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Sclvent-Free Electrode Process

Conductive Agent-Controlled Tortuosity in Solvent-Free
Thick-Film Electrodes for High-Energy Lithium-lon Batteries

Byeongjin Kim{2, Dae Kyom Kim, Jeehoon Yu, and Youngjae Yoo*

Rapid developments in lithium-ion battery (LIB) technology have been fueled
by the expanding mariket for electric vehicles and increased demands for
energy storage. Recently, thick electrode fabrication by solvent-free methods
has emerged as a promising strategy for enhancing the energy density of
LIBs. However, as electrode thickness increases, the tortuosity of lithium-ion
transport also increases, resulting in severe polarization and poor
electrochemical performance. Here, we investigate the effect of conductive
agent morphology on the structural and electrochemical properties of

250 pm thick lithium iron phosphate {LFP)/conductive

agent/polytetrafluoroethylene (PTFE)-based electrodes. Three commercially
available conductive additives, namely 0D Super P, 1D multi-walled carbon
nanotubes {MWCNTSs), and 2D graphene nanoplatelets {GNPs), were
incorporated into LFP-based electrodes. The MWCNT-incorporated electrode use  of
with a high loading mass (42 mg cm™2) exhibited a high porosity (£ = 51%)
and low tortuosity (T = 4.02) owing to its highly interconnected fibrous
network of MWCNTs. Due to the fast lithium-ion transport kinetics in the
MWCNT-incorporated electrode, the electrochemical performances exhibited
at 0.1 C and an areal capacity of
7.16 mAh cm_; at 0.1 C with a high-rate capability and excellent cycling tion
stability over 300 cycles at 0.1 C. This study provides a guidance for utilizing
conductive agents to apply in the low tortuous thick electrode fabricated by
a solvent-free process. Additionally, this work paves the way to achieve
scalable and sustainable dry processing techniques for developing

—1

a high specific capacity of 157 mAh g

next-generation energy storage technologies.

1. Introduction

The growing electric vehicle (EV) market and rising energy storage
demands have driven rapid advancements in lithium-ion battery (LIB)
technology. The high energy densities, long cyde lives, and cost-
effectiveness of LIBs make them essential for modern applications.['?]

B. Kim, Dr. D. K. Kim, J. Yu, Prof. Y. Yoo

Department of Advanced Materials Engineering, Chung-Ang University,
Gyeonggi-do, 17546, Korea

E-mail: yjyoo@calLackr

[Correction added on 15 May 2025, after first online publication: the
capacity values have been corrected.]
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To achieve higher energy density, the explora-
tion of advanced eecirode material chemistry
invelved in the cathode, anode, and electrolyte
is needed to increase the operating voltage
range and specific Capacity.p’sj Another
approach is the adoption of thick dectrode con-
figurations, which increase active material load-
g and overall energy density.[q_l g

Thick electrodes significantly boost energy
density per unit volume, benefiting EV effi-
clency and driving range. Traditional wet elec-
trode fabrication techniques present limitations
when applied to thick electrodes, such as poor
additive dispersion, non-uniform coatings, and
structural defects during drying. Moreover, the
solvents like N-methyl-2-
pyrrolidone (NMP) also necessitates complex
Tecovery processes, adding to environmental
impact. These limitations highlight the need for
alternative processing methods for thick elec-
trodes in LIBs. Ryu et alt" demenstrated the
dry press-coating process using the combina-
of multiwalled carbon  nanotubes
(MWNTS) and polyvinylidene fluoride (PVDF)
as a dry powder compesite and etched Al
foil as a cwrent collector. As-prepared
LiNip 7C0p1Mng ;05 (NCM712)  electrodes
exhibited a high loading mass (100mgem )
with impressive specific energy and volumetric
energy  density of 360 Whkg ' and
701 WhL respectively. Liang et [l
reported a new electrode manufacturing method via the cold plasma
process (CPC) without solvents, polymer binders, carbon additives,
drying processes, and calendaring processes. The fabricated LEP cathode
sheets have 220 pm thickness with a mass loading above 42 mg am L
which delivered highly reversible cyding performance with a retention
of 81.6% after 500 cycles. Kim et al.[**] demonstrated a hot press pro-
cess with a thermoplastic phenoxy resin as a binder without solvents,
which generates a uniform network structure connected with the active
materials. The obtained thick LiNiggCopiMng1Q; (NCM811) dec-
trodes showed a high loading mass of 40 mgan ? with a stable
cydability. However, these approaches require either the use of a press
machine, a special coating tool, or a high-temperature process.
Recently, polytetrafluorcethylene (PTFE) as a deformable binder has
emerged as a potential polymer binder for fabricating thick electrodes
without using any salvent.! "] PTPE particdes were formed into adhe-
sive fibrils under shear forees during the mixing process, which make
network stuctures and dosely bind both conductive carbon and active
rmaterials. ] Compared to previous methods, the PTFE binders have

