O, as shown
in Figure 3c. That is to say, reversible (de)insertion occurs to H+ throughout the storage
process. The reversible storage of Zn2+ in the W-MnO2 host is confirmed by the ex situ XPS
performed on the acid-washed cathodes (Figure 3b). When the cathode is discharged to
1.3 V, there are two strong peaks emerging at 1045.8 and 1022.7 eV, which can be considered
evidence of Zn2+ intercalation [51,52]. The peak strength of the Zn 2p further increases
when the cathode is fully discharged (1 V), indicating the occurrence of Zn2+ intercalation
throughout the discharge process. In addition, the stability of the MnWO4 CEI film during
the cycle process is indicated by TEM, HRTEM, and corresponding SAED (Figure S8) in full
charge and discharge states. Therefore, H+/Zn2+ co-insertion is confirmed as the storage
mechanism of the W-MnO2 cathode during the discharge process.

Figure 3. (a) Ex situ XRD analysis of W-MnO2 cathode at various voltages. (b) XPS spectra of Zn 2p
at different discharge stages.

When the mechanism of energy storage is investigated, the reversible formation of the
by-product (Zn4SO4(OH)6·xH2O) on the cathode is worth noting. During the discharge
process, the formation of Zn4SO4(OH)6·xH2O nanosheets could inhibit the electrochemical
reaction in the cathode to some extent, as reported in other studies [34]. To demonstrate
the impact of the by-product (Zn4SO4(OH)6·xH2O) on the charge transfer resistance, the
EIS test was performed during the discharge process. The EIS data (Figure S9) of the
W-MnO2 cathode were fitted with the equivalent circuit template, as indicated by two
semicircles in the medium and high-frequency regions. The semicircle at a high frequency
is considered as the constructed MnWO4 CEI layer and the Zn4SO4(OH)6·xH2O formed
during the discharge process, while that at a medium frequency is attributed to the charge
transfer resistance (Rct). Figure 4a shows the variation and comparison of the Rct during
different stages of discharge for both W-MnO2 and δ-MnO2 cathodes. Apparently, the Rct of
δ-MnO2 cathode increases rapidly (from 12.62 to 201 Ω), which suggests that the existence
of Zn4SO4(OH)6·xH2O nanosheet plays a part in insulating the active material, which
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impedes electron transport and increases internal resistance. For the W-MnO2 cathode, the
incremental of Rct is more significant compared to the δ-MnO2 cathode, indicating that
the impact of Zn4SO4(OH)6·xH2O is mitigated by the presence of the MnWO4 CEI layer.
Moreover, the Rct of the W-MnO2 cathode is higher than that of the δ-MnO2 cathode in the
initial state, which is due to the relatively low conductivity of the MnWO4 CEI layer.

Figure 4. (a) The charge transfer resistance of W-MnO2 and δ-MnO2 cathodes at the discharge stage.
(b) CV tests at various scan rates from 0.3 to 3 mV s−1. (c) The proportion of capacitive contributions
at different scan rates for W-MnO2. (d) GITT curves of the W-MnO2 cathode after activation during
the discharge process.

To reveal the effect of the MnWO4 CEI layer and Zn4SO4(OH)6·xH2O intermediate
on the reaction kinetics of the W-MnO2 cathode, the kinetics behaviors were analyzed by
carrying out CV (cyclic voltammetric curve) tests at varying scan rates (0.3 to 3.0 mV s−1),
as shown in Figure 4b. For the W-MnO2 cathode, the b-value (Figure S11a) of the three
different peaks is calculated to be 0.80, 0.58, and 0.62 for peaks 1, 2, and 4, respectively.
As for δ-MnO2 cathode (Figures S10 and S11b), the b-value of peaks 1, 2, and 4 is 0.6,
0.41, and 0.53, respectively. The rise in the b-value of the W-MnO2 cathode indicates that
the improvement of reaction kinetics contributes to an excellent rate performance [53].
Furthermore, the capacitive-controlled contribution for the W-MnO2 cathode is calculated
to be 44.1%, 55.5%, 66.5%, 71.9%, 79.2%, and 80.7% at a scan rate of 0.1, 0.2, 0.3, 0.5,
0.8, and 1 mV s−1, respectively (Figure 4c). The proportion of capacitive contribution
to the whole capacity for the W-MnO2 cathode at 1 mV s−1 is 80.7%, suggesting that
the pseudocapacitive behavior dominates the storage mechanism. Compared with the
δ-MnO2 cathode, the capacitive contributions of the δ-MnO2 cathode (Figure S12) is less
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significant at different scan rates, which reaffirms the improvement of reaction kinetics
by the construction of the MnWO4 CEI layer. Finally, to gain an insight into the diffusion
dynamics, the galvanostatic intermittent titration technique (GITT) was applied to calculate
the diffusion coefficient (D) at different stages of discharge (Figures 4d and S13). It can
be found that the W-MnO2 and δ-MnO2 cathodes experience two stages of discharge
according to the D value. In the first one, D is between 10−8 and 10−9. In the second one,
D decreases to the range of 10−9–10−10. It is noteworthy that the MnWO4 CEI layer causes
the diffusion coefficient of the W-MnO2 cathode to be relatively more stable, which is always
above 10−10. To sum up, the MnWO4 CEI layer of δ-MnO2 can mitigate the impact of
Zn4SO4(OH)6·xH2O on the cathode and ensure sufficient reaction kinetics, which explains
the better electrochemical performance.

4. Conclusions

In the present study, a MnWO4 CEI layer was constructed on the δ-MnO2 surface
by following a facile cyclic voltammetry method, which significantly reduced the impact
of by-product (Zn4SO4(OH)6·xH2O) on the cathode and improved the reaction kinetics
during the process of H+/Zn2+ co-intercalation, thus enhancing the rate performance
(295.2 mA at 0.1 A g−1 and 105.5 mA at 10 A g−1). More importantly, the dissolution of Mn
was inhibited in the AZIBs by the MnWO4 CEI layer, thus ensuring its long cycling lifespan.
Compared to the activated capacity at 500 cycles, the capacity retention rate at 10 A g−1

