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ARTICLE INFO ABSTRACT

Keywords: As global warming worsens, countries around the world have developed policies to reduce carbon emissions and
Cement-based supercapacitor accelerate the transition to renewable energy. Recently, cement-based supercapacitors have attracted significant
Energy storage attention due to their low energy consumption and multifunctionality, offering a promising solution for large-
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scale energy storage in renewable energy systems. This review provides an overview of the advancements,
mechanism and characterization of cement-based supercapacitors, followed by an analysis of performance
studies on mechanical and electrochemical properties based on cement types, water to cement (W/C) ratio,
curing age, additives, and various electrodes of contemporary interest. The progress in overcoming issues related
to the energy storage capacity and mechanical properties of polymer modified cement-based electrolytes is
analyzed. In addition, high-performance and long-lifespan electrodes modified by nanomaterials and metal ox-
ides are essential for establishing highly efficient cement-based supercapacitors. The multifunctionality of these
materials is further discussed, emphasizing mitigating intrinsic contradictions is key to large-scale production
and commercialization. Finally, perspectives are provided on the future development requirements of advanced
cement-based supercapacitors, focusing on sustainability, economic promotion, social impact, and industrial
stability. This review not only provides direction for researchers in renewable energy storage but also offers
valuable insights for achieving energy savings and carbon neutrality.
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1. Introduction
1.1. Importance of cement-based supercapacitors

The global energy system is in the midst of a significant shift from
fossil-based to renewable energy sources [1,2]. The environmental
pollution caused by fossil fuel energy poses a significant challenge to the
global environmental equilibrium and the survival of humanity. At
present, countries worldwide are implementing a range of initiatives to
transition the economies from fossil fuel dependency to renewable en-
ergy systems [3]. Meanwhile, researchers have conducted extensive and
in-depth studies on energy transition. Among the most prevalent forms
of energy storage is chemical energy storage, including technologies
such as lithium-ion batteries, sodium-ion batteries, and similar systems.
These technologies demonstrate strong performance in terms of energy
storage efficiency and density. However, the limited availability of
mineral resources required for battery production poses a significant
challenge to scaling up energy storage solutions for widespread use
[3-6]. Additionally, renewable energy sources like solar, wind, and
ocean energy are often intermittent, leading to fluctuations in power
supply. Energy storage systems are essential to address these fluctua-
tions and ensure a stable energy supply.

Cement-based supercapacitors (CBSC) represent a groundbreaking
solution in energy storage technology. Their high efficiency, scalability,
and environmental sustainability position them as a promising option
for addressing energy storage challenges. By integrating energy storage
capabilities directly into building materials, CBSC can embed energy
storage systems within buildings and infrastructure, offering significant
potential for future smart buildings and enhancing grid stability.
Furthermore, the abundance and low cost of cement make CBSC highly
suitable for large-scale deployment, supporting broader adoption of
renewable energy. The development of CBSC holds substantial practical
importance in overcoming energy storage hurdles during the global
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energy transition and advancing sustainable energy goals. This inno-
vative technology not only alleviates the resource limitations of current
energy storage systems but also provides a more eco-friendly and cost-
effective solution, driving the global energy system toward a compre-
hensive shift to renewable energy.

Fig. 1 shows the schematic diagram and illustration of the CBSC
integrated with PV modules, and electrical loads. The electricity energy
generated by photovoltaics (PV) modules through the photovoltaics
effect can be stored in cement-based supercapacitors, which can reduce
the loss of renewable energy. Power is transmitted to users through a
power network connected to energy storage devices, which can further
improve the utilization rate of solar energy and thus promote the further
development of renewable energy systems.

1.2. CBSC development

Fig. 2 shows a chronology of the development of CBSC since the
2000 s. The period between 2000 and 2010 was the initial research and
material exploration stage. The studies on CBSC date back to the work of
Luo and Chung on the use of solid composites as electrolytes for struc-
tural capacitors in 2001 [7]. They used carbon fiber and epoxy com-
posite as solid electrolytes to fabricate the structural supercapacitor with
a specific capacitance of 1.2 pF/m? In 2006, Wetzel et al. [8] investi-
gated three candidate multifunctional materials including structural fuel
cells, structural batteries and structural capacitors. The relationship
between energy density and stiffness of structural capacitors was
measured and the design goal for multifunctionality was represented.
The period between 2010 and 2015 was the stage of material modifi-
cation and technology improvement. Meng and Chung [9] showed the
feasibility of the set cement-based battery for the first time. The open
circuit voltage, current density and power could reach 0.72 V, 3.8pA/
cm? and 1.4 pW/cm?, respectively. Then in 2015, Zhang et al. [10]
proposed a practical cement-based structural supercapacitor assembled
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Fig. 1. Schematic illustration of the CBSC integrated with PV modules and electrical loads.
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Fig. 2. Chronology of the development of cement-based supercapacitors.

from cement paste and graphene. The maximum specific capacitance
was 10F/g with 9.85 MPa of compressive strength. In addition, there
was no pseudocapacitance effect so that the CV cures were like an ideal
rectangle. The improvement of CBSC was very rapid during the period
between 2015 and 2020. The performance of CBSC was enhanced
significantly and new composite materials, such as polymer-cement
composites, began to attract attention, which exhibited high specific
capacitance and stable cycling performance. Subsequently, the optimi-
zation of cement-based material design gradually emerged and has been
rapidly developed over the past five years.