toxic

@ 2025 The Authar(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
This is an open access article under the tenms of the Creative Commons
Attribution License, which perrmits use, distribution and reproduction in
any medium, provided the original work is properly cited.
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N, P co-doped 3D porous carbon with self-assembled
morphological control via template-free method for potassium-

ion battery anodes
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Abstract The larger ionic radius of potassium ions than
that of lithium ions significantly limits the accomplishment
of rapid diffusion kinetics in graphite electrodes for
potassiunmi-ion batteries (PIBs), resulting in comparatively
poor rate performance and cycle stability. Herein, we
report a high-rate performance and cycling stability
amorphous carbon electrode achieved through nitrogen and
phosphorous co-doping. The as-prepared N, P co-doped
carbon electrodes have distinct 3D structures with large
surface areas, hierarchical pore architectures, and increased
interlayer spaces resulting from the direct pyrolysis of
supramolecular self-assembled aggregates without tem-
plates. The obtained electrode N3P1 exhibits a reversible
specific capacity of 258 mAh-g ™' at a current density of 0.1
A-g™' and a good long-term cycle performance (96.1%
capacity retention after 800 cycles at 0.5 A-g™1). Kinetic
investigations show that the N3P1 electrode with the well-
developed porous structure and large number of surface
defects exhibits capacitive-driven behavior at all scan rates,
which may be attributed by N and P co-doping. Ex-situ
transmission electron microscopy analyses in the fully
discharged and charged states demonstrate structural sta-
bility and reversibility owing to the expanded interlayer
space. The suggested synthesis approach is simple and

Jechoon Yu, Dae Kyom Kim and Youngjae Yoo have contributed
equally to this work.

Supplementary Information The online version contains
supplementary material available at https:/doi.org/10.1007/s12598-
024-02724-7.

J. Yu, D. K. Kim, H. G. Oh, §-K. Patk, Y. Yoo*
Department of Advanced Materials Engineering, Chung-Ang
University, Anseong-si 17546, Republic of Korea

e-mail: yjyoo@cau.ac kr

effective for producing heteroatom-doped carbon materials
for PIBs and other advanced electrochemical energy stor-
age materials.

Keywords Amorphous carbons; 3D porous structures;
Nitrogen and phosphorous co-doping; Potassium-ion
batteries

1 Introduction

Lithium-ion batteries (LIBs) are commonly used in many
portable electronic devices and electric vehicles due to their
high energy and power densities [1-3]. However, expanding
worldwide usage of lithium has resulted in scarcity and
rising cost of lithinm sources, making challenges in the
growing demand for LIBs [4-6]. From this perspective, the
development of LIB alternatives, such as sodium-ion bat-
teries, magnesium-ion batteries, and potassium-ion batteries
(PIBs), has received considerable attention [7]. PIBs are of
considerable interest owing to the availability of resources,
cheap cost, and long-term viability of potassium (K) [8, 9].
Additionally, the very similar redox potential of K'/K
(— 2.93 V vs. standard hydrogen electrode, SHE) and Li*/
Li (— 3.04 V vs. SHE) produce a higher energy density and
a wider potential window [10]. However, since K™ has a
larger radius (0.138 nm) than Li™ (0.076 nm), the diffusion
kinetics of K during the processes of intercalating and de-
intercalating between graphite layers is sluggish, resulting in
poor rate capability and stabled cycle performance, which is
the main bottle neck for the development of PIBs [11-13].