was maintained at 98.2% after 2000 cycles, which is much higher than the retention rate of
33.4% for the pristine MnO2 cathode. This CEI construction strategy could contribute to
exploring the stable Mn-based cathode of AZIBS.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ma16083228/s1, Figure S1: XRD pattern of synthetic
δ-MnO2 pristine powder; Figure S2: N2 adsorption isotherms of δ-MnO2; Figure S3: CV curves
of the δ-MnO2 electrode at 1 mV/s; Figure S4: Galvanostatic charge and discharge curves of the
δ-MnO2 cathode at 0.2 A g−1; Figure S5: Galvanostatic charge and discharge curves of W-MnO2 cath-
ode at various current densities ranging from 0.2 A g−1 to 10 A g−1; Figure S6: Galvanostatic charge
and discharge curves of the δ-MnO2 cathode at various current densities ranging from 0.2 A g−1 to
10 A g−1; Figure S7: High-angle annular bright-field scanning TEM (HAABF-STEM) image and the
corresponding elemental mappings, respectively; Figure S8: (a,b) TEM, HR-TEM and SAED pattern
of W-MnO2: (a,c) charged (1.8 V). (b,d) discharged (1 V); Figure S9: EIS of (a) the W-MnO2 and
(b) δ-MnO2 cathodes at different stages during the discharge process. The equivalent circuit model
for (c) the W-MnO2 and d) the δ-MnO2 electrode; Figure S10: CV tests for δ-MnO2 cathode at various
scan rates ranging from 0.3 to 3 mV/s; Figure S11: (a,b) b values of different peaks in CV curves for
W-MnO2 and δ-MnO2 cathodes: (a) W-MnO2. (b) δ-MnO2; Figure S12: The proportion of capacitive
and diffusion contributions at various scan rates for δ-MnO2; Figure S13: GITT test of the δ-MnO2
cathode; Table S1: Comparison of cycling performance with other recent studies [31–37].
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Abstract: Aqueous zinc-ion batteries (ZIBS) are becoming more popular as the use of energy storage
devices grows, owing to advantages such as safety and an abundant zinc supply. In this study,
molybdenum powder was loaded directly on carbon fiber cloth (CFC) via multi-arc ion plating to
obtain Mo@CFC, which was then oxidatively heated in a muffle furnace for 20 min at 600 ◦C to pro-
duce high mass loading α-MoO3@CFC (α-MoO3 of 12–15 mg cm−2). The cells were assembled with
α-MoO3@CFC as the cathode and showed an outstanding Zn2+ storage capacity of 200.8 mAh g−1 at
200 mA g−1 current density. The capacity retention rate was 92.4 % after 100 cycles, along with an
excellent cycling performance of 109.8 mAh g−1 following 500 cycles at 1000 mA g−1 current density.
Subsequently, it was shown that CFC-loaded α-MoO3 cathode material possessed significantly im-
proved electrochemical performance when compared to a cell constructed from commercial MoO3

using conventional slurry-based electrode methods. This work presents a novel yet simple method
for preparing highly loaded and binder-free cathodic materials for aqueous ZIBs. The results suggest
that the highly loaded cathode material with a high charge density may be potentially employed for
future flexible device assembly and applications.

Keywords: α-MoO3@CFC; binder-free; highly loaded; multi-arc ion plating; aqueous zinc-ion battery

1. Introduction

Lithium-ion batteries have been widely used in consumer gadgets and automobiles as
a result of their excellent energy density. However, the inherent disadvantages, including
lack of safety, increased cost, and environmental concerns have limited their applications
in grid-scale energy storage [1–3]. Aqueous zinc-ion batteries (ZIBs) are seen as a viable
alternative to lithium-ion batteries because of their benefits, such as a high theoretical
capacity (820 mAh g−1), cost efficiency, environmental friendliness, and safety [4,5]. To
date, various cathode materials, including manganese-based [6–8], vanadium-based [9–12],
and Prussian blue analogues [13–15] have been investigated and used in aqueous ZIBs.
During the preparation of electrode materials at the laboratory level, for a high mass
specific capacity, an active material mass (such as mentioned above) of no more than
3 mg cm−2 may be commonly employed. It is still difficult to meet the demand for higher
mass loading to achieve superior energy density and high capacity [16,17]. That is to say,
further increasing the loading of active materials remains a great challenge. In addition,
with the rapid development of flexible wearable devices, the research on flexible electrodes
has attracted extensive attention [18–20]. Combining the two, a more suitable preparation
of high-mass-loading flexible self-supporting electrode materials is needed, which not
only can improve the capacity of aqueous ZIBs, but additionally promote the practical
application of flexible wearable devices.

In this regard, several studies have used the in situ growth of active materials on
flexible substrates to create cathode materials for ZIBs. For example, a series of manganese-
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based and vanadium-based cathode materials with a high mass loading using different syn-
thetic methods (e.g., 3D printing and the hydrothermal method) have been studied [21–24].
Among various candidate cathode materials, orthogonal molybdenum trioxide (α-MoO3) is
theoretically promising as a high mass loading electrode material for high-performance ZIBs
because of its unique layered structure and remarkable thermodynamic stability [25,26]. To
meet the requirements of high mass loading, multi-arc ion plating may be a feasible method,
where the metal is directly evaporated on the solid cathode target by arc discharge, so as
to deposit a thin film on the surface of the substrate [27,28]. To meet the requirements of
flexibility, it is feasible to use carbon fiber cloth (CFC) as the deposition substrate [29,30]. In
the current study, a novel method for producing an α-MoO3@CFC cathode with high mass
loading and no binder via multi-arc ion plating and simple heat treatment is presented.
This approach allows for a significant quantity of active material (about 12–15 mg cm−2)
with a high binding strength to be placed on the CFC without the use of a conductive
agent or binder, thereby improving the problems of active material shedding and the
deterioration of battery performance. As a result, the prepared α-MoO3@CFC demon-
strated an areal capacity of 2.61 mAh cm−2 at 200 mA g−1 current, and a higher energy
density of 200.8 Wh kg−1 (a cathode energy density normalized to the cathode mass). This
work may not only increase the ZIB capacity, but also facilitate the practical use of flexible
wearable devices.

2. Experiments

2.1. Material Synthesis

A two-step procedure was used to fabricate the α-MoO3@CFC. First, the molybdenum
target (Juno Metal Materials Co., Baoji, China) was placed in the multi-arc ion coating
machine (SH007, Changsha Divine Arc Ion Coating Co., Changsha, China) along with the
CFC, both of which had been sonicated with deionized water, acetone, and anhydrous
ethanol. Following that, electrodeposition was initiated for 3 h, and the Mo@CFC was re-
moved when the furnace temperature decreased to room temperature. The mass loading of
Mo@CFC was about 8–10 mg cm−2. The mass ratio of Mo and CFC (about 11–13 mg cm−2)
was about 0.62–0.91. Finally, Mo@CFC was oxidatively heated for 20 min in a muffle
furnace at 600 ◦C to produce α-MoO3@CFC.

2.2. Material Characterization

Characterization of the specimens was conducted using an X-ray diffractometer (XRD,
Rigaku DX-2500) and Cu Kα rays (λ = 1.54178Å) in the 3◦ to 80◦ range, and the morphology
and structure were examined in detail using a scanning electron microscope (Nova Nano
SEM 230) and a high-resolution transmission electron microscope (HRTEM, FEI Tecnai G2
F20, 200 kv).