1.3. Current state and key issues

Over the past decade, solid-state electrolytes (SSEs) have emerged as
materials of significant scientific and commercial interest for electrical
energy storage [11]. The outstanding advantages of SSEs are high
charge—discharge rates, high power density and long cycle life, making
their application in supercapacitors a popular research topic. As an en-
ergy storage solution, supercapacitors can rapidly store and release large
amounts of electrical energy, making them highly versatile for appli-
cations in electric vehicles, renewable energy systems, and electronic
devices. Cement, one of the most widely used materials globally, holds
significant potential for the development of supercapacitors. Cement-
based supercapacitors (CBSC) not only leverage the multifunctionality
of cement but also open new possibilities in advanced energy storage
materials [12]. Unlike conventional supercapacitors, the cement matrix
in CBSC serves a dual role as both the electrolyte and the separator.
During cement hydration, the incorporation of specific additives gen-
erates internal pores and networks that enhance ion transport. Addi-
tionally, the inherent insulating properties of cement allow it to function
effectively as a separator, preventing short circuits between the cathode
and anode. Compared to traditional capacitors or supercapacitors, CBSC
offer several advantages, including simpler fabrication processes, lower
costs, greater durability, and high energy storage capacity, particularly
when integrated into large-scale concrete structures and infrastructure.

The key issue of CBSC involve the selection of energy storage com-
ponents and their cooperation [13]. Shaping the microstructure of the
cement matrix is critical for cement-based electrolytes, as it directly
influences ion transport pathways and overall electrochemical perfor-
mance. Further research is also necessary to better understand the
compatibility between the cement matrix and various additives [14].
Physical compatibility concerns arise from potential reactions between
additives and cement, which could compromise chemical stability. Poor
dispersion of additives—due to differences in size, shape, or surface
characteristics—can lead to issues such as migration or leaching over
time, impacting long-term stability.

Electrode selection is equally vital, as the charge storage capacity
and overall performance of a supercapacitor depend heavily on the
electrode material [15]. Consequently, much of the current research on

CBSCs focuses on optimizing electrode structures and materials. How-
ever, the physical contact between high-performance electrodes and the
cement matrix is also crucial, as it significantly influences electro-
chemical properties. This highlights the need for precise control over the
preparation process to ensure material consistency. Additionally, some
electrode materials can release harmful substances during production,
use, or recycling, posing environmental and health risks. Thus, devel-
oping eco-friendly materials and sustainable production methods is a
key priority for future advancements. For advanced energy storage ap-
plications to become commercially viable, large-scale production of
materials and processes is essential. While many materials perform well
in laboratory settings, scaling them up for industrial manufacturing
often presents technical challenges that must be addressed to enable
widespread adoption.

1.4. Methodology and scope

This review aims to analyze the recent advancements in cement-
based supercapacitors and seeks to provide insights into future
research directions. A comprehensive literature search was conducted
using databases including Google Scholar, Web of Science and Scopus.
The search focused on articles using keywords such as “cement-based
supercapacitors”, “solid state electrolytes”, “conductivity of cement”
and “electrodes of solid-state supercapacitor”.

The articles were included if they (1) analyzed and discussed the
application of additives in cement-based materials for energy storage,
(2) provided characterization results on physical and chemical proper-
ties, (3) provided experimental data on mechanical and electrochemical
properties, (4) provided working mechanism of all-solid-state electro-
lytes, and (5) were published in peer-reviewed journals. Preference was
given to studies that conducted comprehensive electrochemical testing,
including CV, GCD, EIS and long-term stability tests, and compressive
strength tests. For each selected study, data related to compressive
strength, ionic conductivity, specific capacitance and microstructures
were extracted and analyzed. The analysis was performed to discuss the
impact of polymer additives and other factors on the different perfor-
mance of CBSC.

Currently, there is a notable lack of review articles that compre-
hensively analyze the development, challenges, and prospects of CBSC.
To address this gap, this study begins by examining the fundamental
principles of CBSCs, followed by an exploration of their unique char-
acteristics. Statistical analysis is then conducted on data related to their
mechanical and electrochemical properties. Additionally, multi-
functionality and potential applications of CBSC in renewable energy
storage are analyzed. Finally, the challenges and future perspectives of
CBSC technology are discussed, offering a comprehensive perspective on
its current advancements and potential for future development. The
framework of cement-based supercapacitors is shown in Fig. 3.
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Fig. 3. Framework of the review.

