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Abstract: The ice-templated method (ITM) has drawn significant attention to the improvement of
the electrochemical properties of various materials. The ITM approach is relatively straightforward
and can produce hierarchically porous structures that exhibit superior performance in mass transfer,
and the unique morphology has been shown to significantly enhance electrochemical performance,
making it a promising method for energy storage and conversion applications. In this review, we
aim to present an overview of the ITM and its applications in the electrochemical energy storage and
conversion field. The fundamental principles underlying the ITM will be discussed, as well as the
factors that influence the morphology and properties of the resulting structures. We will then proceed
to comprehensively explore the applications of ITM in the fabrication of high-performance electrodes
for supercapacitors, batteries, and fuel cells. We intend to find the key advances in the use of ITM
and evaluate its potential to overcome the existing challenges in the development of efficient energy
storage and conversion systems.

Keywords: ice-templated method; electrocatalysts; energy storage and conversion; CO; reduction
reaction; fuel cell

1. Introduction

The persistent escalation of the worldwide energy crisis necessitates the advancement
and implementation of sustainable renewable energy conversion technologies. Researchers
and engineers are currently exploring novel energy resources, with solar and wind energy
emerging as the most auspicious sources of renewable energy [1,2]. However, solar energy
is constrained by many factors which limit its commercial applications, such as diurnal and
seasonal variations, special requirements of geographical location, and other environmental
problems. Furthermore, it suffers from relatively low energy flow density, suboptimal
efficiency, and high costs [3,4]. Wind energy is facing obstacles such as the variability
of wind speed, noise problems, and intermittent power generation. Moreover, effective
utilization of wind energy necessitates the integration of energy storage systems to ensure
efficient and reliable operation [5]. Compared with wind and solar energy, electrochemical
techniques have emerged as promising solutions for energy storage and conversion owing
to their several advantages [6-9]. For instance, supercapacitors offer high power density,
rapid charge and discharge rates, extended longevity, and secure operation [10-12]. Simi-
larly, fuel cells provide superior energy capacity and higher energy density, coupled with a
longer lifespan [13,14]. Electrochemical techniques present a viable means of both storing
energy and converting renewable sources of energy, such as solar and wind, into electrical
power for storage purposes [15-17]. Despite its advantages, the electrochemical method is
beset by certain drawbacks that hinder its widespread adoption, e.g., low reaction activity,
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limited lifespan, high costs, and low energy density, which have yet to be adequately
addressed [18-20].

In recent decades, researchers have focused on the catalyst and material aspects of
electrochemical techniques, while the low mass transfer and charge transfer rates, which
hinder the overall energy efficiency, are rarely discussed [8,21]. In conventional 2D elec-
trodes within the electrochemical prototype, the planar current collector has good transfer
properties in the 2D plane, and has a limited mass/charge transfer in the depth direction.
When using a thicker electrode with a higher mass loading, only a part of the active material
is utilized for energy storage due to inadequate charge delivery. Therefore, a 3D electrode
structure, such as a 3D conductive scaffold or a 3D porous network, for ion transport can
provide efficient charge delivery throughout the bulk volume of a thick electrode. This
feature is advantageous for utilizing all electrode materials, regardless of their thickness,
and for achieving high-rate and high-capacity energy storage [22].

Here, the ice-templated method (ITM) has drawn significant attention to the improve-
ment of the electrochemical properties of various materials [23], and significant evidence
for this can be seen in the increasing number of publications over time, as illustrated in
Figure 1. The ITM approach is relatively straightforward and can produce hierarchically
porous structures that exhibit superior performance in mass transfer, and the unique mor-
phology has been shown to significantly enhance electrochemical performance, making it
a promising method for energy storage and conversion applications [24]. ITM provides
several notable advantages over conventional techniques for creating porous structures:
(i) it is a green and sustainable process, which employs water ice crystals as a vacancy; (ii) it
is a straightforward and easily scalable approach that affords a high degree of control over
pore structure; and (iii) it is a cost-effective method that can be adapted to the manufacture
of large volumes of materials, rendering it a viable and practical option for industrial
applications [25-27].
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Figure 1. Citation report: ice-templated method (topic) over time, source: web of science.

In this review, we aim to present an overview of the ITM and its applications in
the electrochemical energy storage and conversion field. The fundamental principles
underlying the ITM will be discussed, as well as the factors that influence the morphology
and properties of the resulting structures. We will then proceed to comprehensively
explore the applications of ITM in the fabrication of high-performance electrodes for
supercapacitors, batteries, and fuel cells. We intend to find the key advances in the use of
ITM and evaluate its potential to overcome the existing challenges in the development of
efficient energy storage and conversion systems.
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2. Methodology of Ice-Templated Method
2.1. ITM Processing Steps

