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The exploration of concrete-based energy storage devices represents a demanding field of research that
aligns with the emerging concept of creating multifunctional and intelligent building solutions. The
increasing need to attain zero carbon emissions and harness renewable energy sources underscores the
importance of advancing energy storage technologies. A recent focus has been on structural
supercapacitors, which not only store electrochemical energy but also support mechanical loads,
presenting a promising avenue for research. We comprehensively review concrete-based energy storage
devices, focusing on their unique properties, such as durability, widespread availability, low
environmental impact, and advantages. First, we elucidate how concrete and its composites
revolutionize basic building blocks for the design and fabrication of intrinsically strong structural
materials. Afterward, we categorized concrete into two major parts of a supercapacitor, i.e., electrode
and electrolyte materials. We further describe the synthesis of concrete-based electrodes and
electrolytes and highlight the main points to be addressed while synthesizing porous surface/
electroactive matrices. The incorporation of carbon, polymers, metals, etc., enhances the energy density
and durability of electrode materials. Furthermore, as an electrolyte, how concrete accommodates metal
salts and the mode of diffusion/transport have been described. Although pure concrete electrolytes

exhibit poor ionic conductivity, the addition of conducting polymers, metal/metal oxides, and carbon
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DOI: 10.1035/d4ra04812a increases the overall performance of energy storage devices. At the end of the review, we discuss the
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Introduction

Given the recent decades of diminishing fossil fuel reserves and
concerns about greenhouse gas emissions, there is a pressing
demand for both the generation and effective storage of
renewable energy sources."” Hence, there is a growing focus
among researchers on zero-energy buildings, which in turn
necessitates the integration of renewable energy sources and
effective energy storage solutions. Structural energy storage
devices have been developed for use in various sectors,
including automotive aerospace and building construction, to
meet the demands of such energy systems. These devices offer
advantages such as weight reduction, minimal maintenance
expenses, and the ability to store and convert energy
efficiently.*® Compared with traditional energy storage devices,
concrete-based energy storage devices play a unique role in
achieving zero-energy buildings due to their scalability, cost-
effectiveness, and integration capabilities within building
structures. Researchers have developed concrete
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challenges and perspectives on future research directions and provide overall conclusions.

supercapacitors that self-assemble during the curing process,
eliminating the need for separate mesh electrodes and allowing
carbon black to form connected electrode structures within the
concrete. This innovative approach leverages the fractal-like
structure of concrete to create carbon electrodes with a large
surface area, enhancing the energy storage capacity. The scal-
ability and cost-effectiveness of concrete-based devices make
them a practical solution for zero-energy buildings, offering
a sustainable and reliable energy storage option that aligns to
reduce energy consumption and promote environmental
sustainability.®

Concrete, the cornerstone of modern infrastructure, boasts
a legacy dating from two millennia ago to the illustrious Roman
Empire. When a blend of water, aggregates, and cement is
forged into a strong composite through hardening, concrete is
durable, affordable, aesthetic, and accessible. However, amidst
its virtues lie a series of challenges that threaten its longevity.
From the effects of surface abrasion, erosion, and cracking to
the relentless march of time, accompanied by temperature
fluctuations, salt crystallization, and water infiltration, concrete
faces a wide array of challenges. These are compounded by
insidious chemical opponents such as alkali-aggregate reac-
tions, carbonation, sulfate attacks, and the corrosion of rein-
forcing steel, all of which are conspiring to weaken its structural
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integrity.” The lack of advanced design and assessment tools
and delayed maintenance significantly contribute to the dete-
rioration of concrete structures.® The strategic placement of
conductive fillers throughout concrete forms a consistent and
strong pathway for improving conductivity within the material.
This unique feature allows concrete to exhibit exceptional
electrical conductivity. When subjected to external forces, the
conductive framework within the concrete transforms, thereby
influencing its electrical characteristics, specifically the elec-
trical resistance. This innovative approach enables the detec-
tion of stress, strain, cracks, and structural damage in concrete
structures in both static and dynamic scenarios. According to
the concept depicted in Fig. 1, the conductive network estab-
lished by these fillers functions as a ‘nervous system’, trans-
mitting electrical signals in response to internal and external
stimuli to a central computational hub, essentially acting as
a sophisticated ‘brain’, mirroring human-like responsiveness.
Fig. 1 encapsulates the comprehensive research framework
underpinning the realm of sensing concrete. Transitioning
from structural to multifunctional materials, sensing concrete
injects a fresh wave of innovation and dynamism into
construction materials. With its dual nature of structural
integrity and sensing capabilities, sensing concrete has swiftly
risen as a pivotal focal point within the structural health
monitoring (SHM) domain. Reflecting on the discourse pre-
sented earlier, it becomes evident that the core of crafting
sensing concrete lies in infusing it with conductivity through
the judicious selection of matrix materials, functional fillers,
and dispersion agents, alongside meticulous control of their
blending ratios. Despite these achievements, numerous hurdles
persist in the practical realization of sensing concrete, posing
ongoing challenges to its efficient fabrication and
implementation.’

In the ever-evolving landscape of energy storage technolo-
gies, the quest for more efficient and sustainable solutions
continues uninterrupted. Due to global energy shortages and
increasing pollution concerns, novel energy storage systems
(ESSs) have emerged. Traditional ESSs include batteries,
dielectric capacitors, and supercapacitors. Supercapacitors
(also called electric double-layer capacitors or ultracapacitors),
often hailed as the bridge between traditional capacitors and
batteries, have emerged as promising contenders in this
pursuit. Due to their rapid energy storage and release, high
power density, and exceptional cycle life, supercapacitors are
receiving increased attention for applications ranging from
renewable energy integration to electric vehicles and portable
electronics.

Supercapacitor components and their
classification

Supercapacitors, as energy storage devices, operate on the
concept of a battery. Comprising two conductive electrodes, one
positively and the other negatively charged, they are divided by
a separator, with an electrolyte combined between them as
shown in Fig. 2a. Supercapacitors are categorized into three
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classifications depending on the composition of the electrodes:
electrochemical double-layered capacitors (EDLCs), pseudo
capacitors, and hybrid supercapacitors (as shown in Fig. 2b). In
the realm of EDLC, energy is stored through the electrostatic
separation of ions, leading to the creation of a Helmholtz
double layer (HDL) at the juncture of the electrolyte and the
electrode.” When a voltage is applied to the supercapacitor's
electrodes, it leads to the buildup of charges on these elec-
trodes. This buildup results in a potential disparity across the
electrolyte, prompting positive and negative ions to move
toward electrodes with opposite charges.” As the solvent
molecules become polarized and adhere to the electrode
surface, they effectively block oppositely charged ions from
binding to the electrodes. This process leads to the formation of
an electrostatic double layer on the electrode surface. Each HDL
can be likened to a standard capacitor, with the polarized
solvent molecules serving as a dielectric medium.'*** Largeot
and colleagues delved into the correlation between porosity and
capacitance in a supercapacitor.'® Their research revealed that
when the pore size is nearly equal to the size of ions, it results in
the highest capacitance value. This underscores the significance
of both total porous volume and pore size distribution in
influencing the capacitance of an EDLC. Unlike other mecha-
nisms, EDLC involves no chemical reaction, enabling it to
withstand a vast number of charging-discharging cycles, thus
boasting an extended lifespan. Additionally, its rapid charge-
discharge capability allows for a substantial power density,
making it a compelling choice for energy storage applications.”
The pseudo capacitor effectively retains electrical energy
through a reversible faradaic charge transfer process that takes
place between the electrode and the electrolyte. This distinctive
mechanism allows for the efficient storage and release of energy
within the supercapacitor system. When a supercapacitor's
electrodes are subjected to a voltage, electrolyte ions migrate
towards the electrodes of opposite charge, establishing a double
layer at the electrolyte-electrode boundary. In contrast, within
a pseudo-capacitor, certain selectively adsorbed electrolyte ions
infiltrate the double layer to convey their charge to the elec-
trodes. This intricate charge transfer process is facilitated by
highly reversible mechanisms such as redox reactions, inter-
calation, and electro-sorption.”® A pseudo capacitor has the
ability to store a greater quantity of charge compared to an
EDLC, resulting in a proportionally higher specific energy
output.” A hybrid supercapacitor integrates elements of both
EDLC and pseudo-capacitor technologies, enhancing its overall
energy storage capabilities through a synergistic approach.*
The pseudo-capacitive electrode enhances the specific capaci-
tance, working voltage, and specific energy of the super-
capacitor, whereas the double-layer capacitive electrode offers
improved cyclic stability and higher specific power.*>**** Thus,
a hybrid supercapacitor demonstrates significantly enhanced
electrochemical performance. Hybrid supercapacitors can also
be developed using combinations of materials with pseudoca-
pacitive and double-layer capacitive properties, further boosting
their overall efficiency and capabilities.

Batteries excel at high energy density but exhibit relatively
moderate power density, whereas dielectric capacitors show
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Fig. 1 Overall research framework of sensing concrete. Reproduced from ref. 9 with permission from AIP, copyright 2024.

impressive power density but fall short in energy density. When
evaluated based on criteria such as cycle life, specific power,
charge-discharge speed, cell voltage, and operational expenses,
supercapacitors have emerged as the superior choice among
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this array of devices.”> Compared to batteries, supercapacitors
offer distinct advantages. Unlike batteries, which may require
hours for charging and discharging, supercapacitors accom-
plish this task within minutes. Furthermore, they boast an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Schematic representations showing (a) components of supercapacitor. Reproduced from ref. 10 with permission from Elsevier, copyright
2024 and (b) types of supercapacitors. Reproduced from ref. 11 with permission from RSC, copyright 2024.