2.3. Electrochemical Measurements

The batteries utilized in this work for testing electrochemical performance were all
coin cells, type CR2016, and all of the constructed ones were run in air. The anode was
made from a zinc foil with a 12 mm diameter, whereas the manufactured α-MoO3@CFC
was cut into small square pieces of 1 cm × 1 cm for the cathode, with active material mass
loading of about 12–15 mg cm−2. A glass microfiber filter (GFF Whatman) was employed
as a separator, and the electrolyte was a 2 M ZnSO4 solution. They were then assembled
layer by layer and sealed with a fully automated sealer (MSK-110D) before being kept at
room temperature for 24 h for electrochemical testing.

The cathode for the commercial MoO3 cells was fabricated by coating a slurry of
commercial MoO3 powder (purchased from Aladdin Industrial Corporation), polyvinyli-
dene difluoride (PVDF), and acetylene black, with an 8:1:1 mass ratio on the stainless-steel
mesh, which was cut in a 12 mm diameter. The cathode, electrolyte, separator, and as-
sembly procedures are the same as described above. Moreover, for the battery testing
equipment, galvanostatic charge–discharge measurements (LAND CT2001A) were made
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between 0.4 and 1.4 V. Cyclic voltammetry (CV) was carried out at a scan rate of 1 mV s−1

using an electrochemical workstation (CHI-600C, Shanghai, China). To conduct electro-
chemical impedance spectroscopy (EIS), a ZAHNER-IM6ex electrochemical workstation
(ZAHNER Co., Kronach, Germany) was employed.

2.4. Results and Discussion

Figure 1 schematically represents a basic two-step synthesis of α-MoO3@CFC. Mo@CFC
is directly produced by multi-arc ion plating. As a molybdenum source, six pure molybde-
num targets (99.99% purity) are evenly distributed on both sides of the vacuum chamber,
whereas the treated CFC is fixed as a carrier on a rotating rack located at the upper end of
the vacuum chamber, allowing molybdenum to be uniformly plated on. The Mo@CFC is
then placed within a quartz crucible and heated for 20 min at 600 ◦C, allowing Mo@CFC to
fully oxidize to α-MoO3@CFC.

Figure 1. Schematic representation showing the synthesis of α-MoO3@CFC.

As depicted by the Mo@CFC and α-MoO3@CFC in Figure S1 of the Supporting
Information, a layer of off-white α-MoO3 evenly covers the surface of the black pure CFC
following 20 min of heating at 600 ◦C, forming α-MoO3@CFC with good flexibility.

All of the Mo@CFC diffraction peaks are in line with the standard PDF card 42-1120,
as shown in Figure 2b. Figure 2a,b suggest that not only Mo is uniformly plated on the
surface of CFC, but the native structures of Mo and CFC are not disrupted throughout the
preparation process. All of the diffraction peaks of MoO3 are indexed well to orthorhombic
α-MoO3 (JCPDS No.05-0508), with high crystallinity. In contrast, there is a diffraction peak
attributed to Mo4O11 (JCPDS No. 05-0337), indicative of the existence of low-valence-state
Mo after the oxidation treatment. The EDS result (Figure 2d) also suggests that a high
purity α-MoO3@CFC was prepared.

The XRD patterns of α-MoO3@CFC at various heating temperatures are presented in
Figure S2a. When the temperature increases, the crystallinity of α-MoO3 increases gradually.
At 600◦C, the characteristic peak of Mo disappears, which indicates that Mo loaded on
CFC is completely oxidized to α-MoO3 at this temperature. Figure S2b displays the XRD
patterns of α-MoO3@CFC heated for different times at 600 ◦C (40 min and 60 min). With the
increase in heating time, the oxidation of Mo is more complete. At 60 min, the characteristic
peak of Mo4O11 disappears. However, with the extension of time, the CFC was destroyed
by oxidation, and the mechanical properties of the samples weakened. Therefore, 20 min
was determined as being the optimal preparation condition.

SEM images of pure CFC, Mo@CFC, and α-MoO3@CFC are shown in Figure 3a–c.
Because of the enormous amount of Mo powder present on the surface, the diameter of
the previously smooth CFC becomes much thicker following multi-arc ion plating. After
oxidation, α-MoO3@CFC with a one-dimensional rod-like shape are obtained, as presented
in Figure 3c. Furthermore, the SEM image of commercial MoO3 is shown in Figure S3,
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presenting an irregular morphology. The TEM image further confirms the typical rod-like
structure, with a uniform width of about 25 nm and a length of up to about 2 μm. As
presented in Figure 3e, the HRTEM image displays clear lattice fringes with a d-spacing of
0.3814 nm, in good agreement with the (200) crystalline planes of the orthorhombic MoO3.
Moreover, the rod-like structure demonstrates the monocrystalline structure, as indicated
by the SAED pattern (Figure 3f). The energy dispersive spectroscopy (EDS) elemental
mapping images show the compositions of Mo, O, and C (Figure 3g,g1–g3). It is worth
mentioning that the distribution of C is relatively unapparent, due to the high loading
on CFC.

Figure 2. The patterns of X-ray diffraction for (a) Mo powder and pure CFC, and (b) Mo@CFC;
(c,d) X-ray diffraction and EDS of α-MoO3@CFC.

The electrochemical performances of ZIBs containing α-MoO3@CFC and commercial
MoO3 as active cathode materials are shown in Figure 4. Figures 4a and S5 display the
classic CV curves for α-MoO3@CFC and commercial MoO3 in the potential window of
0.4–1.4 V, at a 1 mV s−1 scan rate. Figure 4a represents a group of redox peaks located
at around 0.83 V and 0.48 V, indicating typical battery behavior, with the oxidation peak
situated around 0.83 V arising from the extraction of Zn2+ from α-MoO3@CFC; and the
reduction peak located near 0.48 V can be assigned to the insertion of Zn2+ into MoO3 [25].
A comparison of the cycling performance of α-MoO3@CFC and commercial MoO3 powder
at a current density of 200 mA g−1 is shown in Figure 4b. The initial commercial MoO3 has
a specific capacity of just 125.6 mAh g−1 and decays to 55.8 mAh g−1 following 100 cycles,
with a capacity retention rate amounting to 44.4%. In contrast, the specific capacity of
α-MoO3@CFC stabilizes at around 200 mAh g−1 after 100 cycles, with a capacity retention
rate of 92.4%. Additionally, the calculated areal capacity of this Zn//α-MoO3@CFC battery
reaches 2.61 mAh cm−2 (200.8 mAh g−1 based on the average mass of 13 mg cm−2), with
an excellent energy density of 200.8 Wh kg−1.
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Figure 3. SEM image of (a) CFC, (b) Mo@CFC, and (c) α-MoO3@CFC heated at 600 ◦C for 20 min;
(d–g) TEM image, HRTEM image, SAED image, and EDS mapping of C (g1), O (g2), and Mo (g3) of
the α-MoO3@CFC.