ITM is a technique that utilizes a solvent to induce the formation of a second phase,
such as polymers, ceramics, or metals, and promote crystal growth during solidification.
The solvent crystals are then eliminated through sublimation, leaving behind a porous
structure that mirrors the morphology of the solvent crystals. The microstructure of ice-
templated materials is impacted by various factors, including the freezing source and
conditions, which significantly influence the structure of the resulting aerogels [28]. The
ITM can be classified into different terms, such as freeze drying and freeze casting, and
the basic principle of this method is illustrated in Figure 2. The first step is to prepare
a suspension of particles in a liquid, which is typically water or a solvent. The second
phase is dispersed or dissolved in the solvent. Then the suspension is frozen at a controlled
cooling rate, which affects the distribution of the ice crystals that will form during the
freezing process. Finally, the frozen material is sublimated to remove the ice from the
sample, resulting in a porous, structured material with the particle network preserved.
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Figure 2. Schematic of the fabrication of porous material by the ice templating method. Reproduced
from Ref. [23]. Copyright (2013), with permission from Cambridge University Press.

2.2. Type of Second Phase

The type of second phase (suspended materials) can be varied for multi-applications.
It can be, e.g., ceramic [29], which has low thermal conductivity, good corrosion resistance
and considerable mechanical strength. Li et al. [30] reported TiN porous ceramics prepared
via a freeze-drying and in situ nitridation reaction method using Ti powder and chitosan as
raw materials. It showed great potential for use as sulfur host material for lithium-sulfur
batteries, with a high capacity of 778 mAh/g. Judez et al. [31] reported a Li-ion conducting
glass ceramic (LICGC)-based composite polymer electrolyte (CPE) that delivered high
sulfur utilization and areal capacity.

Carbon nano-fibers are considered excellent nano-architectural substrates for superca-
pacitor applications due to their high power density, good electrochemical cyclic stability,
and other desirable properties [28,32,33]. Qie et al. [34] synthesized porous carbon with
high-level nitrogen doping using the ITM method as anode material for lithium-ion bat-
teries, producing a reversible capacity of 943 mAh/g at a current density of 2 A/g even
after 600 cycles. Wu et al. [35] constructed necklace-box structural FeS, /WS,-CNFs, which
has resulted in high-performance anodes for LIBs, SIBs, and potassium-ion batteries; more-
over, the special spatial confinement structure effectively alleviates volume expansion and
protects the carbon shell from being destroyed.

Graphene/GO/reduced graphene oxide (rGO) [36] is regarded as a super lightweight
and high conductivity material; it can be used in many applications, such as porous
electrodes [30], supercapacitors [37], and sensors [38-40], etc. Chen et al. [41] presented
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an ice template method for fabricating flexible macroporous 3D graphene sponges as
the anode of microbial fuel cells (MFC), where the graphene sponge was found to be
conductive, lightweight, and could recover from deformation repeatedly up to 50%. These
sponges generated higher power densities than carbon felt due to their unique porosity,
which allows microbes to diffuse more easily inside them, leading better performance.
Wang et al. [21] developed a graphene-supported electrode by the ice templating method,
and the porous structure enhanced the Faradic efficiency by the promotion of mass transfer.

The metallic particles can be catalytic active sites and capacitors, and ITM treatment
provides higher porosity with much lower agglomeration tendencies [34,42]. Li et al. [42]
reported that a low-tortuous thick electrode can be successfully designed using a freez-
ing drying route. These types of electrodes have straight lithium-ion transport channels,
which allows for independence in electrode thickness and tortuosity. This design acceler-
ates lithium-ion transport and reduces concentration polarization, resulting in excellent
rate capability.

Polymer-based porous materials can provide functional groups as reaction active sites,
which enhance the electrocatalytic activity and selectivity and offer crucial mechanical
stability, flexibility, and durability for electrochemical cells. Colard et al. [43] demonstrated
nanoparticle-reinforced soft polymer foams as chemical-sensor components, in which ITM
guides and confines the assembly of colloids, resulting in the creation of armored composite
self-supporting cellular structures with soft polymer composite matrixes.

2.3. Controlling of Reaction Conditions

ITM is a simple and effective fabrication process performed by adjusting the physical
interactions between the suspension and the ice, and also by altering the cooling method of
the material in order to control the pore morphologies [44]. The ice crystal growth influences
the morphology of the porous structure and depends on the reaction factors below:

Cooling rate: The cooling approach includes unidirectional and multidirectional
freezing. In unidirectional freezing, a directional cooling rate will enable a temperature
gradient in solution, which causes ice to grow towards the applied field. The growing ice
front displaces particles via diffusion and convection, accumulating them at the ice/liquid
boundary layer. Arabi et al. [45] reported the effect of cooling rate influence on ice tem-
plating of gelation scaffolds; by increasing the cooling rate, the average pore size decrease,
and there is no apparent difference between the morphology of pores. This is because a
higher cooling rate results in smaller nuclei of ice crystals, which are, therefore, smaller
in size. At a lower cooling rate, water molecules have enough time for nucleation and
growth. Figure 3a—f show the cooling rate influence of the gelatin scaffolds. Meanwhile,
the compressive strength increases by increasing the cooling rate, as shown in Figure 3h. In
multidirectional solidification with low external temperature gradients, equiaxial growth is
observed throughout the sample, resulting in isotropic pore distribution in the scaffolds.