Table 1 Basic performance comparison of various electrochemical energy storage devices. Reproduced from ref. 23 with permission from

Elsevier, copyright 2024

S. no. Parameters Capacitor Supercapacitor Battery Reference
1 Specific energy (W h kg ™) 0.01-0.1 1-10 10-120 24-27

2 Specific power (W kg™ ) 10%-107 10%-10° 1-10° 26

3 Discharge time 107%-107°s Seconds to minutes 0.3-3 h 23

4 Charge time 1071075 Seconds to minutes 14 h 23

5 Cycle life Almost infinite >100 000 500-2000 24

exceptionally longer lifespan, enduring millions of cycles
instead of mere thousands. In batteries, which rely on chemical
reactions for energy storage, supercapacitors store energy
through the accumulation of electrically charged ions on their
electrode surfaces. Table 1 outlines a comparison of the
fundamental performance metrics among capacitors, batteries,
and supercapacitors. These parameters play a pivotal role in
shaping the performance of supercapacitors.?***

Positioned as a versatile electrical energy storage solution,
structural supercapacitors are poised to not only bear
mechanical loads but also deliver valuable electrical perfor-
mance. Furthermore, structural supercapacitors have the
potential to strike a balance, providing a foundation for
combining the power density of dielectric capacitors with the
substantial energy density typical of batteries. In the search for
a perfect structural supercapacitor, the ultimate goal is to attain
both the energy storage capacity found in conventional super-
capacitors and the load-bearing capability similar to traditional
structural components. However, the pursuit of this ideal is
often limited by the inherent trade-off between the electrical
and mechanical attributes of structural electrolytes, along with
the challenges posed by the rigid contact between the electrolyte
and electrode. Crucially, safety concerns must remain at the
forefront when employing organic electrolytes and adopting
gentle and neutral electrolytes for supercapacitors represents
a potential remedy. Nevertheless, the formidable obstacle of
achieving substantial energy density remains a primary
hindrance to the widespread adoption of supercapacitors in
commercial applications.?*** We have critically reviewed both
electrodes and electrolytes, which are made up of either
concrete or its composites for supercapacitor applications.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Electrode materials play a crucial role in energy storage
devices and are widely recognized in the field.**** Consequently,
the ideal electrode material should exhibit exceptional electrical
conductivity, a porous structure, a substantial specific surface
area, and robust resistance to both temperature variations and
chemical influences.**** By enabling the efficient conversion
and storage of electrical energy, these materials play a pivotal
role in various applications, from batteries to supercapacitors
and fuel cells. Their selection and design profoundly impact the
performance, capacity, and longevity of energy storage devices.
As we strive for sustainable and high-performance energy
storage solutions, the properties and characteristics of electrode
materials serve as a guiding example for innovation and prog-
ress in this dynamic field. The relationship between pore size
and the performance characteristics of electrode materials in
energy storage devices is a delicate balance. On one hand,
electrode materials with smaller pores tend to offer higher
capacitance and, consequently, higher energy density. This is
because the smaller pores provide a larger surface area for
charge storage, allowing for more efficient utilization of the
available volume. However, this comes at the cost of increased
equivalent series resistance (ESR) within the device. The smaller
pores create more resistance to the flow of current, which can
limit the power density of the system. This is a crucial consid-
eration, as applications that require high peak currents, such as
in power-intensive applications, would benefit more from
electrode materials with larger pores that can facilitate faster
charge and discharge rates. Conversely, for applications where
higher energy density is the primary concern, such as in energy
storage devices for long-duration use, the trade-off favors elec-
trode materials with smaller pores, even at the expense of

RSC Adv, 2024, 14, 28854-28880 | 28857
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slightly reduced power density. This is because the higher
capacitance and energy density offered by the smaller pores can
outweigh the impact of the increased ESR in these use cases.***®
Carbon-based materials, such as activated carbons, carbon
nanotubes, and graphene, are widely used due to their high
specific surface area, good electrical conductivity, and low cost.
Activated carbons are the most commonly used electrode
materials, with specific surface areas. Carbon nanotubes offer
unique pore structures, good mechanical and thermal stability,
and superior electrical properties, making them attractive for
high-power applications. Graphene, with its exceptional elec-
trical and mechanical properties, has shown promise in
enhancing the capacitance and rate capability of super-
capacitors. Metal oxides, such as ruthenium oxide, nickel oxide,
and manganese oxide, are also explored as electrode materials
due to their high specific capacitance and low resistance. Con-
ducting polymers, like polyaniline, offer the advantage of easy
synthesis and high conductivity, but suffer from poor cycling
stability.”* Concrete can function as an electrode in energy
storage devices by exploiting its integral properties to facilitate
the storage and release of electrical energy. Typically, this
involves impregnating concrete with conductive materials or
coatings to enhance its electrochemical properties. When used
as an electrode, concrete can store electrical energy through
processes such as electrochemical capacitive storage or redox
reactions, depending on the specific design of the device. The
high surface area of concrete structures and their durability and
abundance make them promising electrode materials for use in
energy storage applications. The porous structure of concrete
mixture provides abundant surface sites for electrochemical
reactions, allowing for more efficient ion storage and transfer.
This can significantly increase the overall energy storage
capacity of supercapacitors and batteries utilizing concrete-
based electrodes. Concrete electrodes are still a relatively new
technology, and further research and development are needed
to improve their performance, efficiency, and cost-effective-
ness.” The lack of standardization in the manufacturing
process and testing procedures for concrete electrodes hinders
their widespread adoption. Standardization would help ensure
consistency in performance and quality across different
manufacturers and applications.?***

Electrolytes are equally vital components within energy
storage devices. These structural electrolytes must strike
a harmonious balance between mechanical strength and ionic
conductivity, enabling the seamless fusion of electrochemical
and mechanical performance.*” Crucial considerations in the
choice of an electrolyte include factors such as ion size and type,
ion concentration, electrode materials, and the interplay of ions
with their surroundings. The choice of electrolyte can influence
the cycle longevity, capacitance, and energy or power density of
the system.*** Electrolytes can be categorized based on their
physical state as either liquid or solid, depending on their
existing form.*>** In the early days of energy storage technology,
liquid electrolytes were favored due to their exceptional ionic
conductivity and their ability to facilitate strong electrode-
electrolyte interactions.*>*¢ Nevertheless, liquid electrolytes
have certain drawbacks, including potential leakage,

28858 | RSC Adv, 2024, 14, 28854-28880
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flammability, and toxicity.*” Currently, prevalent solid electro-
Iytes include both ceramic-based and polymer-based
variants.***® While ceramics are widely acknowledged as
structurally robust materials, their ionic conductivity tends to
be notably limited, especially at ambient temperatures, owing
to the substantial impediments posed by high barriers to the
motion of ionic defects within ceramics. Conversely, polymer-
based electrolytes exhibit comparatively enhanced ionic
conductivity but often suffer from reduced mechanical
strength. Additionally, it is worth noting that in the majority of
instances, polymers are flammable and possess inherent
toxicity.**** Concrete-based electrolytes offer a novel solution to
the safety concerns associated with traditional liquid or gel
electrolytes used in energy storage systems such as rechargeable
batteries and supercapacitors. Instead of relying on flammable
solvents and salts, these innovative electrolytes utilize concrete,
a sturdy composite material, as both the structural support and
the medium for ion conduction. By integrating ionic species
within its matrix, concrete enables safe and efficient ion
transport while eliminating the risks of leakage and evapora-
tion. This solid-state approach enhances safety and provides
additional mechanical strength and stability to the energy
storage device, boosting its durability and reliability. Unlike
traditional electrolytes where ion transport occurs in a liquid or
gel medium, ions move through the solid matrix in concrete-
based electrolytes, offering a unique energy storage mecha-
nism. Moreover, the abundance and affordability of concrete
make these electrolytes cost-effective for large-scale applica-
tions, potentially reducing production costs. Additionally,
concrete-based electrolytes have the potential to form a stable
interface with electrodes, improving the energy density and
cycling life. Overall, concrete-based electrolytes represent
a promising advancement in energy storage technology,
offering both safety and performance benefits. Water-based
electrolytes are electrolytes that are primarily composed of
water. These electrolytes are used in various applications,
including batteries, due to their unique properties and advan-
tages. Water-based electrolytes are considered safer and more
environmentally friendly than organic electrolytes, as they pose
lower risks of flammability and toxicity. In the context of
batteries, water-based electrolytes are being explored as alter-
natives to organic electrolytes in lithium-ion batteries to
enhance safety and sustainability. These electrolytes play
a crucial role in facilitating ion transport and energy storage in
various systems, contributing to the development of safer and
more efficient technologies.***® Concrete-based electrolytes
offer distinct advantages over water-based electrolytes, show-
casing superior long-term durability, scalability, and cost-
effectiveness. Unlike water-based electrolytes, concrete-based
electrolytes leverage the inherent durability and stability of
cement, ensuring prolonged performance without degradation.
This long-term durability makes concrete-based electrolytes
ideal for applications requiring sustained functionality over
extended periods.”*** The pivotal element for batteries and
other energy storage devices offering high energy density,
extended cycle life, and superior safety lies in their choice of
appropriate electrolytes.®”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Structure and the properties of
concrete

Cement stands as an innovative entrant in the realm of solid
electrolytes, offering a fresh perspective. Its remarkable envi-
ronmental adaptability, that is its ability to withstand and
perform well in various environmental conditions such as expo-
sure to changing temperatures, humidity, chemical influences,
and other external factors, and resistance to fire render cement
an attractive choice as a solid electrolyte and lightweight.***°
Concrete can be made lightweight by incorporating lightweight
aggregates like expanded polystyrene (EPS) or ceramsite into the
mixture. Lightweight porous concrete, like expanded polystyrene
concrete (EPSC) and ceramics-cement-based porous material
(CCPM), introduces a significant amount of pores, which results
in a lighter and more porous material. These porous materials
exhibit excellent energy-absorbing properties, making them ideal
for civil defense projects. EPS is lightweight due to its cellular
structure. When used as an aggregate in concrete, it contributes
to the creation of lightweight and porous concrete.”* Cement
plays a crucial role in concrete by binding the aggregates
together, creating a synthetic stone-like material. Typically
accounting for about 10 to 15% of the weight of a standard
concrete mix, cement comprises four primary oxides: CaO, SiO,,
Al, O3, and Fe,03, although their proportions vary based on the
specific type of cement being used. Upon mixing with water,
cement undergoes hydration, forming calcium silicate hydrate
(CSH) and Ca(OH),. CSH serves as the primary hydration product
that enhances concrete strength, while Ca(OH), influences the
PH of concrete, playing a role in its durability. Due to its high
resistivity and relative impermeability, hardened cement paste
can effectively serve as a separator in a supercapacitor. However,
for concrete/cement paste to function as an effective separator in
a supercapacitor, it should not only be porous but also offer ionic
conductivity.”” By incorporating additional alkaline materials or
salts, the ionic conductivity of hardened concrete/cement paste
can be enhanced, making it a suitable separator material for
supercapacitors. Concrete comprises three primary components:
cement, aggregates, and water. When water is added to a blend of
cement and aggregates (both fine and coarse), it initiates
a chemical reaction known as hydration, transforming the
mixture into a solid material resembling rock, which is concrete.
Within concrete, cement acts as the binding agent for the
aggregates, while the aggregates contribute strength as fillers.
The addition of water serves the essential role of hydrating the
cement, influencing both fresh and hardened characteristics of
the concrete. Concrete, while inherently porous and insulating
when dry, transforms into a proficient ionic conductor in moist
environments. This transformation is facilitated by the pore
water content and the elevated basicity resulting from the pres-
ence of calcium hydroxide, sodium, and potassium salts inherent
in cement. Such characteristics render concrete a favorable
material choice for integration into supercapacitors.*