Figure 4c shows the curves of the α-MoO3@CFC-containing cathode at the 1st, 2nd,
5th, 50th, and 100th cycles, charged and discharged at 200 mA g−1. The initial discharge
and charge capacities were equal to 409.3 and 288 mA h g−1, respectively. These values
correspond to a Coulombic efficiency of 70.4%. The series of charge/discharge plateaus
agree well with the CV curves shown in Figure 4a. More notably, the rate performance of
α-MoO3@CFC is significantly improved in comparison to that of commercial MoO3, as is ev-
ident in Figure 4d, with specific capacities of 483.4, 196.2, 138.8, 114.6, and 95.4 mAh g−1 at
current densities ranging from 100 mA g−1 to 2000 mA g−1, respectively. The specific capac-
ity increased to 308.2 mAh g−1 when the current density was returned to 100 mA g−1, and
it remained steady in future cycles. The long-term cycling performance of α-MoO3@CFC
at a current density of 1000 mA g−1 is shown in Figure 4e, where the specific capacity of
α-MoO3@CFC remained at 109.8 mAh g−1 following 500 cycles, whereas the commercial
MoO3 had poor performance, with a rapid decline of the capacity. In addition, the ex situ
SEM images of α-MoO3@CFC and commercial MoO3 after 20 cycles at a current density of
1000 mA g−1 are shown in Figure S4. Obviously, the mechanical stability of α-MoO3@CFC
is better.

In order to better comprehend the excellent electrochemical performance of the α-
MoO3@CFC electrode, electrochemical impedance spectroscopy (EIS) measurements are
shown in Figure 5. The Nyquist plots of both α-MoO3@CFC and commercial MoO3 consist
of semicircles at high frequencies and a straight line at lower frequencies. These regions
correspond to the resistance of the electrode surface (Rf) and a charge-transfer resistance
(Rct), respectively [26,31,32]. Fitting the EIS data obtained for the α-MoO3@CFC and
commercial MoO3 electrodes before cycling showed that Rct values of the cathodes based
on the α-MoO3@CFC and commercial MoO3 materials are equal to 43.73 and 82.09 Ω,
respectively. These results confirmed that α-MoO3@CFC possessed better conductivity,
as well as stronger ion and electron migration ability, than commercial MoO3. From

257



Materials 2022, 15, 5954

a comparison of this work with some reported studies (high mass loading), in some
respects, α-MoO3@CFC-based electrodes for ZIBs have possible application prospects
(see Table 1). The main reason for the improved performance may be the strategy of a
binder-free electrode.

Figure 4. Electrochemical performance of α-MoO3@CFC and commercial MoO3. (a) Presented are
1 mV s−1 CV curves of α-MoO3@CFC, (b) cycle performance of α-MoO3@CFC and commercial MoO3

powder at 200 mA g−1 density, (c) galvanostatic charge–discharge curves of α-MoO3@CFC, (d) rate
performance of α-MoO3@CFC and commercial MoO3 powders. (e) Long-term cycling performance
of α-MoO3@CFC and commercial MoO3 powders at a current density of 1000 mA g−1.

Table 1. Comparison of electrochemical properties of α-MoO3@CFC and reported aqueous zinc-ion
cathode materials.

Type of Material
Cycle Number, Cycling Capacity (mAh g−1)

(Current Density (mA g−1))
Mass Loading (mg cm−2) Ref.

α-MoO3@CFC 100th, 200.8 (200)
500th, 109.8 (1000) 12–15 This Work

MoO3 nanowires 400th, 171.14 (400) 11.1 [25]

MoO3 nanobelt 100th, 254.77 (100) 4.4–4.5 [33]
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Table 1. Cont.

Type of Material
Cycle Number, Cycling Capacity (mAh g−1)

(Current Density (mA g−1))
Mass Loading (mg cm−2) Ref.

V3O7·H2O nanoarray 50th, 323 (100)
800th, 155 (2000) 5 [21]

H11Al2V6O23.2@graphene 400th, 131.7 (2000) 15.7 [24]

3D printed FeVO/rHGO 650th, 126.4 (2000) 12.4 [23]

MnO2 composite electrode 300th, 184 (200) 9.5 [16]

Figure 5. Electrochemical impedance spectroscopy of α-MoO3@CFC and commercial MoO3.

3. Conclusions

In summary, ZIBs are fabricated with a high mass loading (12–15 mg cm−2) and
binder-free cathode material, α-MoO3@CFC, prepared using multi-arc ion plating and
simple heating. When operated at a current density of 200 mA g−1, the α-MoO3@CFC
electrode has an electrochemical specific capacity of 200.8 mAh g−1 after 100 cycles. After
500 cycles at a current density of 1000 mA g−1, it still has a capacity of 109.8 mAh g−1. The
exceptional mechanical characteristics and high areal capacity of 2.61 mAh cm−2 with an
excellent energy density of 200.8 Wh kg−1 reveal considerable promise for flexible wearable
and grid energy storage applications.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ma15175954/s1, Figure S1: Macroscopic morphology of
(a) Mo@CFC, (b) α-MoO3@CFC. Figure S2: XRD patterns of α-MoO3@CFC at (a) different heating
temperatures, (b) different heating times at 600◦C. Figure S3: SEM image of commercial MoO3.
Figure S4: The ex-situ SEM images of α-MoO3@CFC (a) and commercial MoO3 (b) after 20 cycles at a
current density of 1000 mA g−1. Figure S5: 1 mV s−1 CV curves of commercial MoO3.
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Abstract: Aqueous zinc-ion batteries offer the greatest promise as an alternative technology for
low-cost and high-safety energy storage. However, the development of high-performance cathode
materials and their compatibility with aqueous electrolytes are major obstacles to their practical
applications. Herein, we report the synthesis of orthorhombic V2O5·nH2O nanorods as cathodes for
aqueous zinc batteries. As a result, the electrode delivers a reversible capacity as high as 320 mAh g−1

at 1.0 A g−1 and long-term cycling stability in a wide window of 0.2 to 1.8 V using a mild ZnSO4

aqueous electrolyte. The superior performance can be attributed to the improved stability of mate-
rials, inhibited electrolyte decomposition and facilitated charge transfer kinetics of such materials
for aqueous zinc storage. Furthermore, a full cell using microsized Zn powder as an anode within
capacity-balancing design exhibits high capacity and stable cycling performance, proving the feasibil-
ity of these materials for practical application.

Keywords: zinc batteries; V2O5·nH2O nanorods; cathode materials; Zn anode; aqueous batteries

1. Introduction

With the fast development of renewable energy sources, there is an urgent need to
develop low-cost, safe and sustainable energy storage devices to bridge the gap between
intermittent energy generation and the distribution of power consumption [1,2]. Currently,
lithium-ion batteries (LIBs) are dominating the market for powering portable electronics
and electric vehicles, which is taking advantage of their high energy/power densities and
efficiency [3]. However, volatile and flammable organic solvents in the electrolytes bring
safety concerns [4]. Aqueous rechargeable batteries have emerged as a promising alterna-
tive technology, which benefit from the use of water-based electrolytes and similar working
mechanisms making them especially competitive for large-scale energy storage [5,6].