Concentration of solution/suspension: the concentration of particles in the suspension
can affect the porous morphology and structure. The porosity value of the material can be
calculated according to Equation (1).

Porosity = (Vin — (Wm/p))/Vm x 100% 1)

where Vy, is the volume of solution/suspension (cm®), Wiy, is the mass of the scaffold (g),
and p is the density of the gelatin. Hence, high concentrations of solution/suspension will
reduce the porosity of the material. As shown in Figure 3i-n, the pores in lower-gelatin
concentrations appeared oblate and polygonal in shape, and by increasing the concentration,
the pores became more circular. Additionally, increasing the gelatin concentration resulted
in a reduction in pore channel size and layer distance. This may be attributed to the increase
in solution viscosity with increasing gelatin concentration, which required a higher force
for gelatin molecules to be expelled by water molecules. As a result, smaller ice crystals
were formed, leading to smaller pore sizes.
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Figure 3. SEM images of 5 wt% gelatin scaffolds with cooling rate of (a,d) 1 °C/min, (b,e) 3 °C/min,
and (c,f) 6 °C/min. (g,h) Compressive strength and pore size distribution of 5 wt% gelatin scaffolds
at various cooling rates. SEM image of gelation with cooling rate of 3 °C/min (i,j) 1 wt% (k,1) 3 wt%,
and (m,n) 5% wt&. The direction of the cross-section is perpendicular and parallel to the ice growth
front. (o—q) Effect of gelatin concentration on the compressive strength, total porosity, and pore size
of scaffolds with a rate of 3 °C/min. Reproduced from Ref. [45]. Copyright (2013), with permission
from Wiley-VCH.

For electrochemistry applications, controlling the ITM is advantageous since it has
a substantial impact on the electrochemical characteristics, such as surface area, porosity,
and catalytic activity. For electrochemical reactions, for instance, a porous shape might
offer high surface reaction active area, whereas a hierarchical structure can improve mass
transport and catalytic activity. Controlling the morphology can also increase the material’s
stability and toughness, making it better suited for long-term electrochemical applications.
To create high-performance electrochemical devices, such as batteries, fuel cells, and sensors,
morphology control of porous materials using the ITM approach is the key part.
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3. Applications in Electrochemistry for Energy Storage

Porous materials have garnered significant attention in the field of electrochemistry
for energy storage applications due to their unique properties such as high surface area and
high porosity [46]. The ability to control the pore size distribution, morphology, electrical,
and physical properties of porous materials is a critical aspect in their manufacturing. In
this regard, the ITM method has emerged as an effective technique for precisely controlling
the characteristics of porous materials.

The ITM method has become a crucial tool for the fabrication of porous materials for
energy storage applications. For instance, porous carbon materials, such as activated carbon,
carbon aerogels, and carbon nanotubes, are widely used as electrode materials due to their
high surface area and excellent electrical conductivity in supercapacitors; these materials
can store charge by adsorbing ions on their surface or within their pores, which enables
them to achieve high energy and power densities [47-49]. In fuel cells and electrochemical
reactors, porous materials can be used for the manufacturing of electrodes, including
making porous catalyst layers, gas diffusion layers, and ion exchange membranes [50-52].
The mass transfer and charge transfer can be optimized by controlling the the porous
material using ITM, which reduced the internal resistance within the reactor and results in
high Faradaic efficiency and energy efficiency. The application of ITM in electrochemistry
will be discussed separately according to different field.

3.1. Supercapacitors

Supercapacitors are devices which provide high power rates compared to batteries.
They are capable of much higher power in the same volume as batteries, but with 3-30 times
lower energy storage. This makes them well-suited for applications where short bursts of
power are needed but high energy storage capacity is not necessary [53].

As shown in Figure 4, in designing of supercapacitors, ITM can creating well-controlled
porous structures in the materials used for the electrodes. Porous structures with high
surface area can provide more space for energy storage and improve the performance of
supercapacitors. By tuning the volume of the ice template used in this process, it is possible
to control the size and shape of the hollow cavities formed in the inner space of the porous
material. This can enlarge the accessible surface area and expose extra ion storing sites. The
increased surface area provided by these porous structures can improve the performance of
supercapacitors by providing more space for energy storage. Additionally, having more ion
storing sites can shorten the ion diffusion distance and further improve the performance.

Substrate (electrode) Electrolyte

CURRENT COLLECTOR

Figure 4. Symmetric supercapacitor schematic diagram. Reproduced from Ref. [53]. Copyright (2016),

with permission from Elsevier.