Using the special features of cement, concrete-based super-
capacitors are a new way to store energy. They can be used in
many ways. For example, they could be put into building

© 2024 The Author(s). Published by the Royal Society of Chemistry
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materials such as concrete to store energy for applications such
as lights or sensors. They could also be used as backup power
for renewable energy systems. Concrete structures integrated
with cement-based sensors can autonomously detect damage,
such as cracks, and monitor environmental conditions like
temperature and humidity. This capability provides critical
information regarding the structural health of buildings,
enabling timely alerts for occupants to evacuate in the event of
a dangerous situation. Additionally, cement-based sensors can
be utilized in infrastructure such as bridges and tunnels to
identify deformations and monitor crack progression, offering
alarms for issues like differential settlement and leakage.**%
Scientists are still working on improving them and finding more
ways to use them. Like regular batteries, concrete-based
supercapacitors usually cannot store as much energy.

Battery energy storage technologies, including lithium-ion,
lead acid, sodium-sulfur, and redox flow batteries (Table 2),
each have unique characteristics that make them suitable for
various applications. Lithium-ion batteries are known for their
high energy density, exceptional efficiency, and long cycle life,
making them ideal for portable electronics, electric vehicles,
and grid-scale energy storage.” In contrast, lead acid batteries,
with their lower energy density and efficiency, are more
affordable and reliable, commonly used in vehicles for starting
and backup power supplies.®® Sodium-sulfur batteries stand
out with their high energy density and good efficiency, oper-
ating at elevated temperatures, and can be primarily used for
grid-scale storage in renewable energy systems.®”*® Redox flow
batteries, while having lower energy density and efficiency, excel
in long-duration energy storage due to their unique liquid
electrolyte system.®”® The different types of batteries
mentioned in Table 2 share a certain similarities with concrete-
based systems in that they integrate the energy storage
components directly into the overall system, rather than having
a standalone battery pack. This allows for a more seamless
integration with the built environment, similar to how concrete-
based storage is embedded within the building materials. While
the batteries and concrete-based storage systems share these
similarities, there are also key differences in terms of energy
and power density, efficiency, and specific applications.
Concrete-based energy storage, on the other hand, utilizes
concrete to store energy, which can later be converted back into
electricity. While concrete-based systems and batteries serve
similar applications in grid-scale energy storage especially in
integrating renewable energy and providing backup power they
differ significantly in their mechanisms and characteristics.
Concrete storage is better suited for long-duration energy needs

Table 2 Comparison of battery energy storage technology

Battery Energy density Efficiency Cycles Reference
Lead acid 30-50 W h kg_l 80-90% 500-1000 66
Sodium-sulfur 150-240 W h kg™* >80% Up to 4500 67 and 68
Redox flow 15-30 Wh kg71 75% 1500 69 and 70
Lithium-ion 90-190 W h kg71 95% 10 000 71
Concrete 7.6 Whm™? >50% 100 72

RSC Adv, 2024, 14, 28854-28880 | 28859
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due to its lower energy density, whereas batteries are more
effective for short-duration, high-power applications.

One major challenge is finding a type of liquid that works
well with cement and still allows the supercapacitor to work
effectively. Cement materials exhibit high porosity, facilitating
extensive ion accumulation during the charging and discharg-
ing phases of concrete-based supercapacitors. Additionally, the
malleability of cement enables supercapacitors to be molded
into diverse configurations, ensuring adaptability to various
applications and design specifications. This significant differ-
ence has been attributed to the conductivity of concrete.” The
exploration of conductive concrete involved the incorporation
of various types of conductive fillers or phases, either in particle
or fiber form, within the cement matrix, establishing an inno-
vative approach to the study. Recent research findings have
underscored the significance of filler size and dispersion on
conductivity, highlighting their crucial influence on the elec-
trical properties of concrete. Moreover, investigations have
revealed that the volume or quantity of the filler directly impacts
the concrete conductivity, showing that even low-volume frac-
tions of fillers can enhance the conductivity. Intriguingly,
studies have identified a minimum filler content of 0.8% of the
concrete volume as essential for achieving favorable conduc-
tivity, challenging previous notions about the filler content
required for conductivity enhancement.”™

In this review, we discuss a complete, comprehensive topic
of concrete material-based electrodes, electrolytes, and their
composites, such as polymer-coated, carbon-doped composites
with suitable salts for use in energy devices. This article
provides a summary of recent advancements in employing
construction building materials for energy storage devices. The
gradual shift to concrete-based materials in the energy storage
sector presents an attractive opportunity for leveraging the
durability, abundance, and cost-effectiveness of concrete. As
evidenced by this review, concrete not only underpins current
development but also forms the foundation for future energy
storage systems. The primary goal of this review is to further
delineate the potential of concrete-based materials and their
properties, design opportunities, and application prospects for
meeting global-scale energy demands. This review seeks to
highlight the promising potential of concrete-based materials
and their role in addressing future energy needs.

Working principle of concrete-based
energy storage device

The core principle underlying supercapacitors (SCs) is rooted in
the concept of electrostatic capacitors, as articulated in eqn (1).

go X e X A
[ e 1
¢ d M

This equation incorporates several key parameters: the
permittivity of free space (¢), the relative permittivity of the
dielectric material (¢,), the surface area of the electrodes (4), and
the separation distance between the electrodes (d). The capac-
itance of a supercapacitor can be modified by altering the
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surface area and thickness of the dielectric material, following
the relationship defined in eqn (1).” This flexibility allows for
optimization in energy storage performance, making super-
capacitors highly adaptable for various applications. Similarly,
the working principle of concrete-based supercapacitors
involves the use of electrochemical double-layer capacitance to
store energy. This is achieved by incorporating conductive
materials, such as carbon nanotubes, graphene, or conductive
fibers, into the concrete mixture. When an electrical potential is
applied across the concrete-based supercapacitor, the conduc-
tive materials in the concrete act as the electrodes, and the
concrete itself serves as the electrolyte. The charge is stored at
the interface between the electrode materials and the electrolyte
(the concrete), forming an electrical double layer. This double-
layer capacitance allows the concrete-based supercapacitor to
store and release energy rapidly, enabling high power density
applications.

The choice of concrete/cement-based electrode materials for
batteries must satisfy specific energy and power density
requirements tailored to applications. At the same time,
considerations such as round-trip energy efficiency, shelf life,
cost, safety, and environmental impact are also essential. The
energy density of a battery cell is determined by its voltage and
capacity, which can be expressed through a specific eqn (2).

Specific energy = JQ V(q)dg (2)
0
In a battery, the specific capacity of a cell is denoted by Q, while
Vrepresents the cell's voltage. The state of charge is indicated by
¢, and V(q) refers to the voltage of the cell at that specific state of
charge. Therefore, higher energy densities are achieved with
increased voltage and capacity. The voltage itself is defined as
the difference in potential between the cathode and anode. It is
preferable to employ a high-potential cathode alongside a low-
potential anode to maximize voltage. However, excessively
high or low voltages can lead to the decomposition of electro-
lytes. This decomposition can result in reduced coulombic
efficiencies (CEs) and diminished cycle life.”®

The essential components of a battery consist of a cathode
and an anode, both immersed in an electrolyte. The primary
role of the electrolyte is to facilitate the movement of ions,
serving as a transport medium. Although the electrolyte itself
does not engage in the electrochemical reactions, its selection is
crucial as it significantly influences the overall performance of
the battery. Typically, this involves a combination of organic
solvents and lithium salts. A separator is also a vital component,
ensuring that the two electrodes remain physically apart to
prevent short circuits.”” Typically, concrete-based batteries
incorporate materials like lithium-ion, sodium-ion, or other
battery-active materials into the concrete mix. These materials
can be in the form of particles, fibers, or coatings, and they act
as the active electrodes within the concrete. The working prin-
ciple of concrete-based batteries is similar to traditional battery
technologies but with the energy storage components inte-
grated into the concrete mixture. When the concrete-based
battery is charged, the electrochemical reactions occur within
the embedded battery materials, causing the storage and
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release of energy. The concrete itself serves as the electrolyte,
facilitating the ion transport between the positive and negative
electrodes during the charge and discharge cycles.

Electrochemical measurement
techniques
Cyclic voltammetry (CV)

CV is a versatile and widely employed electrochemical tech-
nique that provides a comprehensive understanding of the
thermodynamic and kinetic behavior of an electrochemical
system.”®”® This powerful method involves the measurements of
the current response as a function of the applied potential,
generating a characteristic “duck-shaped” cyclic voltammo-
gram. The underlying principles of CV are rooted in the inter-
play between potentiometry and voltammetry. Potentiometry,
a static measurement technique, is used to determine the
electric potential of an electrochemical cell, while voltammetry
involves the dynamic measurement of current as the potential is
varied. By combining these approaches, CV offers a wealth of
insights into the redox processes, reaction kinetics, and elec-
trochemical properties of the system under investigation.®>*
The cyclic voltammogram is typically obtained using a three-
electrode setup (i.e. working electrode, counter electrode, and
reference electrode), where the potential is swept between two
defined limits at a specified scan rate, typically in the range of
millivolts per second. The versatility of CV lies in its ability to
provide a comprehensive electrochemical fingerprint of the
system, enabling researchers to delve into the thermodynamic
and kinetic aspects of the electrochemical processes.*

Galvanostatic charging-discharging (GCD)

In addition to CV, galvanostatic charge-discharge data is
utilized to assess specific capacitance, as well as energy and
power densities. These measurements are conducted at various
charge densities. For instance, cyclic stability can be evaluated
using the GCD curve by analyzing the duration of the charging
and discharging cycles. It is important to note that there is an
inverse relationship between current density and specific
capacitance.*® For electric double-layer capacitor materials,®
the GCD curve exhibits a linear profile, with the value of
b consistently equal to 1, signifying excellent electrochemical
capacitive behavior. In contrast, pseudocapacitive materials
display non-linear variations in their charging and discharging
profiles.*> Meanwhile, battery-type materials are characterized
by GCD curves that feature distinct plateaus.®*®