Well-designed anode materials have been proposed to
address these critical issues [14-16]. Disordered amorphous
carbon materials, including hard and soft carbons, have
attracted a lot of interest in comparison to graphite with

a
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Passive daytime radiative cooling (PDRC) is useful for thermal management because it allows an object to
emit terrestrial heat into space without the use of additional energy. To produce sub-ambient tempera-
tures under direct sunlight, PDRC materials are designed to reduce their absorption of solar energy and to
enhance their long-wavelength infrared (LWIR) emissivity. In recent years, many photonic structures and
polymer composites have been studied to improve the cooling system of buildings. However, in cold
weather (i.e., during winter in cold climates), buildings need to be kept warm rather than cooled due
to heat loss. To overcome this limitation, temperature-responsive radiative cooling is a promising alter-
native. In the present study, adaptive radiative cooling (ARC) film fabricated from a polydimethylsilox-
ane/hollow Si0, microsphere/thermochromic pigment composite was investigated. We found that the
ARC film absorbed solar radiation under cold conditions while exhibiting radiative cooling at ambient
temperatures above 40 °C. Thus, in outdoor experiments, the ARC film achieved sub-ambient tempera-
tures and had a theoretical cooling power of 63.2 W/m? in hot weather. We also demonstrated that radia-
tive cooling with an energy harvesting system could be used to improve the energy management of
buildings, with the thermoelectric module continuously generating output power using the ARC film.
Therefore, we believe that our proposed ARC film can be employed for efficient thermal management
of buildings and all-season energy harvesting in the near future.
© 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. All rights reserved.

1. Introduction

the first to propose a thermal emitter with multilayers of HfO; and
Si0z that could be cooled below ambient air temperatures under
direct sunlight [1]. Since then, many researchers have investigated

There has been a steady global shift away from fossil-based
energy sources to renewable alternatives such as solar, wind, and
geothermal heat. Currently, about 20% of all energy consumed
comes from renewable sources, and this is expected to increase
in the future. However, effective energy management remains
important for the conversation of energy. Recently, passive day-
time radiative cooling (PDRC) has been widely investigated for
use in various applications, such as the thermal management of
buildings, solar cells, and thermoelectric generators, due to its
zero-energy cooling abilities based on the transfer of natural heat
to outer space using the clear sky as a heat sink. Raman et al. were

* Corresponding authors.
E-mail addresses: yongskim@krict.re kr (Y.S. Kim), yjyoo@cau.ackr (Y. Yoo).
! These authors contributed equally to this work.

https://doi.org/10.1016/j jechem.2023.05.051

various photonic crystals [2-5], porous polymers [6,7], polymers
embedded with nano- or microparticles [8-10], and polymeric fab-
rics to improve PDRC performance [11-13]. Although radiative
cooling demonstrates significant potential as a zero-energy cooling
approach in year-round hot climates, adaptive radiative cooling
(ARC) has also been investigated because radiative cooling is not
required all year in colder climates, especially during winter when
buildings need to be kept warm. As such, the development of
switchable radiative cooling would allow for efficient, all-season
energy management of buildings.