3.1.1. Carbon-Based Materials as Electrodes

Carbon-based materials, especially graphene, show low density, high specific sur-
face area, good conductivity, and mechanical stability. In recent years, there has been
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a growing research interest due to its potential for a variety of applications, including
as electrodes in supercapacitors [54,55]. There have been several reported methods for
preparing carbon/graphene/reduced graphene oxide (rGO) aerogels.

Thomas et al. [28] discussed the properties and potential applications of carbon aero-
gels, which are materials with a 3D hierarchical network structure and high specific surface
area. This paper introduces a new, green, and facile preparation route involving ice-
templating and lyophilization followed by carbonization for the preparation of carbon
aerogels, as shown in Figure 5. We investigated the effects of different factors on the
structure and electrochemical performance of the resulting aerogels, and demonstrated the
superior electrochemical performance of the prepared aerogel electrodes. By controlling the
cooling rate and the concentration of solid content of lignin and cellulose nanofibers, this
work achieved the highest surface area of 1260 m?/g and an excellent specific capacitance
of 410 F/g at 2 mV/s. This method also has good cyclic stability of the electrodes, which,
after 4500 charge-discharge cycles, was 94%.

Lignin

Carbonization

2

Lyophilization

Ice-templating LB/CNF Carbon
aerogels aerogels

Cellulose
nanofibers (CNFs)

Figure 5. Schematic representation of various processes involved in the preparation of Cas. Repro-
duced from Ref. [28]. Copyright (2022), with permission from the American Chemical Society.

Compared with carbon, graphene forms a unique 2-dimensional honeycomb crystal
structure, which provides a good pathway for electron transfer and also benefits the
physical and chemical properties [56]. Ni et al. [57] reported a hierarchically multi-layered
porous carbon (HPC) successfully prepared using ITM (Figure 6), The graphene content
was found to have a significant impact on the structure of the HPC. The resulting HPC
exhibited a high surface area of 2078.4 m? g~! and showed good electrochemical properties
in different electrolytes. The HPC also displayed a specific capacitance of 201 F/g at
a current density of 0.5 A/g and excellent cycling performance of 103% initial capacity
retained after 10,000 cycles at 10 A/g. The supercapacitor also showed excellent cycling
performance, with 94.4% capacitance retention after 5000 cycles. Similarly, Mochizuki et al. [58]
developed porous electrodes with nanosheets vertically aligned to the substrate (Figure 7).
The process of producing rGO films, which are vertically aligned, involves combining the
electrophoretic deposition technique with the ice template method. The perpendicular
orientation of graphene oxide with respect to the substrate enhances the specific capacitance
and charging rate behavior. The specific capacitance was approximately 78% of that at
2mV/s at a high scan rate of 500 mV /s, indicating an improvement in the rate performance
by controlling the film thickness and pore sizes.
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Figure 7. Proposed formation mechanism of the vertically aligned film by electrophoresis and
freeze drying. Reproduced from Ref. [58]. Copyright (2019), with permission from the American

Chemical Society.

However, graphene can be prone to aggregation, which can reduce its overall surface
area and therefore its capacitance [59]. This problem can be mitigated using appropriate
surface functionalization and stabilization techniques, such as nitrogen doping into the
graphene lattice, which can alter the electronic structure of the material, leading to en-
hanced electrical conductivity. Kota et al. [60] reported a 3D macro-porous nitrogen-doped
graphene using an ice-templating method (Figure 8). Such a method produces unique
properties of Ni-doped graphene, including a hierarchal porous structure and uniformly
distributed nitrogen atoms, which enhance its electrochemical performance as a supercapac-
itor electrode material. The nitrogen doping in the honeycomb lattice provides noticeable
pseudocapacitive behavior along with electric double layer capacitor formation, and the
pyridinic-type nitrogen configuration provides excellent electrochemical stability due to
the higher charge density.
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Figure 8. Synthetic procedure for synthesis of N-doped graphene and different N-doped config-

urations in the graphene lattice. Reproduced from Ref. [60]. Copyright (2016), with permission

from Elsevier.

Deng et al. [60] discussed the current challenges in creating flexible supercapacitor
devices for wearable technology, and this research proposes a novel fabrication strategy
for creating a flexible and high energy density supercapacitor device by combining nickel
foam and pseudocapacitive nickel oxide via oriented graphene oxide filling. Here, the ITM
method is applied to fill the nickel foam with oriented graphene oxide aerogel. The device
exhibits excellent flexibility and is capable of achieving a high electrochemical capacitance.
The activation process occurs during both electrochemical and deformation cycles, leading
to a remarkable 102% retention of capacitance after 500 repeated deformations and 80%
retention after 3000 charge/discharge cycles. The areal capacitance reaches a record high of
479.8 mF/cm?, while the energy density and power density reach up to 1.69 Wh/m? and
9 W/m?, respectively.