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a highly
effective technique that provides valuable insights into the
electrochemical performance of supercapacitors. It allows for
the assessment of key parameters such as series resistance,
charge transfer resistance, double layer capacitance, and War-
burg impedance, which arises from diffusion processes.?””*
Most EIS instruments have a measurement capability limit of
approximately 10" Q for impedance. The fundamental
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electrical circuit elements involved in EIS include resistors
inductors, and capacitors. EIS is typically conducted using an
alternating current over a frequency range of 0.01 Hz to 1
mHz.***° The data obtained from EIS can be represented in
Nyquist and Bode plots. In a Nyquist plot, the real part of the
impedance is plotted on the x-axis, while the imaginary part is
plotted on the y-axis. These plots often display semicircles in the
high-frequency region, indicative of faradaic redox reactions or
electronic conduction at the electrode. A 45° straight line in the
medium frequency range corresponds to molecular diffusion,
known as the Warburg region, while a 90° straight line at low
frequencies signifies the formation of a double layer on the
electrode surface. The extension of the semicircle from high to
medium frequencies suggests that charge transfer processes
occur at the electrode-electrolyte interfaces.”* Thus, EIS serves
as a crucial tool for investigating the charge transfer charac-
teristics of the prepared electrodes.

Concrete-based electrode materials

Concrete-based electrode materials exhibit a dual nature,
providing both the structural strength of concrete and the
electrical conductivity of advanced materials. This combination
allows for the creation of multifunctional structures that can
store and release electrical energy efficiently. The creation of
cement-based electrodes involves two distinct techniques:
blending powders and metal-coating processes. In the powder-
mixing method, metal particles are directly integrated into the
cement mixture, resulting in post hydration of the electrode
layer. Despite its simplicity, this approach has raised health
concerns due to the use of metals such as Ni-containing
powders, leading to subpar electrical performance issues.
Conversely, the metal-coating process of electroplating active
metals onto carbon fiber (CF) meshes with iron-coated CF
meshes results in a deliberately thicker coating for enhanced
anode stability (Fig. 3a and b).

Table 3 illustrates the weight changes in the pre- and post-
electroplating meshes and the calculated coating thicknesses
based on the applied total electrical charge. Cement-based
electrodes, enhanced with Ni and Fe metal coatings through
electroplating, achieved a 7 W h m™? peak energy density in
a liquid electrolyte, maintaining an average of 6.8 W h m > over
six charge/discharge cycles. Significantly, metal-plated cement-
based electrodes outperform those created using metal or
metal oxide powders. When added to cementitious materials,
carbon fibers increase the conductivity, increase the strength,
and reduce drying shrinkage. Overlooking costly carbon addi-
tives such as carbon black or nanotubes was strategic due to
cost barriers and dispersion challenges affecting
workability.?>** Carbon-based additives such as carbon black or
carbon nanotubes have been used as alternatives to metals for
two primary reasons. First, their exorbitant cost presents
a formidable barrier to future large-scale production. Second,
their challenging dispersion properties pose a considerable
impediment to workability, leading to significant adverse
effects.® Wen et al. incorporated short carbon fibers as func-
tional additives into cement mixtures to create conductive
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Fig. 3 A visual representation depicting the conceptual design of an energy storage device created through (a) the powder mixing process and

(b) the metal coating process.

Table 3 Weight gain of metal-coated carbon fiber meshes. Repro-
duced from ref. 92 with permission from MDPI, copyright 2024

Fe-CF mesh Ni-CF mesh

Initial weight (g) 2.433 2.433
Final weight (g) 8.714 4.955
Gained weight (g) 6.281 2.522
Theoretical thickness of the coating (um) 60 23

layers. They found a general trend of decreasing resistivity in
conductive cementitious mortar as the volume of carbon fibers
increased.”

Zhang et al. made a structural supercapacitor comprising
two graphene-based electrodes, sandwiching a robust sheet of
cement paste infused with a 1 M KOH solution. The CV curves
for structural supercapacitors, depicted in Fig. 4a, exhibit
a rectangular shape at a scan rate of 100 mV s~ '. This nearly
ideal rectangular shape indicates the absence of pseudo-
capacitance effects in these structural supercapacitors.
Notably, the rectangular characteristic is more pronounced in
early-stage cement paste than in late-stage cement paste. This
can be attributed to decreased porosity as the cement paste
undergoes hydration and hardens.”® This outcome indicates
that the structure exhibits sufficient stability to serve effectively
as an electrode material (Fig. 4a).”> The fabrication process
involves preparing cement pastes with varying water-to-cement
ratios and casting them into thin circular molds to create
hardened cement paste sheets and prism molds for

28862 | RSC Adv, 2024, 14, 28854-28880

compressive strength testing. After curing, the thin cement
paste sheets are infused with an electrolyte solution (1 M KOH)
and sandwiched between two graphene electrodes to assemble
the structural supercapacitor. This novel approach directly
integrates energy storage capabilities within structural
elements by utilizing a cement paste sheet as a separator and
electrolyte reservoir, while graphene is the electrode material.
The varying water-to-cement ratios allow investigation into the
impact of paste porosity and workability on the electrochemical
performance of these multifunctional structural super-
capacitors, which can potentially enable sustainable and
energy-efficient building materials.*® Incorporating 0.03% gra-
phene oxide (GO) by weight into cement has been shown to
enhance tensile strength, flexural strength, and compressive
strength compared to control samples.'* The hydration crystal
formation processes in cement significantly influence
mechanical strength, and graphene oxide demonstrates
considerable potential for practical applications.’” The
improvement in the pore structure of cement composites may
result from an increased rate of hydration, with the addition of
GO further enhancing the strength characteristics of ordinary
Portland cement (OPC) paste.’” The incorporation of graphene
oxide can enhance the pore structure within cement paste,
which contributes to a reduction in the sorptivity of cement
composites. Meng et al. designed a battery system that incor-
porates electrode layers made from cement mixed with active
additives. The cathode layer consists of a blend of manganese
dioxide particles and cement, while the electrolyte is composed
of cement, and the anode contains cement combined with zinc

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic methods of synthesis of the concrete-based electrodes and their CV graphs. Reproduced from ref. 96-98 with permission

from (a) IOP, (b and c) Elsevier, copyright 2024.

particles. This design offers a significant advantage over tradi-
tional protruding electrode (non-cement-based) probes, as the
active materials in both the anode (zinc) and cathode (manga-
nese dioxide) are in direct contact with the electrolyte (the pore
solution within the cement paste) throughout the anodic and
cathodic layers, rather than just at the interface with the elec-
trolyte. However, the performance of this battery design was
limited, achieving maximum open circuit voltages of 0.72 V and
currents of 120 pA (equating to a current density of 3.8 pA
cm ™ ?). Notably, it only generated current when saturated.'*®
Cement is a commonly employed synthetic substance that
contains no organic compounds. Upon mixing with water, it
transforms into a material characterized by its porous nature.***
As carbon is a commonly employed electrode material, it has
been combined with cement to give rise to a novel substance
known as “cement-carbon”. The exceptional conductivity
properties of this material make it suitable for the creation of
cement-carbon electrodes. To craft these electrodes, a simple
manual process is employed: a precise blend of graphite
powder, cement, and deionized water is meticulously mixed

© 2024 The Author(s). Published by the Royal Society of Chemistry

using a mortar and pestle. The resulting paste is then firmly
packed into the electrode cavity within a Teflon sleeve. Cement,
known for its ability to bond with various materials, coupled
with the cost-effectiveness of both cement and carbon, posi-
tions cement-carbon as a promising electrode material, even
though its applications are still relatively limited (Fig. 4b).>” We
highlight that achieving uniform dispersion within conductive
materials is essential for optimizing performance. A dual
strategy involving mechanical and physical dispersion tech-
niques is utilized to address this issue. The process begins with
the mechanical stirring of a mixture containing surfactants and
carbon black in deionized water to create a homogeneous paste.
Subsequently, cement powder is added and stirred to form
a uniformly mixed slurry, which is then cast into cylindrical
molds (Fig. 4c). Ensuring the proper integration of nanoscale
carbon black particles within the cement matrix requires
precise control of the water content to prevent any negative
effects on cement hydration and the mechanical properties of
the composite electrode. To address this challenge, a post-
casting pressurization step is implemented to remove excess

RSC Adv, 2024, 14, 28854-28880 | 28863
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water, allowing for tight packing of composite particles and
ensuring the electrode’'s optimal structural and conductive
characteristics. By combining mechanical stirring with physical
dispersion techniques, the reported study demonstrated
a methodical way to enhance the performance of composite
electrodes. The controlled integration of nanoscale particles
and careful management of water content constitute a system-
atic approach for achieving the desired structural and conduc-
tive properties. The fabrication process of the supercapacitor
involved meticulous steps aimed at ensuring uniformity, effi-
ciency, and performance. Initially, after a curing period, the
electrodes were precisely cut and sanded to a consistent thick-
ness, which is crucial for optimal functionality. The subsequent
use of fine-grit sandpaper to polish the electrode surfaces
further enhanced their quality. The novelty lies in the particular
preparation and treatment of the electrodes, ensuring unifor-
mity and smooth surfaces, which are vital for maximizing the
energy storage capacity. The unique aspect of the assembly is
the use of identical electrodes, along with glass fiber filter paper
and graphite paper, immersed in a KCI solution for saturation,
highlighting a meticulous approach to electrolyte impregnation
for enhanced supercapacitor performance.”® The predomi-
nantly rectangular shape of these CV curves signifies excellent
capacitive behavior in the supercapacitors, marked by the
absence of significant faradaic processes during charge-
discharge cycles.'® Interestingly, as the scan rate increases from
10 mV s~ ! to 200 mV s, there is a noticeable increase in the
area under the CV curve, gradually changing the curve shape to
a more shuttle-like appearance. This transformation highlights
the increasing influence of polarization effects on capacitor
performance at higher scan rates. The intensified polarization,
reflected in the enlarged areas of the CV curves, reveals the
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constraints on the energy storage efficiency imposed by higher
scan rates.'*®'%”

Fig. 5 illustrates that the proportion of carbon black in the
electrodes significantly impacts their electrochemical perfor-
mance. A low carbon black content limits charge transfers due
to its sparse distribution, leading to high resistance and
reduced efficiency. As the carbon black content increases, the
interconnected pathways within the electrode multiply,
reducing the internal resistance and enhancing the electrical
charge storage capacity. Changes in the ion and cement matrix
paths visually represent this innovative insight. The novelty of
this study lies in elucidating the relationships among the
carbon black content, internal resistance, and electrochemical
performance, which offers valuable insights for optimizing
electrode design and supercapacitor efficiency.