ARC can be achieved by controlling the long-wavelength infra-
red (LWIR) emissivity [14-17] or solar reflectivity [ 18,19] of mate-
rials, Liu et al. proposed a polydimethylsiloxane (PDMS) grating
and nanoparticle-embedded PDMS film that achieved ARC through

2095-4956/@ 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by ELSEVIER B.V. and Science Press. All rights reserved.
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ARTICLE INFO ABSTRACT

Keywords:
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Passive daytime radiative cooling (PDRC) has been vigorously investigated in recent vears because it does not
require electrical energy, reducing greenhouse gas emissions for a more sustainable society. Representative
approaches to improve radiative cooling performance are the design of metamaterials with a long-wave infrared

Hollow Si0O,
oty (LWIR) emissivity and porous polymer structures with a high-solar reflectivity. Furthermore, coating materials
Raspberry-like sphere : . L Rt . A .
" for a simple process should be researched to improve the applicability of radiative cooling. In this study, we
Energy-saving

investigate a daytime radiative cooling coating using raspberry-like hollow SiO5 spheres (RHSs) to achieve
effective radiative cooling performance and a simple coating process. The raspberry-like morphologies of the
synthesized hollow Si0; spheres contribute to multiple scattering of sunlight, resulting in enhanced performance
of the radiative cooling coating. Moreover, the results of an outdoor experiment and energy-saving demon-
stration suggest that the RHS coating is suitable for effective heat management of the buildings. The RHS coating
achieves a cooling temperature of 9.7 “C under solar irradiance of 800 W m ™ 2. The inner temperature of a house

coated with PDRC is 6.6 °C lower than that of a bare house under direct sunlight.

1. Introduction

The Earth absorbs solar energy as radiation and emits heat to outer
space through the atmosphere. Therefore, the temperature balance in
the Earth is maintained by emitting absorbed heat through a wavelength
range of 8-13 pm (so-called “atmospheric window™). Passive dayvtime
radiative cooling (PDRC) is defined by radiative emissions that form
electromagnetic waves under direct sunlight. A PDRC material prevents
heating the targeted space and object without using electrical energy.
Unlike air conditioning systems, a building coated with the PDRC ma-
terial does not require eleetrical energy to cool indoor air. Therefore,
PDRC technology has been developed for effective heat management in
buildings, vehicles, and solar cells [1-4].

Several critical parameters should be considered to improve daytime
radiative cooling performance. First, a high LWIR emissivity causes
efficient thermal radiation through an atmospheric window. The at-
mospheric window is defined as a wavelength region from 8 to 13 pm. in
which Earth’s atmospheric transmittance is close to 100 % caused by the
low absorption bands of molecules (e.g.. H>0, CO5, and O5) in the at-
mosphere. Kirchhoff’s law of thermal radiation declares that the thermal

* Corresponding authors,
E-mail addresses: vongs

https://doi.org/10.1016

skim@krict.re.kr (Y.8. Kim), yjyvoo@cau.ac.kr (Y. Yeo).

radiative emissions of an object is equal to its absorptivity in thermo-

dynamic equilibrium [5]. Therefore, the high electromagnetic emissions

in the infrared atmospheric window should be achieved by materials
with high absorptivity in the LWIR region.

Second, a high reflection in visible and near-infrared (NIR) wave-
length regions can reduce the heating surface of the object by sunlight.
For decades, many researchers have focused on achieving high LWIR
emissivity using metamaterials such as photonic crvstals and dielectrics

[1.2]. The photonic structures composed of polar dielectrics such as
silicon carbide (SiC) cause an increase in heat emissions within the at-
mospheric window by optically active resonances. Moreover, a silver
(Ag) layer was used at the bottom of the metamaterial structure to
achieve high-solar reflection. Yao Zhai et al. reported that the resonant
polar dielectric microspheres with a silver coating result in an infrared
emissivity of 0.93 and radiative cooling power of 93 W m~2 [6]. Silicon
dioxide (8i02) microspheres randomly distributed in a pelymeric matrix
were investigated to achieve suitable PDRC coatings [7].

Furthermore, hollow spheres in a polymer matrix are an attractive
radiative cooling material because of high-solar reflectivity [5-10].
When sunlight is incident on the material with hollow spheres.