3.1.2. MXene as Electrodes

MXenes have shown potential in energy applications in batteries and supercapacitors
due to their 2D layered structure and good conductivity, hydrophilicity, and chemical
stability [61]. However, they still face challenges, such as restacking and aggregation
of nanosheets, which can result in poor electrochemical properties [62]; the electrodes
have a limited surface area face to the electrolytes, and this results in low gravimetric
capacitance. One of the strategies is to assemble the 2D MXene into a 3D porous material
as an electrode using ITM; this method offers precise control over the size and shape
of the resulting carbon structure, as well as the pore size distribution and surface area.
The porous structure provides a pathway for ionic transfer and avoids the agglomeration
problem, therefore enhancing the stability of the supercapacitor. For MXene application
in supercapacitors using ITM, Gao et al. [63] reported a dual-step strategy for the 3D
porous MXene fabrication (Figure 9). A 3D porous MXene with a homogeneous layered
structure and large interlayer spacing was assembled through two distinct steps: the first
step involved controlling the nucleation during freezing by adjusting the temperatures and
cooling rates, while the second step involved the expansion of layers during freezing, which
is growth-dominant freezing. The porous structure of the electrode increases the surface
area and enhances ion transport, leading to higher specific capacitance and better cycling
stability. Similarly, Cai et al. [64] reported a super elastic MXene aerogel with outstanding
electrochemical properties, high-rate capacity, and temperature-invariant super-elasticity;,
making them suitable for use in supercapacitors and wearable electronic devices (Figure 10).
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The assembled symmetric MXene supercapacitors showed an excellent energy density of
38.5 uWh/cm? and an excellent cycle stability of 86.7% (after 4000 cycles), as well as
excellent photo-response ability.
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illustration of dual-step freezing protocols for the synthesis of MXenes with different conditions.
Reproduced from Ref. [63]. Copyright (2022), with permission from Elsevier.
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Compared with pure MXene as a material for a 3D porous structure, Zhang and
colleagues successfully produced a flexible, free-standing 3D porous film (3D-PMCF) com-
posed of MXene and carbon nanotubes using a freeze-drying technique. The incorporation
of CNTs in the hydro-film has been found to increase the amount of interlayer water and
the resulting porosity [65]. The 3D structure of MXene significantly enhances the number
of exposed surface-active sites and promotes ion transport while maintaining flexibility.
The 3D-PMCEF film exhibits a capacitance of 375 F/g at 5 mV /s and retains 251.2 F/g at
1000 mV /s with excellent cycling stability, which is significantly better than the conven-
tional Ti3Cy Ty film with densely stacked structures. The assembly of the 3D-PMCEF film
into a symmetric supercapacitor has yielded an energy density of 9.2 Wh/kg. Figure 11
shows the synthesis process of the 3D porous MXene/CNTs film electrode. The process
involves the preparation of a hydro-film of MXene/CNTs by vacuum-assisted filtration of
a MXene/CNTs suspension.

(a) LiF+HCI etching OTi ®-H
& Sonication “ CHEEHEEF  gc L0
A ’ CREBMEEP . Inter-layer water
SRVRERERY
Ti;AlC, MXene nanosheets TRT R T W e

Slow ion transport

Filtration Vacuum drying 5
Dense MXene film
Improved ion transport
Freezing & S o o Freeze drying
Porous MXene film
Freezing Fastion trans?on

=

Freeze drying i\ S,
,-\ i

MXene/CNTs mixed solution

Porous MXene/CNTs film

Figure 11. Schematic illustration of the fabrication process of (a) MXene nanosheets, (b) vacuum-
dried D-MF film, (c) freeze-dried 3D-PMF film, and (d) freeze-dried 3D-PMCEF film. Reproduced
from Ref. [65]. Copyright (2020), with permission from Wiley.

3.1.3. Polymer-Based Supercapacitors

Polymer-based ionic conducting gels are becoming popular electrolyte materials for
soft supercapacitors due to their flexibility, wearability, and portability with minimal
liquid leakage [66]. Hydrogels with highly ordered 3D structures also exhibit desirable
anisotropic properties, such as enhanced directional ion transfer. Among these approaches,
ITM is a promising and versatile method for creating well-defined polymer-based porous
materials. For example, Zhao et al. [67] reported a novel approach to creating a flexible
all-solid-state hydrogel supercapacitor, which was inspired by wood. Figure 12 illustrates
the ice-templating process used to create the aligned hydrogel matrix. By modifying
the morphology of the hydrogel matrix, it becomes possible to increase the electrode
material loading and areal capacitance. This is accomplished through the alignment
of the matrix, resulting in enhanced morphological flexibility, exceptional mechanical
flexibility, and uniform polypyrrole distribution, even in matrices up to 7 mm thick. The
supercapacitor demonstrates impressive performance metrics, including a high energy
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density of 73.8 yWh/cm?, a power density of 4960 pW /cm?, an 86.5% capacitance retention
after 1000 cycles, and a 95% bending stability after 5000 cycles.