The illustration provided in Fig. 6a is the energy storage
mechanism within the potassium-geopolymer (KGP) cementi-
tious composite-based capacitor. Fig. 6b shows the process of
energy storage in KGP capacitors during charging. The results
show that ions with opposite charges become segregated when
the capacitors are charged. Specifically, the positively charged
K' ions become adsorbed onto the negative electrode, while the
negatively charged [Si0,4/AlO0,] ions (and potentially OH ™ ions)
are adsorbed onto the positive electrode. This segregation
results in the creation of two layers of charges with opposite
polarities, separated by an effective distance ‘@’ at the interface
between the electrode and the KGP matrix (Fig. 6¢). Conse-
quently, this configuration results in the formation of a capac-
itor structure for efficient energy storage at the electrode/KGP
matrix interface.'® The CV curves reveal the electrochemical
behavior of KGP capacitors 1 and 2 across different scan rates
within the potential window of —0.5 to 0.5 V (Fig. 6d and e). The
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Fig. 5 Mechanism of the cement—carbon composite supercapacitor. Reproduced from ref. 98 with permission from Elsevier, copyright 2024.
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observed CV curves exhibit symmetric and slightly distorted
rectangular shapes, indicating favorable capacitive behavior for
energy storage, as noted in the literature.'® This shape provides
evidence for the presence of an electrochemical double layer
(EDL) mechanism within KGP cementitious capacitors, under-
scoring their energy storage potential. Furthermore, the energy
storage mechanism inherent in KGP capacitors stems from the

Fig. 7

reversible electrostatic accumulation of ions that are adsorbed
onto the surface of the steel mesh electrodes. This process
substantiates the ability of capacitors to effectively store energy
through electrostatic means, adding additional dimensions to
their performance and application in energy storage systems.
Fig. 7a shows the experimental setup for the CV and GCD
(galvanostatic charge-discharge) tests. The electrodes are made
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(@) (1) An electric double-layer capacitor (EDLC) composed of (2) two polished, electrolyte-saturated carbon—cement electrodes

(thicknesses) (d) separated by (3) a glassy fiber membrane soaked in the same electrolyte (1 M KCl) and covered by (4) conductive graphite paper.
The electrodes are (5) prestressed in (6) a closed cell to improve contact between the charge collectors and the electrodes. (b and c) Steady-state
CV measurements of current, /, during cyclic charge/discharge at different scan rates, u = Ug/to, for two carbon—cement electrode samples
prepared with different carbon blacks, water-to-cement ratios, and electrode thicknesses. (d) By applying eight different carbon—-cement
electrode materials with different carbon black materials, mix designs, and electrode thicknesses, a characteristic scaling of the rate-dependent
CV capacitance is obtained, which is indicative of the high rate capability of the electrode materials. Reproduced from ref. 6 with permission from
PNAS, copyright 2024.
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of carbon-cement composites and are separated by an insu-
lator. The electrolyte was 1 M KCI. The CV curves in Fig. 7b and c
show the capacitance values obtained from CV tests performed
on two different carbon-cement electrode samples. The main
difference between the two curves is the magnitude of the
capacitance. The curve in Fig. 7b shows a higher capacitance
than the curve in Fig. 7c. This difference is due to the different
carbon black used in the two electrode samples. Overall, the CV
curves show that the capacitance values obtained from CV tests
can vary depending on the specific carbon black used in the
electrode samples. Fig. 7d shows that the rate-dependent
capacitance is a function of the dimensionless diffusion vari-
able, which is a measure of the ratio of the diffusion length to
the electrode thickness. The capacitance values are plotted
against this variable, and the resulting curve describes the rate-
dependent capacitance of the carbon-cement composites.
Overall, these findings highlight the unique textural properties
of carbon-cement composites and their impact on the rate-
dependent capacitance.®

Scientists have tried different methods to create special
materials from concrete that can store and release electrical
energy efficiently, such as using graphene-based materials and
metal coatings, to make these materials better at conducting
electricity. Carbon fibers were also added to the materials to
increase strength. Carbon with cement material is good at
conducting electricity and could be a low-cost option for
making electrodes, even though it is not widely used yet. This
research provides valuable insights into optimizing the perfor-
mance of concrete-based materials for various applications,
particularly in the development of advanced electrode materials
with enhanced conductivity and structural integrity. Therefore,
creating an electroactive path or channel is crucial for preparing
concrete-based electrode materials. Carbon and graphite
embedded with metals provide these pathways for easy access to
ions.

Concrete-based electrolytes

An electrolyte is a conduit between two electrodes of opposite
charge, facilitating the transfer and equilibrium of charges
between them. This transfer mechanism helps maintain
a balanced environment essential for the functioning of energy
storage devices. The development of efficient and safe electro-
lytes is crucial for the advancement of energy storage systems.**®
Concrete-based electrolytes offer several advantages over tradi-
tional electrolyte materials. First, concrete-based electrolytes
are known for their excellent thermal stability, which is essen-
tial for preventing thermal runaway and ensuring the safe
operation of energy storage systems. Furthermore, concrete-
based electrolytes have high ionic conductivity, allowing for
efficient ion transport during charge and discharge processes.

Fang et al. developed a cement-based electrolyte by blending
cement paste with a range of alkali metal salts, including KOH,
K,S0,4, KCl, NOH, Na,SO,, NaCl, LiOH, and LiCl (Fig. 8a).
Notably, they observed that the composite incorporating
Na,SO, exhibited the most favorable characteristics, with an
impressive compressive strength of 33 MPa and an areal
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capacitance of 30 mF cm 2. Fig. 8a shows the CV curves of the
rGO (reduced graphene oxide) foam, demonstrating that the
EDLC performance was characterized by nearly rectangular
shapes.*” A thorough examination of the literature revealed that
the inclusion of alkaline or alkaline metal salts effectively
enhanced the areal capacitance of Structural supercapacitors
(SSCs). SEM (scanning electron microscope) analysis revealed
distinctive characteristics between pure Portland cement and
Portland cement electrolytes infused with Na,SO,. According to
the SEM image of pure Portland cement, a complex three-
dimensional network of porous gel material emerged, which
was supplemented with needle-shaped ettringite, hexagonal
plank-shaped Ca(OH),, and an abundance of -colloids.
Conversely, according to the SEM images of the Portland
cement electrolytes with Na,SO,, the microstructure appears
more relaxed, attributed to the pronounced drying shrinkage
and water expansion induced by the addition of Na,SO,. While
the SEM images of both samples are similar, the incorporation
of Na,SO, notably alters the microstructure, rendering the
microstructure more porous than that of pristine Portland
cement. The SEM images presented in Fig. 9a and b illustrate
how the presence of Na,SO, salt results in a notable increase in
the porosity of the cement.*

Nonetheless, introducing alkalis into the mix may pose
a potential risk to the long-term durability and structural
stability of cement-based materials."**"** In the context of civil
engineering, SSCs incorporated within cement matrix compos-
ites hold notable significance. When SSCs are seamlessly inte-
grated into cement matrices, we effectively imbue infrastructure
with the ability to not only support structural loads but also to
store and manage electrical energy. This transformative fusion
bridges the gap between concrete and circuitry, giving rise to
infrastructure that embodies resilience, intelligence, and
energy efficiency.****'*> However, one of the most formidable
hurdles facing these SSCs lies in the creation of structural
electrolytes constructed from inorganic cement-based mate-
rials. These electrolytes must excel in terms of mechanical
strength, ionic conductivity, and seamless compatibility with
the electrodes, a triad of demanding criteria to meet.

The porosity of the pure Portland cement electrolyte was
23.58%, showing a slight increase in porosity in the order of
K,SO, < Na,SO, < Li,SO, < KCI < NaCl < LiCl < KOH < NaOH <
LiOH (30.51%). This indicates that the addition of alkali metal
salts contributes to a marginal increase in the porosity of
Portland cement electrolytes, which is attributed to the forma-
tion of hydration products within the cement pastes, as illus-
trated in Fig. 10a. The ionic conductivity of Portland cement
electrolytes incorporating various alkali metal salts is shown in
Fig. 10b. The initial ionic conductivity of the pure Portland
cement was measured at 0.02 S cm ‘. With the addition of
different alkali metal salts, the ionic conductivity of the struc-
tural electrolytes increases, which is consistent with previously
observed porosity trends ranging from 0.06 to 0.08 S cm™*. The
porosity of cement electrolytes increases slightly with the
addition of alkali metal salts, whereas the ionic conductivity of
the structural electrolytes also increases after the addition of
alkali metal salts. In Fig. 10c, the compressive strength of

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04812a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 11 September 2024. Downloaded on 12/20/2025 12:33:12 PM.