Aqueous zinc-ion batteries (AZIBs) are one of the most promising systems due to their
use of zinc metal as an anode, which has proper redox potential (−0.76 V vs. standard
hydrogen electrode) for aqueous electrolytes, and high theoretical capacity (819 mAh
g−1; 5851 mAh mL−1) [7–11]. However, the cathode materials capable of efficient Zn
storage present the most critical challenge to achieving high-performance AZIBs. So far,
only few cathode candidates have been reported for reversible Zn insertion/extraction,
including manganese oxides, Refs. [12–14] Prussian blue analogues, Refs. [15,16] vanadium
oxides, Refs. [17–19] and organic compounds [20–22].

Orthorhombic vanadium pentoxide (V2O5) holds great potential as a cathode material
for AZIBs, owing to its high theoretical Zn-storage capacity of 589 mAh g−1 (based on the
two-electron redox reaction of V as redox center) [23–25]. Its typically layered structure
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enables the efficient (de-)intercalation of metal ions, providing high capacity and rate
capability [26–28]. However, its long-term cyclability is still unsatisfactory, due to the weak
interactions of intercalated ions of Zn2+ with interlayers. Moreover, the dissolution of
V-based compounds appears to be another issue in aqueous batteries, which affects cycling
stability, especially in electrolytes with a low-pH value. To improve the redox kinetics and
prolong the cycle life, various strategies have been reported. On one hand, by chemically
pre-intercalated metal ions or foreign molecules, the layered vanadium oxides showed well-
improved reversibility and cycling performance. In this respect, both alkali/alkaline-earth
metal ions (Li+, [29] Na+, [30] Mg2+, [31] Ca2+, [32] etc.) and polar molecules (water, [33]
pyridine, [34] etc.) have been adopted to pre-intercalate into the spaces between two
bilayers, thus resulting in improved reaction kinetics and cycling stability of vanadium
oxides. On the other hand, novel nanostructure design could be another approach to
enabling efficient Zn-insertion in V2O5 for high-performance rechargeable aqueous Zn
batteries [35–39].

Herein, we report the synthesis and electrochemical properties of orthorhombic
V2O5·nH2O nanorods as cathode materials for AZIBs. In a mild 3 m (“m”: mol kg−1)
ZnSO4 aqueous electrolyte, the electrochemical performance of a Zn/V2O5·nH2O cell was
investigated in a wide voltage window from 0.2 to 1.8 V. Furthermore, full-cell configu-
ration using microsized Zn powders as the anode is also reported, providing a realistic
design of the Zn/V2O5 system for practical energy storage applications.

2. Materials and Methods

2.1. Material Synthesis

The V2O5·nH2O nanorods were synthesized using a typical hydrothermal method.
Specifically, 0.6 g commercial V2O5 (98%, Alfa, China) was dispersed in 60 mL deion-
ized water. After stirring for 30 min, 8 mL H2O2 (31wt%, Adamas, China) was added
dropwise and vigorous stirring continued at 40 ◦C for 1 h. Then, the yellowish solution
was transferred into a 100 mL Teflon-lined autoclave and kept at 200 ◦C for 48 h. After
natural cooling, the powders were collected by centrifugation after being washed with DI
water and ethanol. The final product was annealed at 250 ◦C for 2 h with a heating rate of
2 ◦C min−1 in air. Commercial V2O5 powders without any treatment and V2O5 nanorods
annealed at 500 ◦C were used as a control.

2.2. Material Characterizations

The crystal phase of the product was characterized by X-ray diffraction (XRD) on a
Bruker D8 Advance diffractometer (Cu Kα, Bruker, Karlsruhe, Germany). The morphology
and microstructure were characterized by scanning electron microscopy (SEM, Gemini 300,
ZEISS, Oberkochen, Germany) and transmission electron microscopy (TEM, FEI Tecnai
G2 F30, 300 kV, Hillsboro, OR, USA). X-ray photoelectron spectrometer (XPS, ULVAC
PHI Quantera, Chigasaki, Japan) was carried out to detect the surface chemical states of
both pristine powders and cycled electrodes. The thermogravimetric analysis (TGA) was
performed by a thermogravimetric analyzer (Netzsch, TGA-209F, Selb, Germany) at a
ramping of 10 ◦C min−1.

2.3. Electrochemical Measurements

The electrochemical performance was investigated in CR2032-type coin cells. The
cathode and Zn powder (99.99%, 600 mesh, Aladdin, Shanghai, China) electrodes were
fabricated by doctor-blade casting slurries composed of 80 wt% active materials, 10 wt% car-
bon black (Super C65, Imerys) and 10 wt% polyvinylidene fluoride as binder (PVDF, Solef
6020, Solvay, Brussels, Belgium) in N-methyl-2-pyrrolidone (NMP, anhydrous, Innochem,
Beijing, China) on stainless steel foil (type-316, thickness: 0.02 mm). After drying at 80 ◦C
in air, electrodes of a diameter of 12 mm were punched and further dried at 12 ◦C under
vacuum. The areal mass loading of V2O5 was about 1.5 mg cm−2. The areal mass loading
of Zn powders was about 0.8–1.0 mg cm−2. The electrolyte was prepared by dissolving
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3 mol ZnSO4·7H2O (99.5%, ACROS, Geel, Belgium) in 1 kg Millipore water (including the
crystal water in the salt). Metallic zinc foil discs (0.03 mm thickness, Ø 16 mm, 99.95%,
Goodfellow, Huntingdon, UK) and glass fiber discs (GF/D, Whatman, Ø 18 mm, Maid-
stone, UK) were punched as anodes and separators. Galvanostatic cycling was performed
on an Automated Battery Test System (CT-4000, NEWARE, Shenzhen, China) in a voltage
range from 0.2 to 1.8 V. The electrochemical workstation (CHI 660E, Shanghai, China)
was used for the cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) tests. The EIS spectra were recorded in a frequency range from 100 kHz to 0.01 Hz
with an AC amplitude of 5 mV at OCV states. The GITT test was performed to study the
kinetics of cation diffusion in the V2O5 nanorod electrode using the following equation:
DZn2+ = (4/πτ)*[nMVM/S]2[ΔES/ΔEt]2, in which the τ represents the relaxation time (s),
nM and VM are the moles (mol) and molar volume (cm−3 mol−1) of V2O5, respectively, S
is the electrode−electrolyte interface area (cm2), ΔES and ΔEt are the steady-state voltage
change and overall cell voltage after the application of a current pulse in a single step,
respectively [35]. All the measurements were performed at room temperature (20 ◦C).