Natural aligned structure

+ lowtortuosity

Enhanced mass transport
High massloading

Open pores

Mechanical support
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Figure 12. Schematic of the fabrication of all-solid-state hydrogel supercapacitors via integration of
APA as the matrix and PPy as the electrode material. Reproduced from Ref. [67]. Copyright (2020),
with permission from Wiley.

Similarly, Wei et al. [68] used polyampholyte-doped aligned polymer hydrogels as
anisotropic electrolytes for supercapacitor applications. The paper focuses on the pressure-
resistant polymer gel electrolytes with ion channels for wearable energy devices. They
used a biomimetic aligned hierarchical design and polyampholyte doping to achieve high
strength and large ionic mobility. The preparation of hydrogel is shown in Figure 13. The
monomers were polymerized around the ice, and the aligned porous structure hydrogel
was obtained after the removal of crystals. For the results, the authors found that the
optimized supercapacitor capacity of the aligned gel electrolytes was higher than that of a
liquid electrolyte. By optimizing the supercapacitor with the aligned gel electrolytes, the
capacity achieved 201.5 F/g ata 0.1 A/g current density in the vertical direction, which is
higher than the liquid electrolyte’s capacity of 159.0 F/g.

Liu et al. [69] developed high-temperature supercapacitors using aligned ionogel
electrolytes, which was achieved by ITM. The aligned ionogel electrolytes can significantly
improve the performance of high-temperature supercapacitors. This novel design can
consistently achieve superior electrochemical performances at all temperatures relative to
the nonaligned device, with a 29% higher specific capacitance (176 F/g at 25 °C and 1 A/g).
Moreover, under high temperatures of 200 °C, the thermally stable aligned ionogel has a
high ionic conductivity of 22.1 mS/cm and with a high specific capacitance of 167 F/g at
10 A/g (Figure 14). It has the potential to be used in the development of high-temperature
supercapacitors for various applications.
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Figure 13. Schematic showing the preparation of hydrogels with an aligned porous structure by the
“hot ice” template method. Reproduced from Ref. [68]. Copyright (2018), with permission from the
Royal Society of Chemistry.
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Figure 14. Proposed schematic illustration of the preparation of an aligned hydrogel by applying a
directional freezing process (a) The precursor aqueous solution of clay-Ns, DMAA, and TiO,-NP in
water. (b,c) The monomer-nanoparticle composite is excluded from the directionally freezing of the
orientated ice crystals. (d) The monomer is cryopolymerized to produce hydrogel with an aligned
structure. (e) SEM image of the freeze-dried polymer matrix with aligned structure. (f) The aligned
ionogel can be obtained by adding ionic liquid to freeze-dried aligned polymer matrix. Reproduced
from Ref. [69]. Copyright (2019), with permission from Wiley.

3.2. Li Ion Batteries (LIBs)

Compared to other energy storage systems for stationary power storage, rechargeable
LIBs have gained significant attention due to their high energy densities, non-memory
effect, environmentally friendly technology, and long cycle life [70]. However, despite
their many advantages, thick electrodes in the battery pose a challenge, as they restrict
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lithium-ion transport kinetics due to prolonged diffusion lengths and tortuous transport
pathways [71]. It is worth noting that the use of porous electrode materials, particularly
mesoporous ones, may significantly improve the power rate during the electrochemical
process by providing a large surface area and abundant migration channels which can
accelerate ion migration at the electrolyte—electrode interface. Therefore, the ITM strategy
is a cost-effective, environmentally friendly, and versatile approach for creating aligned
porous electrodes in LIBs. It allows for sophisticated and precise control over electrode
materials, resulting in uniquely structured morphologies. Figure 15 shows the sketch of the
LIBs, and we classified it into three parts, according to the ITM application: cathode, anode,
and solid electrolyte.

Electrolyte
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K
o
o
o
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I [

Anode Separator Cathode
Figure 15. Sketch of LIBs.

3.2.1. Cathode Material in LIBs

The majority of research in the field has focused on enhancing the high specific surface
area and Li ion transfer of thick cathode materials. One approach to achieve this is by
employing ice as a template to regulate the material’s morphology and create an abundance
of porous channels. This technique has been successfully applied to a variety of lithium-ion
batteries, such as lithium—cobalt oxide batteries, lithium-manganese oxide batteries, and
lithium—iron phosphate batteries.

For lithium—cobalt oxide batteries, Huang et al. [72] reported an ultra-thick LiCoO,
(LCO) cathode (Figure 16) for lithium-ion batteries using the ITM method, which builds a
gradient of pore structures throughout the electrode thickness to enhance energy densities
at fast rates. The resulting electrodes have demonstrated significantly higher gravimetric
energy density at the cell-stack level, compared to conventional electrodes with random
structures and identical materials. The superior performance of the ice-templated electrodes
is attributed to several factors, including the improved uniformity of ion mobility through-
out the thick electrode; the low electrical resistance of the oriented struts of well-packed
primary active materials with a large, exposed electrolyte/LFP contact area; and a substan-
tially reduced proportion of inactive components at the cell-stack level. These findings
are detailed in Figure 16. The ice-templated electrodes exhibit a capacity of 94 mAh/g at
an ultra-high current density of 15 mA/cm?, while conventional electrodes exhibit only
47 mAh/g.
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Figure 16. Schematics of the four electrode types fabricated for performance comparison. Reproduced
from Ref. [72]. Copyright (2019), with permission from the Royal Society of Chemistry.