(cc)

Review

'l

Alkali metal salt Cement paste

{50 mVis
o w— 100 mV/s
£ 0.05-
4
<
N’
£ 0.00-
w>»
=
@
=~
= 005
5
-
b
-
O 10+

0.6 04 -0‘.2 DtD 0.2 04 0.6
Potential (V)

+

Polyacrylic acid
and KOH Solution

Cement Powder

. _"nol
w— GO

- 0.02- —rGO@MnO, (18%)
NE — rGO@MnO, (25%)
o | =—=rGO@MnO, (33%)
2
£0.00-
@»
5
=
£
5*’-”*

02 00 02 04 06
Potential (V)

06 04

View Article Online

RSC Advances

b)

KOH solution Cement Powder
== 3D
— 10D 5D
210 10D
o — 210
= 2T — 14D 14D
<4 oooish i 28D
< e |
B’ 00010 b \
.; 0.000s
g N
E 0.0000 }
=
2 <0 0005 }
St
= -00010 \
©]
0001s . 100mV/s
W/C=0.3
-0 0020
06 04 02 00 02 04 o6

Potential (V)
d)
+

PVA KOH Cement Powder
solution solution
1.5
PVA's content
—— |,
10] —o=2%
—_—

a 0s -
<
b 00
p
D
= 05k
=
2 v
E.of PVA1799
]

1.5 i ' I i I I

0o 02 04 06 Ox 10
Potential (V)
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Portland cement electrolytes featuring various alkali metal salts
is depicted. For pure Portland cement, the compressive strength
was 40.6 MPa. Notably, as alkali metal salts are introduced in
accordance with the porosity order, there is a decrease in the
compressive strength of Portland cement electrolytes. Fig. 10d
shows the multifunctional capabilities of Portland cement
electrolytes enriched with various alkali metal salts; the graph
shows the correlation between the ionic conductivity and
compressive strength. A strategically chosen ideal point, rep-
resenting the electrolyte with the highest combination of
compressive strength and ionic conductivity, serves as
a benchmark. The closer a data point is to this ideal, the better
the multifunctional performance of the Portland cement

© 2024 The Author(s). Published by the Royal Society of Chemistry

electrolyte. According to a comprehensive assessment, Portland
cement-NaSO, has emerged as the optimal alkali metal salt for
structural electrolytes in civil engineering, with a compressive
strength of 32.67 MPa and an ionic conductivity of 0.062 S cm .
This structural electrolyte outperforms others in the domain of
both mechanical and electrochemical properties, marking
a significant advancement for energy storage applications in
civil engineering compared to relevant structural
electrolytes.?®'¢-118

As shown in Fig. 11, the addition of H,0, as a foaming agent
significantly increased the total porosity of the cement speci-
mens. The pore size distribution shows that most of the pores
are in the “less harmful” range of 20-100 nm in diameter.'*” As
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Fig. 9 SEM micrographs of (a) Portland cement and (b) Portland cement with Na,SO, alkali salt. Reproduced from ref. 45 with permission from

Elsevier, copyright 2024.

the H,0, content increases, the total porosity increases, with
the (Portland cement) PC0.6 specimen exhibiting the optimal
balance of porosity and pore size distribution. Based on prior
research, pores are classified into harmful categories based on
their diameter, with pores larger than 100 nm thought to be
detrimental to concrete properties.’**>* Hence, the pore struc-
ture of cement plays a crucial role in determining its electro-
chemical performance, particularly in terms of capacitance.
From this, we can say that by carefully engineering the pore
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network within cement-based materials, we can unlock their
full potential as high-performance energy storage devices.
Zhang et al. made an innovative breakthrough by intro-
ducing a novel SSC with a remarkable specific capacitance of 10
F g ' and a robust compressive strength of 9.85 MPa. Their
pioneering approach involved immersing Portland cement in
a 1 M KOH solution, marking a significant advancement in the
field (Fig. 8b).”® Fang and Zhang created structural electrolytes
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applications in multifunctional structural supercapacitors
employing rGO@CuCo,0, electrodes. The PEO material was
modified with a combination of KOH (5%) and LiOTf (lithium

View Article Online
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trifluoromethanesulfonate) (5%) to develop two distinct struc-
tural supercapacitors. The findings indicated that an optimal
2 wt% PEO content offered the best compromise between the
mechanical properties and ionic conductivity within the poly-
mer cement electrolyte.” Structural electrolytes for structural
supercapacitors were crafted using polyacrylic acid (PAA) in
conjunction with Portland cement and KOH, along with a three-
dimensional rtGO@MnO, foam electrode. The process involved
the creation of a PAA and KOH solution (at a concentration of
2 mol L"), to which cement was introduced at a specific w/c
(water-cement) ratio of 0.4. Vigorous mixing was employed
during the preparation of these structural electrolytes (Fig. 8c).
The CV curve exhibits distinct redox peaks at approximately 0.3-
0.4 V, which is indicative of the characteristic pseudocapacitive
behavior of MnO, nanoparticles.'** As the PAA polymer content
increased, there was a noticeable transition in the pore struc-
ture. Larger pores decreased in size, giving rise to smaller,
denser pores (Fig. 12). This transformation occurred due to the
filling effect facilitated by the interaction of the PAA polymeric
chains with the Portland cement, resulting in a compacted
structure.""*

The role of salt or dopants is to enhance the energy storage
capabilities of cement-based electrolytes. Precisely controlling
the concentration of K;Fe(CN)¢ incorporated into cement
composites, driven by the remarkable solubility and

Fig. 12 SEM images of Portland cement—KOH. Reproduced from ref. 111 with permission from RSC, copyright 2024.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrochemical reactivity exhibited by the Fe(CN),>~/Fe(CN)g*~
redox pair, is another aspect of increasing the energy storage
capabilities. Cement-based electrolytes were meticulously craf-
ted, maintaining a consistent water-binder ratio (w/b) of 0.42.
The polymer content, PAA, was fixed at 10% of the cement mass.
The synthesis of various redox-active cement-based electrolytes
was achieved by precisely controlling the addition of K;Fe(CN)g
(KFCN) to Portland cement. In the formulation process, a 50%
PAA aqueous solution and KOH were added at 20% and 10% of
the cement mass, respectively. Standard GB/T (Guobiao/T) 1346-
2001 procedures were followed to prepare the redox-active
cement-based electrolyte slurry, which was then cast into
custom acrylic molds of varying sizes. Cement composites
lacking potassium ferricyanide (KFCN) display a finely textured
and consistent three-dimensional interconnected pore system
characterized by delicate hexagonal plank-shaped Ca(OH),,
needle-like ettringite (AFt), and hydrated calcium silicate gel (C-
S-H) (Fig. 13a). As the quantity of added KFCN increases, there
is a corresponding increase in the number of pores, leading to
a more open microstructure, as depicted in Fig. 13b-d. Fig. 13e
prominently reveals the presence of numerous sizable pores
dispersed throughout the microstructure of the sample. Alter-
ations in the micromorphology of cement-based electrolytes
have implications for their compressive strength, ion migra-
tion, and redox reactions.'*

The combined mechanism of charge storage as an EDL and
redox reactions can be attributed to the superior performance of
solid supercapacitors, as shown in Fig. 14. During the charging
process, an accumulation of negatively charged ions occurs on
the surface of the rGO electrode to maintain charge equilib-
rium, which is then released during discharge. This swift elec-
trostatic ion adsorption and redox reaction imparts solid

View Article Online

Review

devices with both high-power capabilities and exceptional
cycling stability. In the rGO/Fe,O; electrode, protons can
undergo adsorption near the electrode surface accompanied by
faradaic reactions.'® Within the redox-active cement electrolyte,
a distinctive process occurs during charging wherein K,Fe(CN)s
is adsorbed onto the rGO electrode until it reaches its reduction
potential. At this point, electrons are transferred from the
electrolyte to the electrode, causing the oxidation of K,Fe(CN)s
to K;Fe(CN)e. Significantly, the oxidized K;Fe(CN)g can diffuse
into the surrounding electrolyte solution, thereby enhancing
the charge storage capacity of the system. This enhancement
arises not only from the faradaic reaction occurring at the
electrode/electrolyte interface but also from the contributions
of the bulk electrolyte outside this interface.'” The seamless
interplay between the rapid electrostatic adsorption of ions and
faradaic redox reactions at the electrode-electrolyte interface is
the key to unlocking the superior performance of these solid
supercapacitors. By harnessing both the EDL formation and the
redox-active nature of the materials, the devices can deliver high
power output while maintaining remarkable cycling stability.
Polymer-infused cement is a unique fusion of cement and
a polymer, creating a powerful composite.””® In the modern
approach, we can mix polymers with cement using polymer
particles or solutions. It is now well accepted that polymers not
only blend physically with cement but also chemically interact
as cement hydrates. When we reach equilibrium, these inter-
actions can improve the structure and quality of polymer-
modified cement."” Sakai's research revealed that polymer
particles alter cement by creating a protective coating on the
surface of cement particles.”® Polymer solutions enhance the
strength of polymer-modified cement by creating connections,
or crosslinks, between the polymer, calcium ions, and products

Fig. 13

(a) SEM images of various redox-active cement composites (a) KFCN-0, (b) KFCN-0.02, (c) KFCN-0.04, (d) KFCN-0.06, (e) KFCN-0.08.

Reproduced from ref. 125 with permission from Elsevier, copyright 2024.
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Fig. 14 Charge storage mechanisms for solid devices based on cement-based electrolytes. Reproduced from ref. 125 with permission from

Elsevier, copyright 2024.

of cement hydration.”® Xu and Zhang employed a novel
approach utilizing a composite of cement and polyvinyl alcohol
(PVA) doped with KOH to create a structural electrolyte for
a multifunctional structural supercapacitor featuring graphene
electrodes (Fig. 8d). Their findings revealed a direct correlation
between the specific capacitance and the quantity of PVA, as
well as the extent of hydrolysis. However, they noted a decrease
in the specific capacitance as the degree of polymerization of
PVA increased. The CV graph shows that the specific capaci-
tance of the structural supercapacitor increases with increasing
PVA content."*”

J. Wang et al. prepared a structural electrolyte using an in situ
polymerization method, as shown in Fig. 15. In situ polymeri-
zation enhances performance by creating a polymer within the

APS

structure of the electrolyte material itself, leading to improved
mechanical and chemical stability. This method allows for
uniform polymer distribution throughout the electrolyte,
ensuring better adhesion between the different components. As
a result, the electrolyte becomes more resistant to mechanical
stress and provides enhanced support for the electrodes,
resulting in improved overall performance and durability of the
supercapacitor cells. Additionally, the in situ polymerization
process can adapt the properties of the polymer to meet specific
requirements, such as flexibility, ionic conductivity, and inter-
facial compatibility, further contributing to the superior
performance of structural supercapacitors. The in situ poly-
merization method leads to the formation of a three-
dimensional porous network with Portland cement, allowing

Cement

AM Solution AM + APS solution

Cement paste

PAM - cement electrolyte

Fig. 15 Synthetic scheme for the preparation of the PAM—Portland cement electrolyte.
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for a shortened ion transport distance without sacrificing the
electrolyte's mechanical properties. The microstructure
becomes denser over time, contributing to the formation of
a compact and integral reinforced structure. Additionally, the
addition of pore-forming agents such as SnO, creates a three-
dimensional structure with an increased contact area between
the electrolyte and the electrode, thus enhancing ion transport
and storage. The novelty lies in using the in situ polymerization
method to create the PAM-Portland cement structural electro-
lyte, which enhances its structural integrity and sets the stage
for subsequent testing and characterization.***