Received 21 November 2022; Received in revised form 8 January 2023; Accepted 29 January 2023

Available online 1 February 2023
1385-8947/@ 2023 Elsevier B.V. All rights reserved.
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ABSTRACT: In recent years, many researchers believe that global

energy consumption can be significantly reduced by passive daytime 9 J

radiative cooling (PDRC) without any electricity input. Over a decade,

PDRC has been developed to enhance solar reflectivity and emissivity in i e
the long-wavelength infrared (LWIR) region; however, sustainable - b Raden
materials for radiative cooling have not been sufficiently investigated.
In the present study, the preparation of an eco-friendly polymer structure
for effective radiative cooling via thermally induced phase separation is
described. The as-fabricated radiative cooler exhibits reasonable
durability for application to buildings, and furthermore, biodegradable
polylactic acid (PLA) is environmentally benign with respect to end-of-
life disposal. Moreover, the hierarchically porous PLA exhibits a solar
reflectivity of 0.91 and an LWIR emissivity of 0.92, thus realizing high-
performance passive radiative cooling without a silver coating for solar reflection. In addition, a radiative cooling power of 117 W
m ™ is achieved under direct sunlight, and the porous PLA cooled as much as 9 °C below the ambient temperature. This cooling
effect is the highest among all organic-based passive radiation cooling emitters reported so far. The present work provides an ideal
passive radiative cooling strategy for creating environmentally friendly buildings with reduced energy consumption.

Wiy dmider  ddmw  Andw Enew

KEYWORDS: passive radiative cooling, thermal emitter, energy saving, biodegradable polymer, hierarchically porous structure

H INTRODUCTION In recent years, several experiments have been reported to
realize PDRC for the control of solar reflection and heat
emission. In particular, to increase the emissivity in the LWIR
region, approaches such as the stacking of dielectric materials
or the use of photonic structures have been adopted.gqn The
use of a dielectric such as silicon carbide (SiC), which has
optically active resonances, results in selective emissivity peaks,

Solar energy enters the atmosphere as short wavelength
(visible) light and ultraviolet energy. However, since the earth/
atmosphere energy balance is achieved via energy radiation, the
earth’s surface maintains a stable temperature. In other words,
the earth releases almost the same amount of energy that it

absorbs from the sun into the outer space. Theoretically, all and the structure consisting of a dielectric film on a metallic
objects with temperature emit radiant energy, as described by substrate leads to strong absurption.“'u Rephaeli et al.
Planck’s law; the earth emits most of its energy in the form of proposed a daytime radiative cooling structure consisting of
infrared rays.] The long-wave infrared (LWIR) region of 8—13 two photonic crystal layers composed of SiC, quartz, and a
pm is called the atmospheric window. Radiative cooling is wide solar reflector.® Thermal simulation studies showed that
defined by the emission of electromagnetic radiation within a net cooling power > 100 W m™ could be achieved. Since
this atmospheric window. Recently, as the need for energy then, Raman et al. have demonstrated passive radiative cooling
saving and effective energy consumption in buildings has to § °C below the ambient temperature under direct sunlight
attracted attention globally, passive daytime radiative cooling using a planar light emitter composed of seven layers of
(PDRC) under direct sunlight is being vigorously devel alternating hafnium dioxide (HfO,) and silicon dioxide (8i0,)
oped_z‘j Improving the radiative cooling performance in on a solar reflector.” However, there are limitations due to the

external daytime environments requires technology for

controlling the radiant properties within each selective Received: February 27, 2022 Siistainable
wavelength band.®” In daytime environments, since the Revised:  May 12, 2022 ~
transmittance of the atmosphere is close to 1 in the wavelength Published: May 20, 2022 -
range 8—13 um (i.e, the atmospheric window), the radiant
heat emitted into space can be maximized by implementing
high emissivity within this region.

©2022 American Chemical Saciety hetps;//dol.org/10.1021 facssuschemeng 201182
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