Li et al. [72] reported a hierarchical mesoporous Li[Lip»Nig>2Mng ¢]O, microsphere
composed of nanoparticles synthesized using ITM combined with a coprecipitation strategy,
as demonstrated in Figure 17. The results indicated that the electrochemical performance of
the sample prepared using the ITM was superior to that prepared using the conventional
coprecipitation method. The former exhibited enhanced capacity, improved cycling stability,
and superior rate capability. These enhancements were attributed to the stable hierarchical
micro-sized structure and the improved lithium-ion diffusion kinetics resulting from the
highly porous structure. The ice-templated electrode showed satisfactory initial discharge
capacities of 280.1 mAh/g at 0.1 C,207.1 mAh/g at2 C, and 152.4 mAh/g at 5 C, along
with good cycle performance.
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Figure 17. Schematic diagram of the synthetic route for hierarchical mesoporous cathode material
Li[LipNipoMng6]Oz. Reproduced from Ref. [72]. Copyright (2020), with permission from the
American Chemical Society.

Li et.al. [42] developed an ultrathick and low-tortuous LiFePOy electrode using ITM
(Figure 18). The low-tortuosity design of the electrodes provides straight pathways for
lithium-ion transport, resulting in enhanced transport and reduced concentration polariza-
tion, thereby improving their rate capability. Meanwhile, the low-tortuous thick electrodes
display a uniform and highly reversible electrochemical reaction, promoting superior
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cyclability. The study demonstrated that the FDLFP electrode, with a mass loading of
22.30 mg/cm?, delivered a specific capacity of 151.4 mAh/g at 1 mA /cm? for 200 cycles.

Coating slurry Freezing slurry Drying electrode LFP/C
: “. Water
-83°C/3h 0°C/2.5Pa
= y | ice

a Ui

A Al

Figure 18. Schematic diagram of freezing dry method of the LiFePOy electrode. Reproduced from
Ref. [42]. Copyright (2020), with permission from Elsevier.

3.2.2. Anode Material in LIBs

Porous material can not only be applied on cathodes in LIBs, but also on anodes to
achieve higher capacities and power densities. For instance, carbon based materials are
commonly used as material on anodes. Roberts et al. [73] found that, when applying 3D
porous carbon structures using ITM, it shows superior anode performance compared to
other forms of carbon, particularly in terms of specific capacity and high-rate performance.
In this work, Robert prepared hierarchically porous carbon monoliths from a polyacry-
lonitrile (PAN) precursor using a simple ITM (Figure 19). The carbon monoliths possess a
naturally high nitrogen content and exhibit good capabilities in terms of specific capacity
and high-rate performance as anode materials in lithium-ion batteries. This enhanced
performance is ascribed to the hierarchical pore structure, which facilitates the efficient
transport of lithium ions, as well as the nitrogen-rich precursor and self-doping mechanism
employed to achieve an exceptionally high nitrogen content.
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Figure 19. Schematic representation of the process in which the ice templated PAN-derived porous
carbons are created. Reproduced from Ref. [73]. Copyright (2014), with permission from the Royal
Society of Chemistry.

In a study by Wang and colleagues, a hybrid nanoarchitecture aerogel composed of
WS, nanosheets and carbon nanotube-reduced graphene oxide (CNT-rGO) was synthe-
sized to serve as an anode material for both lithium- and sodium-ion batteries (LIBs and
SIBs) [36]. The aerogel structure featured an ordered 3D scaffold microchannel, which facil-
itated efficient electronic and ionic conductivity and resulted in enhanced electrochemical
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performance. The WS, /CNT-rGO aerogel nanostructure exhibited a specific capacity of
749 mAh/g at 100 mA /g and a high first-cycle coulombic efficiency of 53.4% as the anode
material of LIBs. Additionally, it delivered a capacity of 311.4 mAh/g at 100 mA /g and
retained a capacity of 252.9 mAh/g at 200 mA /g after 100 cycles of SIBs. The excellent
electrochemical performance was attributed to the synergistic effect between the WS,
nanosheets and the CNT-rGO scaffold network, as well as to the rational design of the 3D
ordered structure, as illustrated in Figure 20.