The assembly schematic diagram in Fig. 16 illustrates
a symmetric structural supercapacitor cell, utilizing rGO/
Sn0,'~ as both the positive and negative electrodes, while PAM—-
Portland cement-KOH functions as the solid electrolyte. To
evaluate the performance of this configuration, cyclic voltam-
metry, galvanostatic charge-discharge, and electrochemical
impedance spectroscopy tests were performed within a two-
electrode system. The cyclic voltammetry curves of the struc-
tural supercapacitor at varying scan rates are illustrated in
Fig. 16b, while Fig. 16¢c presents the corresponding areal
capacitances. It was observed that the areal capacitance signif-
icantly decreased with increasing scan rates, reaching
a maximum value of 23.3 mF cm ™. As shown in Fig. 16d, the
galvanostatic charge-discharge curves of the structural

a) Structural electrode

Cement/ PAM Electrolyte

c) 25

20+

Areal Capacitance (mF/cmz)

0 1 1 1 1 1 !
0 100 200 300 400 500
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Fig. 16
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supercapacitor cell exhibited symmetry across different current
densities, with all plots demonstrating clear linearity and
symmetrical characteristics. The reduction in areal capacitance
can be attributed to the decreased interaction time for ions
between the electrode and electrolyte, which hampers the
electrochemical reaction as the current density rises.'**
All-solid-state structural supercapacitors (ASSCs) have
attracted considerable interest in civil engineering because they
offer dependable energy storage and output for renewable
sources.****"** A mixture containing ammonium persulfate
(APS) solution (as the initiator), acrylamide (AM) (as the
monomer), and KOH and a specific quantity of polyacrylamide
(PAM) was combined with Portland cement and agitated to
create a uniform cement slurry (Fig. 17). The heat generated by
cement hydration facilitated the in situ polymerization of PAM
from the monomer and initiator, resulting in a unique synthesis
method. In efforts to enhance the ionic conductivity of cement-
based solid electrolytes, researchers, including Fang et al., have
explored the introduction of polymers such as PAA and PAM.
Fang et al. notably increased the ionic conductivity from 1.81
mS cm ™" to 4.20 mS em™" by incorporating PAA into cement-
based materials.”® However, this improvement was accompa-
nied by a significant decrease in strength. Interestingly, the
introduction of PAA to PC-KOH initially led to a decrease in
ionic conductivity as the PAA content increased, followed by
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(a) Schematic diagram of a structural supercapacitor cell. (b) CV curves of structural supercapacitor cell at various scan rates, (c) areal

capacitance of the structural supercapacitor calculated from CV curves, (d) galvanostatic charge/discharge curves of the structural super-
capacitor with different current densities. Reproduced from ref. 132 with permission from Elsevier, copyright 2024.
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Fig. 17 Schematic diagram of the cement electrolyte.

a sudden increase to 2.83 mS cm ™' at 8 wt% PAA, while the

strength decreased.” Moreover, Shi et al. successfully
improved both the ionic conductivity and the compressive
strength by employing PAM through in situ polymerization in
ordinary PC."** Directly adding PAM to the cement-based
material resulted in a substantial decrease in compressive
strength, suggesting a trade-off between enhanced ionic
conductivity and reduced strength. These challenges in
achieving high ionic conductivity in cement-based solid elec-
trolytes while maintaining high mechanical strength require
further research.'**

The innovative cement-based battery described in ref. 137
differs significantly from conventional and prior-art cement
batteries in terms of construction. Unlike conventional
batteries, which consist of distinct anode, cathode, and elec-
trolyte components held together by a sealed container, this
new cement-based battery features all components embedded
within a continuous cement matrix. This unique monolithic
structure provides excellent mechanical integrity, enhanced
handling, and intimate interfaces between the electrolyte and
electrodes. The need for sealing due to the use of liquid elec-
trolytes is eliminated in the absence of a traditional container.
Additionally, the large geometric area of the electrodes
decreases the resistance and increases the capacity of the
battery. In innovative cement-based batteries, the electrolyte,
which corresponds to the pore solution in cement, is distrib-
uted spatially. Through a layer-by-layer casting process, as
depicted in Fig. 18, the cement-based anode, electrolyte, and
cathode components can be seamlessly integrated. Interest-
ingly, the positioning of either the anode or cathode at the base
of the battery does not impact its overall performance. However,
for improved mechanical stability, it is recommended that an

Cement powder
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Cement slurry Electrolyte

electrode with a higher density be situated at the bottom. To
enhance the operational efficiency by minimizing the resis-
tance, a thin electrolyte layer is favored in this design. This
novel approach highlights a strategic method of assembly that
optimizes the performance of cement-based batteries.

The concept of a continuous cement-based battery has
superior current capability and power density compared to
other batteries utilizing set cement. However, its operation is
limited to the wet state. Notably, the resistivity measurements
reveal that, while the cement-based electrolyte exhibits higher
resistivity with electronic contacts than the cement-based anode
or cathode, it displays lower resistivity with ionic contacts. This
suggests the prevalence of ionic conduction over electronic
conduction in cement-based electrolytes. Nevertheless, the
presence of some electronic conduction poses a hurdle to the
further advancement of cement-based batteries. Addressing
this challenge is critical for unlocking the full potential of
cement-based battery technology and paving the way for
broader applications in the future.

Magnesium phosphate cement (MPC), a rapidly setting
cementitious substance, boasts superior eco-friendliness
compared to that of PC, positioning it at the forefront of
sustainable cement production practices in the future. Due to
its amorphous structure and exceptional water-binding prop-
erties, polyacrylamide plays a dual role by enhancing ion
conductivity in polymer solid electrolytes and bolstering the
durability of concrete materials. The polymerized PAM within
the MPC matrix can absorb a significant quantity of ions,
thereby boosting the ionic conductivity of the composite
electrolyte.”** % Two distinct methods were employed for the
fabrication of PAM/MPC composite electrolytes. The first
method involved the in situ polymerization of monomers,

Cement based anode

— Cement based electrolyte

Fig. 18 Schematic illustration of a battery, with cement as the continuous constituent in the cathode, electrolyte, and anode regions.

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2024, 14, 28854-28880 | 28873


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04812a

Open Access Article. Published on 11 September 2024. Downloaded on 12/20/2025 12:33:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

referred to as IPSE (in situ polymerized solid electrolyte), while
the second method, serving as the control group, entailed the
direct addition of polymers, known as DASE (directly added
solid electrolyte). The synthesis process for IPSE and DASE
involves combining acrylamide (AM) or PAM with deionized
water and then mixing the raw MPC materials. The resulting
mixtures are then poured into test molds for evaluation. For
IPSE, different concentrations of AM are used, while for DASE,
different dosages of PAM are examined. The introduction of AM
or PAM into the MPC pastes aims to enhance the structural and
electrochemical properties of the resulting materials. The use of
different concentrations of AM or dosages of PAM allows
researchers to explore the influence of these additives on the
performance of the final products. The careful curing of the
materials for 28 days within a designated chamber is a critical
step to ensure proper development of the structural and elec-
trochemical properties. This approach provides valuable
insights into improving the performance of these materials and
provides a foundation for further advancements in electrolyte
material synthesis for electrochemical applications** (Fig. 19a
and b).

A layered cement-PVA hydrogel solid-state electrolyte (I-
CPSSE) was designed for self-energy-storage buildings. I-
CPSSE utilizes a cement matrix to provide structural support
for the electrolyte, ensuring its mechanical strength and load-
bearing capacity. The layered micropores are also filled with
fast-ion-conducting hydrogels, creating ion diffusion pathways.
The incorporation of PVA-KOH hydrogels not only enhances
the electrochemical performance of cement but also facilitates
cement hydration. The introduction of -CPSSE, characterized
by an exemplary compressive strength of 26.5 MPa and an ionic
conductivity of 27.8 mS cm ', represents a significant
advancement in cement-based and hydrogel-based electrolytes.
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The successful assembly of all-cement-based solid-state energy
storage devices demonstrated a notable full-cell specific
capacity of 72.2 mF cm 2. Moreover, the practical application of
a 5 x 5 cm?® building envelope model powered by 4 1-CPSSE-
based full cells in series underscores the feasibility of cement-
based supercapacitors in self-energy-storage buildings
(Fig. 20).*** This innovative approach addresses the need for
efficient energy storage solutions and demonstrates the poten-
tial for integrating sustainable and durable materials into the
construction of energy-efficient infrastructure.

Steel slag powder (SSP), a common byproduct of steel
manufacturing, poses environmental challenges when
improperly disposed.*** Given its composition is rich in calcium
silicate compounds, particularly C,S, there is potential for
utilizing SSP as a supplementary cementitious material (SCM)
in cement-based products.***'** The inclusion of SSP holds
promise for enhancing the conductivity of cementitious mate-
rials due to the presence of conductive iron compounds.*>*¢'4
However, the limited reactivity of SSP has hindered its wide-
spread adoption as an SCM."*®

Kourounis et al.**® noted a decrease in the compressive
strength of cement paste at 28 days when 15-45% SSP was
incorporated, ranging from 12% to 28%. To address this issue,
a proposed solution involves combining SSP with pozzolanic
SCMs such as silica fume (SF) and fly ash (FA) to counterbalance
the adverse effects of SSP."*® Research by Liu et al.*>* highlights
the significant improvement in the bond between calcium sili-
cate hydrate (C-S-H) gel and SSP with the addition of SF, which
positively impacts the pore structure of hardened paste and the
strength of the concrete in later stages. Additionally, Peng
et al. ™ observed enhanced mechanical properties in concrete
when utilizing both SSP and FA, attributing the improvements
to the heightened hydration degree and refined microstructure

-

[ ‘ + y
{14 —_—

Raw MPC

Slurry of AM/MPC

Slurry of AM/MPC is poured
into the cubic mould

B~
RS

Slurry of PAM/MPC
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Fig.19 Two distinct methods were utilized for the fabrication of PAM/MPC composite electrolytes. (a) In situ Polymerized Solid Electrolyte (IPSE)

and (b) Directly Added Solid Electrolyte (DASE).
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Fig.20 Schematic illustrations of the fabrication process of the layered cement—PVA solid-state electrolyte. (A) The placement of cement slurry
in the mold with a bidirectional temperature gradient. (B) The oriented growth of ice sheets and the formation of cement lamellae. (C) The filling
of PVA hydrogels between the cement lamellae after the ice sublimated. (D) Preparation and structure of PVA-—KOH hydrogels. (E) Super-
capacitors assembled based on |-CPSSE with electrodes. (F) Practical application illustrations of energy storage in building facilities. Reproduced

from ref. 142 with permission from Elsevier, copyright 2024.