2.4. Differential Electrochemical Mass Spectrometry Measurement

The differential electrochemical mass spectrometry (DEMS) measurement was per-
formed in an ECC-Air cell (EL-CELL, Hamburg, Germany). The cell was fabricated with
a gas inlet and outlet and was connected to a bench-top gas mass spectrometer (Heiden
HPR-20 QIC, Warrington, UK). The electrochemical measurement was controlled by a
LAND CT2001A system (LAND, Wuhan, China). Upon the cell cycling, a constant stream
of Ar (flow rate: 0.5 mL min−1) was maintained to take the gas products from the DEMS
cell to the mass spectrometer.

3. Results

The V2O5·nH2O nanorods were prepared using a simple hydrothermal method fol-
lowed by a moderate temperature annealing treatment. The illustration of the orthorhom-
bic V2O5·nH2O nanorods is presented in Figure 1a, which visually demonstrates the
designed nanorod structure. The crystal structure of orthorhombic V2O5·nH2O is built out
of edge/corner-sharing VO5 tetragonal pyramids that form the layered structure [23]. The
interlayer spacing can be intercalated by cations and molecules. The crystal phase of the
nanorods was identified by XRD. As shown in Figure 1b, the powder XRD pattern of the
as-synthesized V2O5·nH2O nanorods sample clearly exhibits characteristic peaks of the
standard orthorhombic V2O5 phase (JCPDS no. 41-1426) with Pmmn space group, in which
the peaks at 2θ 15.4◦, 20.3◦, 21.7◦, 25.6◦, 26.1◦, 31.0◦, 32.4◦ and 33.3◦, correspond to the
(200), (001), (101), (201), (110), (400), (301) and (011) planes, respectively [40]. The sharp and
high-intensity diffraction peaks indicate the good crystallinity of the obtained materials.

To detect the surface chemical states on the nanorod materials, XPS analysis was per-
formed. The high-resolution V 2p XPS spectra are shown in Figure 1c. The binding energies
of the XPS spectra were calibrated using C 1s at 284.6 eV as a reference. The mainly decon-
voluted V 2p3/2 and V 2p1/2 peaks at 517.5 and 525.0 eV can be attributed to the existence
of V5+ in the orthorhombic V2O5·nH2O [40,41]. Small peaks were also detected at lower
binding energies, indicating the existence of tetravalent vanadium (V4+) species [42,43].
This implies that the vanadium in the V2O5·nH2O nanorod surface layer was not com-
pletely oxidized when annealed at 250 ◦C, in accordance with the literature [37]. The O 1s
spectrum (Figure S1, Supplementary Materials) exhibits distinct peaks at around 532.6 and
531.2 eV, which can be attributed to the OH− and pre-intercalated water molecules, while
the main peak at 530.2 eV can be related to the vanadium oxide [44]. The existence of such a
V-hydroxide-based interfacial structure is believed to enable the enhancement of interfacial
behavior with facilitated electrochemical kinetics [45,46]. Thermogravimetric analysis was
used to investigate the stability of the materials. As shown in Figure S2, the result shows
a weight loss from room temperature to 370 ◦C under N2 flowing, which is related to the
removal of pre-intercalated water and the decomposition of hydroxides. However, the
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sample exhibited a lower weight loss in the same temperature range under O2 flowing,
and a slight weight increase was observed after 400 ◦C originating from the oxidization of
vanadium to a higher valance state [37,47]. Figure 1d,e and Figure S3a display the SEM im-
ages of the V2O5·nH2O nanorods. It can be seen that the synthesized V2O5·nH2O materials
are composed of nanorods with a diameter of 30–300 nm and with various lengths. The
commercial V2O5 powders are flake-shaped with an average size of ~1 um (Figure S4). The
microstructure of the V2O5·nH2O nanorods is further confirmed by transmission electron
microscopy (TEM) images (Figure S3b and Figure 1f). The results clearly demonstrate
the typically one-dimensional structure of the materials. The fast Fourier transform (FFT)
profile (Figure 1f inset) and the high-resolution TEM image (Figure 1g) clearly exhibit
lattice fringes of 0.34 nm, which refer to the (110) planes of orthorhombic V2O5·nH2O. The
EDX results indicate the presence of V and O elements in the synthesized V2O5·nH2O
nanorods with an atomic ratio of 0.41, which is close to the theoretical value of V2O5 of 0.40
(Figure S3c,d).

Figure 1. (a) Schematic illustration of the orthorhombic V2O5 nanorod structure. XRD pattern (b), V
2p XPS spectrum (c), SEM images (d,e) and TEM images (f,g) of the synthesized V2O5 materials.

To investigate the Zn-storage properties of the V2O5·nH2O nanorods, coin cells were
fabricated using zinc foil as the anode in 3 m ZnSO4 aqueous electrolytes. Figure 2a
shows the cyclic voltammetry (CV) plots at a scan rate of 3 mV s−1 in a voltage window
of 0.2–1.8 V. Upon the initial cathodic scan, there was a broad reduction peak at ~0.9 V,
and a weak peak at ~0.6 V, indicating the stepwise insertion of Zn2+ into the V2O5·nH2O
nanorods [23]. During the anodic scan, two oxidation peaks at 1.16 and 1.28 V were
observed due to the extraction of Zn from the host. In the deep cycles, all the peaks did
not shift, however, the currents increased slightly, which can be attributed to the structural
activation of the materials due to a gradual insertion of Zn2+. Figure S5 shows the CV curves
of the V2O5·nH2O nanorod electrode at various scan rates from 0.5 to 5 mV s−1. As the scan
rate increases, the curves retain a similar shape, indicating the fast redox reaction kinetics of
these nanorod materials for Zn batteries. It should be mentioned that the working voltage
window applied for CV measurement was larger than that of most reported vanadium-
based cathodes in either Zn (CF3SO3)2 or ZnSO4 electrolytes [19,23,44], there was no
obvious oxygen evolution reaction detected upon the anodic scan at 1.8 V, which shows the
unique electrochemical stability of such materials in aqueous ZnSO4 electrolyte.
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Figure 2. (a) CV curves of the V2O5·nH2O nanorod electrode in a 3 m ZnSO4 aqueous electrolyte
using Zn foil as a counter electrode at a scan rate of 3 mV s−1. (b) Galvanostatic discharge–charge
(GCD) voltage profiles of the V2O5·nH2O nanorod electrode at current densities from 0.1 to 5.0 A g−1.
(c) Specific capacities of the V2O5·nH2O nanorod electrode at various current densities for 5 cycles.
(d) Long-term cycling performance and corresponding Coulombic efficiencies of the V2O5·nH2O
nanorod electrode at 1.0 A g−1.