Step 1: Raw materials mixing Step 2: Solvothermal growth Step 3: Freeze dry

(NH),WS, === i
e o .‘?’ﬁ: ‘ ,;\ -
Y 48 I

Final product: WS,/CNT-rGO aerogel Step 4: Post annealing treatment

/uml I""“\““\““\“\\N\\\\\\\\
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CNT Graphene @  Precursor WS, “‘ Ice column
S )

Figure 20. Schematic diagram of WS, /CNT-rGO aerogel 3D ordered microchannel nanoarchitecture
synthesis process. Reproduced from Ref. [36]. Copyright (2016), with permission from Wiley.

3.2.3. Electrolyte Material in LIBs

Interestingly, some of the research focuses on the composite solid electrolytes within
the Li/Li-ion batteries in order to increase the ionic conductivity. The ITM can be used to
build a vertically aligned porous ceramic/polymer composite electrolyte in rechargeable
solid-state Li-/Li-ion batteries. Zhai et al. [74] reported a composite electrolyte using a
polymer matrix with ceramic Li-ion conductors dispersed inside (Figure 21). ITM was
used to fabricate the vertically aligned and connected Lij AlTi;_«(PO4)3 nanoparti-
cles (LATPNPs) in the poly(ethylene oxide) (PEO) matrix to maximize the ionic conduc-
tion and provide good flexibility of the composite. This design shows a conductivity of
0.52 x 107* S/cm, which is 3.6 times that of the composite electrolyte with randomly
dispersed LATPNPs.

3.3. Fuel Cell Type Electrochemical Reactor

The design of novel porous electrode architecture and the study of mass/ion transfer
within the structures are the core issues in developing fuel cells and other electrochemical
energy electrolysers [75]. Currently, electrochemical reactors suffer from gas diffusion
through the electrode, insufficient ion transfer within the electrolyte/flow channel, or
difficult electron transfer between the gas diffusion layer and catalyst layer [50]. One of the
solutions is to use porous material as electrodes, or to replace the flow channels for better
mass/ion transfer. ITM is a promising method for delivering well-defined macro-pore
structures, and it can further enhance the energy efficiency and reaction rate by promoting
the mass/ion/charge transfer.
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Figure 21. Schematic of vertically aligned and connected ceramic channels for enhancing ionic
conduction. (a) Ceramic particles are randomly dispersed in the polymer matrix, where ion transport
is blocked by the polymer matrix with a low conductivity. (b) Vertically aligned and connected
structure to facilitate ion transport, which can be realized by the ice-templating method Reproduced
from Ref. [74]. Copyright (2017), with permission from the American Chemical Society.

Xia et al. [66] reported an ITM application on direct methanol fuel cells. The macro-
porous structure enhances mass transport and boosts electrochemical properties, resulting
in a remarkable improvement in energy production and in the efficiency of direct methanol
fuel cells with 73% for peak power density. Wang et al. [21] designed a porous graphene
aerogel using the ITM method, and applied it as an electrode in an electrochemical CO,
reduction reaction reactor. The porous design benefits CO, mass transfer and provides a
pathway for charge transfer. The advanced design increases the Faraday efficiency to over
94% toward CO and formate (Figure 22).
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Figure 22. Schematic illustrations of design for GACP-electrode. Reproduced from Ref. [21]. Copy-
right (2017), with permission from Wiley.
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4. Conclusions and Outlook

We summarized the recent research progress in ice-templated materials (ITM) for
electrochemical energy storage and conversion, with a focus on their application in super-
capacitors, Li-ion batteries, and fuel cells. Although the ice-templating method has yielded
promising results, significant challenges remain. These include: (i) the time-consuming and
energy-intensive freeze-drying process required to remove ice templates; (ii) the limited
scalability of ice-templated materials due to the lowest temperature that restricts ice crystal
growth; (iii) the lengthy fabrication periods due to the slow velocity of the ice front; and (iv)
the difficulty in controlling ice growth leading to inconsistent sample batches. To address
these issues, in situ observation of ice growth and a comprehensive understanding of the
interaction between the ice front and the building blocks are necessary.

In recent years, there have been numerous research endeavors aimed at expanding the
capabilities of ice-templating methods. One promising development is the ice-dissolving—
complexation process, which operates at room temperature and can replace freeze-drying
for obtaining ice-templated materials. Efforts have also focused on the assembly and move-
ment of colloidal particles during freezing to provide guidance for the ice-templating pro-
cess. The utilization of ITM technologies will be crucial for the development of prototypes
in energy storage, particularly in enhancing battery mass/ion/charge transfer capabilities
to improve battery capacity and reaction efficiency. Therefore, a more comprehensive
understanding of freezing mechanisms and their integration with other techniques has the
potential to fabricate novel materials with exceptional properties. These materials hold
tremendous potential for electrochemical engineering applications, such as supercapaci-
tors, Li-ion batteries, and fuel cells. Further exploration, innovation, and implementation
initiatives aimed at lowering costs from their present levels would result in decreased
energy system costs associated with decarbonization, and it would facilitate the global shift
towards cleaner, low-carbon energy sources.
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