facilitated by FA. Utilizing waste glass in powder form as a sili-
ceous material with pozzolanic activity has proven to be
a successful supplementary cementitious material in concrete,
presenting an alternative avenue for recycling glass waste that
would otherwise be landfilled or stockpiled.”**** He et al.**®
demonstrated that glass powder (GP) effectively enhances the
microstructure of concrete through its pozzolanic reactivity and
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Ni foam | 153 !
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microfilling effect. The synergistic benefits of simultaneously
incorporating SSP and GP have been substantiated by the
compensatory role of GP in mitigating the workability and
mechanical property losses associated with SSP (Fig. 21).*

In a study by Zhan et al.,"*® it was found that replacing 20% of
the cement with SSP and 10% with GP resulted in a remarkable
increase in the compressive strength of the concrete.
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Fig. 21 Schematic diagrams of (a) the SSCs with pure cement-based electrolyte paste, (b) equivalent circuit model, and (c) the SSCs with the
cement-based electrolyte pastes containing SSP and GP. Reproduced from ref. 156 with permission from Elsevier, copyright 2024.
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Specifically, the concrete exhibited a 28.3% and 22.8%
improvement in compressive strength at 28 days and 120 days,
respectively, compared to plain concrete. Notably, the unique
characteristic of this environment is an extremely low oxygen
content, rendering the cathodic reaction incompatible with
oxygen reduction under such conditions. The cathodic reaction
involves the evolution of hydrogen on the surface of the steel.
For the efficient functioning of this battery system, it is crucial
that the generated hydrogen can disperse from the steel surface
at a rate consistent with its production rate. Failure to achieve
this balance would lead to the accumulation of hydrogen
pressure at the interface of steel and cement. As the electrolyte
is a solid, this pressure build-up could result in brittle electro-
lyte cracking, allowing hydrogen to permeate into the steel. The
permeation of hydrogen into steel has the additional conse-
quence of rendering the steel more brittle, potentially leading to
the formation of cracks. Consequently, this battery system is
best suited for operation under a low discharge current density.
Despite this limitation, it is theoretically possible to determine
a substantial absolute current by employing a large surface area
for the battery system. Such a significant surface area is
necessary to facilitate a reasonable ion current flow through the
electrolyte.*®

In summary, concrete-based electrolytes consisting of
different materials, including cement, polyvinyl alcohol, and
polyacrylamide, doped with substances such as KOH and LiOTf
enhance the specific capacitance of these structural super-
capacitors while maintaining the crucial structural integrity of
the materials. Furthermore, the focus on eco-friendly alterna-
tives such as magnesium phosphate cement and the use of
polyacrylamide to enhance ion conductivity represents
a commitment to sustainable cement production practices,
helping in a new era of construction technology. Concrete-
based electrolytes represent a significant advancement in the
domain of energy storage technologies, offering not only
enhanced performance but also notable environmental bene-
fits. Their utilization holds the potential to revolutionize
sustainability in construction practices and reduce the carbon
footprint associated with traditional energy storage solutions.
Integrating concrete-based electrolytes into energy storage
devices results in a notable reduction in the reliance on mate-
rials with larger carbon footprints. The incorporation of
concrete-based electrolytes in energy storage systems promotes

View Article Online
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circularity in construction practices. This circular economy
model emphasizes reusing waste materials and reducing overall
environmental impact. Concrete, a material that can be recycled
and repurposed, aligns with sustainability and resource effi-
ciency principles.

The key parameters for concrete-based electrolytes include
the use of Na,SO, for better performance, the challenge of
ensuring long-term durability, and the innovative creation of
concrete electrolytes with high capacitance and structural
strength. The electrolyte plays a pivotal role in cement-based
energy storage systems, serving as the interface between struc-
tural functionality and electrical conductivity. Notably, it must
withstand load-bearing demands while exhibiting high areal
capacitance and facilitating ion flow over a large surface area to
enhance energy storage capabilities. An intriguing aspect
pertains to the interaction of polymers within the concrete,
aiming to reconcile structural integrity with enhanced electrical
performance, paving the way for a new era of multifunctional
construction materials. These key parameters collectively
transform traditional construction materials into an arena for
pioneering technology and promising resilient, intelligent, and
energy-efficient infrastructure.

Table 4 reveals that polyethylene oxide + cement with 5%
LiOTf demonstrates superior performance to the other elec-
trolytes in terms of energy density and compressive strength.
This electrolyte exhibits an impressive energy density, indi-
cating its ability to store significant energy per unit area.
Additionally, it boasts a high compressive strength, high-
lighting its structural integrity and suitability for load-bearing
applications. These properties indicate that polyethylene oxide
+ cement with 5% LiOTf is the most suitable electrolyte among
those listed. In comparison, other electrolytes, such as cement,
magnesium phosphate cement, the cement/PVA-KOH
composite, hardened cement paste, and PAA + Portland,
demonstrate varying levels of energy density and compressive
strength. For example, the PAA + Portland electrolyte exhibits
compressive strength, indicating its suitability for structural
applications. On the other hand, PAA + Portland with 5% LiOTf
demonstrated a moderate energy density and compressive
strength, suggesting its potential for energy storage and
construction applications. However, none of the other electro-
lytes in the table match the balanced combination of high
energy density and robust compressive strength offered by the

Table 4 Performance analysis of structural supercapacitors incorporated with concrete materials. Reproduced from ref. 63 with permission

from Elsevier, copyright 2024

Compressive

Material Electrolyte Specific/areal capacitance Energy density strength (MPa) Reference
Cement 2 wt% Na,SO, 35.18 mF cm 2 — 32.67 45
Magnesium phosphate cement 2 M KOH 4638 Fg ! — 24.59 134
Cement/PVA-KOH composite KOH 9.74 mF cm 2 0.13 mW h cm ™2 — 112
Hardened cement paste 1 M KOH 10Fg"! — 9.85 96
Polyethylene oxide cement 5% KOH 439.35 mF cm 2 0.2 mW h cm 2 22.29 123
Polyethylene oxide + cement 5% LiOTf 407.07 mF cm 2 0.74 mW h cm ™2 28.26 123
Polyacrylic acid (PAA) + Portland KOH 51.5 mF cm > — 28.5 111
Polyacrylic acid (PAA) + Portland 5% LiOTf 314.9 mF cm > 0.65 mW h em > 23.65 59
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polyethylene oxide + cement with 5% LiOTf, making it a well-
rounded option for advanced energy storage systems with
a focus on both energy storage and structural applications.

As we referred to current trends using Scopus-736-Analyze-
Year with our query (TITLE-ABS-KEY (cement-based energy
storage)), we found 736 articles from the year 2000 related to
cement-based energy storage. However, only 10 to 20 articles
studied electrochemical theory-based concrete/cement-based
energy storage devices, which were recently discussed within
the last 3 years. Hence, revealing a large scope for all-solid-state
energy storage devices wherein challenges such as brittleness,
curing time, conducting elements, hybrid structures (meso and
microporous), wettability, elemental compositions, additives,
fillers, etc., need to be addressed.

Conclusions, challenges, and future
perspective

Concrete-based energy storage devices face several challenges
that need to be addressed for their successful implementation
and commercialization. Both concrete-based batteries and
supercapacitors currently face limitations in energy density
compared to conventional lithium-ion batteries. While
advancements have been made, such as the development of
carbon-cement supercapacitors that utilize materials like
carbon black to enhance conductivity, achieving competitive
energy densities remains a significant hurdle. The energy
storage capacity of concrete-based systems needs to be
improved to make them viable alternatives for applications
requiring substantial energy storage. The integration of
conductive materials, such as carbon black and carbon fibers,
into concrete formulations can increase production costs.
Although concrete itself is inexpensive, the need for these
additional materials may raise the overall cost of concrete-based
energy storage devices. Balancing cost-effectiveness with
performance is crucial for widespread adoption. Integrating
concrete-based energy storage solutions into existing buildings
and infrastructure poses logistical challenges. The rebuilding of
structures to incorporate energy storage capabilities requires
careful design and planning. Additionally, the transition from
traditional energy storage methods to concrete-based systems
necessitates changes in regulatory frameworks and standards to
accommodate these new technologies. Although there is
growing interest in concrete-based energy storage technologies,
research is still in its early stages. More extensive studies are
required to explore the full potential of these systems, including
their scalability, efficiency, and integration with renewable
energy sources. Continued investment in research and devel-
opment is vital to overcoming the challenges and unlocking the
benefits of concrete-based energy storage.

In the future, the integration of energy storage devices with
concrete-based materials represents a realm ripe for innovation.
Future research could focus on enhancing the mechanical
strength, ionic conductivity, and electrode compatibility to
merge structural and energy functionalities seamlessly. The
interplay between porosity, compressive strength, and energy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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storage capacity offers a promising avenue for exploration,
paving the way for multifunctional and resilient infrastructure
solutions. Additionally, the incorporation of innovative addi-
tives into concrete-based electrolytes and electrodes holds vast
potential for enhancing energy performance and advancing the
efficiency of structural supercapacitors. By leveraging alkali
metal salts in Portland cement electrolytes, researchers have
unlocked a new realm of possibilities, where the relationship
between porosity, compressive strength, and energy storage
properties has catalyzed the creation of highly functional elec-
trolytes. This transformative synergy between construction
materials and energy technologies within concrete electrodes
offers strength and adaptability and paves the way for sustain-
able and effective infrastructure solutions.

In conclusion, this comprehensive review sheds light on the
evolving landscape of energy storage technologies. The imper-
ative need for efficient energy storage solutions in the face of
diminishing fossil fuel reserves and escalating environmental
concerns has steered the trajectory of research toward innova-
tive structural energy storage devices. Concrete-based energy
storage devices, characterized by their multifunctional attri-
butes and transformative potential, represent a pivotal conver-
gence of material science, energy technology, and sustainable
construction practices. This paper provides details on how the
use of concrete-based electrolytes and electrodes provides
distinct advantages in terms of electrical properties, mechanical
strength, and energy storage capacity.
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