The galvanostatic charge–discharge (GCD) test was performed under different current
densities from 0.1 to 5.0 A g−1 in a voltage range of 0.2–1.8 V (Figure 2b). The voltage
profiles of the V2O5·nH2O nanorods at a low-current density of 0.1 A g−1 exhibit distinct
plateaus at around 0.9 V and 0.6 V, in agreement with the CV results. Even when increasing
the current density to 2.0 A g−1 the plateaus still remained, indicating a good kinetic
reaction of the electrode materials. The specific capacities of the electrode at various current
densities from 0.05 A g−1 to 5.0 A g−1 for five cycles are presented in Figure 2c. The
electrode can deliver reversible capacities of 540.4, 410.2, 390.2, 364.5, 320.1, 297.3 and
197.7 mAh g−1 at 0.05, 0.1, 0.2, 0.5, 1.0, 2.0 and 5.0 A g−1, respectively. When the current
returns to lower values, the capacities can almost be recovered. It should be noted that
capacity fading and low Coulombic efficiency were commonly observed at low current
density, which can be attributed to the inevitable side reaction of the electrode materials
with the aqueous electrolyte [48]. A long-term cycling test was also performed at 1.0 A g−1

with three initial cycles at low current density as an activation step. As seen in Figure 2d,
the capacity can maintain at 230.3 mAh g−1 after 500 cycles with an average Coulombic
efficiency of ~99.7%. The selected GCD profiles can be found in Figure S6. For comparison,
the performance of commercial V2O5 (Figure S7) was also investigated, and the electrode
only delivered a capacity of 130 mAh g−1 at 1.0 A g−1, which is much lower than that of
the V2O5·nH2O nanorod. Moreover, the V2O5 nanorod sample annealed at 500 ◦C, which
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removed the intercalated water, showed poor cycling stability with low specific capacity, as
displayed in Figure S8. Note that the capacities of commercial V2O5 and V2O5 nanorods
annealed at a higher temperature increased in the initial cycles, which can be attributed
to the transformation of V2O5 into hydrated V2O5 [49]. However, the nanorod structure
annealed at a moderate temperature (250 ◦C) enabled superior high-rate capability of
orthorhombic V2O5 and long-term cycling stability in aqueous Zn batteries.

On the basis of the CV data at various scan rates, the electrochemical kinetic process
can be determined by the following power–law relationship:

i = avb

where i and v denote the response current and scan rate, respectively, and a and b are both
adjustable parameters. Figure 3a shows the b values of peaks 1–4 to be 0.53, 0.66, 0.72,
and 0.62. A b value of 0.5 indicates that the current is diffusion-controlled. The achieved
results imply that the corresponding redox reactions of the V2O5 nanorod electrode at the
peak regions are mainly limited by ion diffusion within the scan rates ranging from 0.5 to
5 mV s−1. To separate the capacitive contribution, the equation i(v) = k1v + k2v1/2 was used
to distinguish the ion intercalation part (k1v) and the capacitance part (k2v1/2), as shown
in Figure 3b. At 5 mV s−1, 41.7% of the total current (capacity) is capacitive, indicating
that the diffusion contribution holds the dominant position in the total capacity, and the
corresponding reaction is mainly limited by the Zn2+ ion diffusion rate.

Figure 3. (a) The plots of–log (i) versus–log (v) of cathodic and anodic peaks. (b) Capacitive
contribution (pink part) and diffusion-controlled contribution (void part) at 5 mV s−1. (c) Discharge–
charge curves of V2O5·nH2O nanorods in GITT measurement. (d) The diffusion coefficients of Zn2+

upon the 2nd discharge and charge progresses of the V2O5·nH2O nanorods.

In order to obtain the Zn2+ ion diffusion coefficient of V2O5 nanorod electrodes, GITT
tests were carried out during the second cycle (Figure 3c). The corresponding diffusion
coefficient of Zn2+ (DZn) during the second cycle was calculated to estimate the kinetics of
V2O5·nH2O nanorods, which was in the range of ca. 10−9–10−11 cm2 s−1 (Figure 3d) and
was higher than the that of bulk V2O5 [39]. The Zn2+ ion diffusivity on discharging at the
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last stage was lower than the average value due to the Zn2+ ion enriched in the cathode.
Overall, the V2O5·nH2O nanorods showed a high diffusion coefficient, demonstrating the
rapid diffusion kinetics of Zn2+ in the materials.

To understand the structural evolution and surface chemical change of the electrode
material, XRD and XPS measurements were applied to the electrodes at different charge
and discharge states. Figure 4a shows the typical charge–discharge curve of the V2O5·nH2O
nanorod electrode, indicating the selected states for the measurements. The XRD profiles
at open-circuit voltage (OCV), different depth of discharge and state of charge states are
presented in Figure 4b. The diffraction peak of (001) plane at 26.3◦ shifts to higher angles
during the discharge process from OCV to 0.8 V and a new peak at 13.6◦ appears, indicating
that the Zn intercalation leads to the formation of a new phase with larger interlayer
spacing [36,50]. Upon deep discharge to 0.2 V, the new peaks at 24.1◦ and 28.2◦ were clearly
observed, which can be attributed to the ZnV3O8 (JCPDS no. 24-1481) and Zn2V2O7 (JCPDS
no. 52-1893) phases. This phenomenon with new phases resulting from Zn insertion in
vanadium-based oxides cathodes is commonly reported in the literature [18,33,48]. As
reported, the Zn-based precipitation, such as the ZnSO4[Zn(OH)2]3·xH2O (ZHS) phase, is
widely detected when using ZnSO4 aqueous electrolyte, however, the signal of the ZHS
phase was not observed in our case possibly due to the fact that the concentration of OH−
is not high enough in the electrolyte to generate large amounts of ZHS [51,52]. When the
electrode was charged to 1.1 V, the diffraction peak of (001) plane moves back to its original
position, indicating the materials’ stability after Zn extraction. At the fully charged state,
the main peaks of the orthorhombic V2O5 phase can be fully recovered. Thus, from the XRD
results, we observed highly reversible Zn insertion with induced zinc vanadium oxides in
the V2O5·nH2O nanorod materials alongside new phase changes.

Figure 4. (a) Typical galvanostatic discharge–charge (GCD) profiles of the V2O5 nanorods in aqueous
Zn batteries. (b) XRD patterns and (c) V 2p XPS spectra of the V2O5 nanorod materials at differ-
ent discharge and charge states. (d) The schematic of ion storage mechanism upon discharging
and charging.
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Focusing on the surface valence states of vanadium during the Zn2+ intercalation
process, the V 2p XPS spectra of V2O5·nH2O nanorods at different electrochemical stages
are shown in Figure 4c and Figure S9. Similar to the pristine material, the fresh electrode
exhibits two V 2p3/2 peaks at 517.5 eV and 516.8 eV, which can be assigned to the V5+ and
V4+ species. The analysis of the discharged cathode revealed a third contribution at 515.8 eV
that corresponds to V3+ species, along with an increase in V4+ and a decrease in V5+ as
a result of Zn2+ intercalation and the consequent reduction of V2O5 framework. During
the charging process, the V is oxidized from V3+ and V4+ to V5+ due to the simultaneous
Zn extraction. It is worth mentioning that there is still trace amount of V3+ remaining in
the fully charged electrode, which can be attributed to the incomplete extraction of Zn2+.
On the basis of the above electrochemical results, we propose a Zn-storage mechanism
in Figure 4d, showing the typical (de-)intercalation behaviors upon the discharge–charge
processes of the V2O5·nH2O materials.

SEM was conducted on the electrode after 200 cycles to investigate the morphology
changes after the long-term Zn (de-)intercalation process. The SEM images (Figure S10 and 5a)
demonstrate that there is no obvious morphology change and the nanorod structure almost
remains. Such a good material stability ensures the cycling stability of the V2O5·nH2O
nanorod material for aqueous Zn-storage. To evaluate the interfacial behaviors, Nyquist
plots, consisting of a semicircle associated to the charge transfer at electrode–electrolyte
interface and a slop line reflecting the ion diffusion in the bulk electrode, were collected
on the commercial V2O5 powder and V2O5·nH2O nanorod electrodes before and after
200 cycles (Figure 5b) [35]. The commercial V2O5 exhibits a significant increase in the
charge-transfer resistance after cycling, while the V2O5·nH2O nanorod only possesses
an increase from ~40 Ω to ~140 Ω, suggesting that the designed nanostructure with a
hydroxide-based interfacial structure can efficiently stabilize the electrode materials and
facilitate charge transfer at the interface, consequently prolonging the cycling stability and
reversibility upon Zn insertion.

Figure 5. (a) SEM image of the cycled electrode after 200 cycles. (b) Nyquist plots of the commercial
V2O5 powder and V2O5·nH2O nanorod electrodes before and after cycling. (c) Online DEMS data for
Zn/ V2O5·nH2O cell in 3 m ZnSO4 aqueous electrolyte in the voltage window of 0.2–1.8 V.
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Although cycling in a wide window can result in higher energy, the electrolyte de-
composition generated from the water electrolysis gets more stress. In situ analysis of
electrolyte compatibility with electrodes (both Zn and V2O5) was conducted by DEMS, to
detect the gas evolution of the cell upon cycling. The mass spectrometric current traces
for O2 (m/z = 32) and H2 (m/z = 2) are presented in Figure 5c. There was no O2 evolution
detected upon the initial one and a half cycles. The electrochemically induced H2 peak
only occurred when charged to 1.8 V, while the current intensity was rather low (only
~0.35 pA) [53].

Up to now, most of the research on aqueous Zn batteries has directly used Zn foil as
the anode, which is not feasible for real industrial application due to its unmatching to
current electrode manufacturing technologies [54]. Therefore, a Zn/V2O5·nH2O battery
using microsized Zn powders as the anode was also fabricated. Such a technology promises
capacity balance design in a full battery. Figure 6 shows the electrochemical performance of
the Zn (powder)/V2O5·nH2O cell in the voltage range from 0.2 to 1.8 V. This cell is cathode-
limited in a cathode to anode capacity ratio of 1:1.2 (according to the initial capacity of V2O5
and theoretical capacity of Zn). As shown in Figure 6a, the cell can deliver a reversible
capacity of ~500 mAh g−1 at 0.05 A g−1, and maintain at 330 mAh g−1 at 1.0 A g−1,
demonstrating similar capacities to the cells using Zn foil as the anode. Based on the
active materials in both electrodes, the energy density of such cells reaches 255 Wh Kg−1.
The rate performance is presented in Figure 6b. As seen, the cell can deliver capacities of
415.6, 379.7, 350.0, 316.3, 280.3 and 184.9 mAh g−1 at 0.1, 0.2, 0.5, 1.0, 2.0 and 5.0 A g−1,
respectively, and the capacity can recover to 270.0 mAh g−1 when the current decreases
to 2.0 A g−1. It should be noted that the capacity decay was faster than that of a half-cell
and the capacities at higher current densities were slightly lower than those of cells using
zinc foils as anodes, which may result from vanadium dissolution and the severe side
reaction of zinc powders in aqueous electrolytes and can be further improved by structural
modification and electrolyte optimization [54–57]. The cell was also cycled at 1.0 A g−1 for
100 cycles (Figure 6c). The capacity can retain at 157 mAh g−1 after cycling with high CEs
of ~98.9%, The electrochemical performance of reported orthorhombic V2O5 materials in
aqueous Zn batteries are summarized in Table S1, apparently proving the superior cycle
life, high efficiency and high-capacity utilization not only in cells using metallic Zn foil as
the anode but also in realistic configuration.

Figure 6. (a) GCD profiles of the Zn/V2O5·nH2O cell using Zn powders as the anode at 50 mA g−1

and 1 A g−1 for the 1st and 2nd cycles. (b) Rate performance of the Zn/V2O5·nH2O cell at current
densities from 0.1 to 5.0 A g−1. (c) Cycling performance of the cell at 1.0 A g−1. The cell was initially
cycled at 0.05 A g−1 for three cycles as an activation step.

4. Conclusions

In summary, high-performance orthorhombic V2O5·nH2O nanorod materials have
been synthesized with mixed vanadium valences, a hydroxide surface layer and pre-
intercalated water characteristics. As cathodes for aqueous zinc batteries in a 3 m ZnSO4
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aqueous electrolyte, the obtained materials show superior electrochemical performance
in terms of high specific capacity, power capability and cycling stability. By using both
structural analysis and electrochemical characterizations, it was proven that the unique
nanostructure and interfacial behavior significantly improved the material stability of
orthorhombic V2O5 in aqueous media, suppressed the electrolyte decomposition at high
operating voltage, and facilitated charge transfer kinetics. Furthermore, a realistic full
cell using Zn powder as the anode with capacity balance design was also reported to
deliver excellent capacity utilization and cycling stability. This work provides a strategy for
enabling orthorhombic V2O5 materials to be efficient in aqueous Zn batteries and proves
the feasibility of such materials for real industrial applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12152530/s1, Figure S1: O 1s XPS spectrum; Figure S2: TG curves;
Figure S3: SEM, TEM images and EDX results; Figure S4: V 2p XPS spectrum and SEM image of com-
mercial V2O5; Figure S5: CV curves; Figure S6: GCD profiles at 1.0 A g−1; Figure S7: Electrochemical
performance of commercial V2O5; Figure S8: Electrochemical performance of V2O5 nanorods annealed
at 500 ◦C; Figure S9: ex-situ XPS spectra of V2O5·nH2O nanorods; Figure S10: SEM image of V2O5·nH2O
nanorods after 200 cycles; Table S1: Electrochemical performance of the reported orthorhombic V2O5 ma-
terials in aqueous Zn batteries. References [23,24,35–37,58,59] are cited in the supplementary materials.
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