2. Principle concept of CBSC
2.1. CBSC components

The key components of cement-based supercapacitors (CBSC)
include the electrodes and the cement-based electrolyte. Electrode ma-
terials typically consist of carbon materials, metal oxides, conductive
polymers, or composites of these materials. Carbon materials like acti-
vated carbon, graphene, and carbon nanotubes are widely used due to
their high surface area and excellent electrical conductivity. Metal ox-
ides such as MnO3 and NiO offer high capacitive properties and are often
combined with carbon materials for enhanced performance. Conductive
polymers, including polyaniline and polypyrrole, contribute strong
electrical conductivity and favorable electrochemical properties. Com-
posite materials enhance performance by combining the beneficial
properties of multiple components. In CBSC, these electrode materials
are often dispersed or embedded within the cement matrix, creating a
composite structure. With careful selection and design of electrode
materials, CBSC can achieve superior performance, suitable for a range

of energy storage applications.

The electrolyte in CBSC is composed of a cement matrix and elec-
trolyte additives, which are typically materials with high ionic con-
ductivity to facilitate ion transport. The cement matrix serves as the
structural backbone, providing mechanical strength and durability to
the solid-state supercapacitor. Various additives, such as carbon mate-
rials, salts, ionic liquids, or polymer electrolytes, are incorporated to
enhance ionic conductivity and stability. Salts create ionic conductive
pathways within the cement matrix, supporting electrochemical re-
actions and charge storage. Ionic liquids, known for their high conduc-
tivity and chemical stability, significantly boost the performance of
CBSC. Polymers enhance ionic transport and improve stability, opti-
mizing the overall efficiency and cycle life of the device. Through careful
selection and proportioning of components, along with refinement of the
preparation process, CBSC can achieve high energy density, high power
density, and long-term operational stability.



C. Zhao et al.
2.2. Energy storage mechanism

Fig. 4 shows the process, mechanism, and energy changes of cement-
based supercapacitors. Mixing conductive polymers, inorganic conduc-
tive fillers, alkaline solution, and deionized water with cement particles,
creates cement-based electrolytes. After a period of curing, a solid
electrolyte with conductive pathways can be obtained, as shown in
Fig. 4(a). Fig. 4 (b) illustrates the electrode manufacturing process. The
composite electrodes are generally made of conductive materials such as
metal and carbon nanomaterials, which can combine their advantages to
get a better performance of CBSC.

The energy storage mechanism of cement-based supercapacitors is a
combination of electrical double-layer (EDL) at the electrolyte-electrode
interface, redox reaction in electrodes, and electrolyte charge storage
mechanisms [18]. Fig. 4(c) represents 2D and 3D diagrams of the
charged state of the supercapacitors, as well as an illustration of the
corresponding equivalent circuit. During the charging of CBSC, anions
are absorbed on the surface of the anode and cations are adsorbed on the
surface of the cathode to balance the charge. These ions are released
during discharge. When positive and negative charges are separated,
electric double layers (EDL) is formed at the electrode-electrolyte
interface to store electrical energy, and this capacitive behavior is
referred to as electric double layer capacitors (EDLCs) [19]. Fig. 4(d) is
the evolution of voltage and chemical potential across the cement-based
electrolyte in contact with an anode and a cathode. When charging, the
voltage of the electrodes and the chemical potential of the cation will
increase. Meanwhile, a stability window is created to provide enough
energy density and guarantee performance.

EDLCs store electrical energy by accumulating electrostatic charges
at the interface between the electrodes and the electrolyte [20]. An ion-
conductive but electrically insulating electrolyte is used as the medium
to allow the movement of ions in the EDLCs. They exhibit higher energy
density than conventional capacitors due to their maximum effective
surface space [15] and much higher power density than batterie due to
double-layer capacitance [21]. The concept of EDLCs was initially pro-
posed and shaped in the 19th century by Helmholtz [22] and it had been
modified by Gouy and Chapman and Stern [19,23], as shown in Fig. 5.

The Helmholtz model explained capacitance behavior that opposite
charges are layered at the electrode/electrolyte interface and parted by
an atomic distance, similar to two-plate, conventional capacitors
[15,25], as schematically explained in Fig. 5 (a). Gouy and Chapman
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modified the Helmholtz model into the diffusive layer model [26,27],
where the distribution of ions is sparser and decreases with distance
from the electrode. Furthermore, the Helmholtz model and the Gouy-
Chapman models were combined by Stern to establish the Stern model
in which there are two regions of particle distribution. Fig. 5 (c) shows a
diffusive layer and the Stern layer (compact layer). The Stern model
represents that a charged adsorption layer is formed on the surface of the
electrode, and ions are adsorbed on the electrode surface to form a dense
adsorption layer. In contrast, the ions in the diffusive layer are distrib-
uted at a lower density. Smaller cations, owing to their higher charge
density, typically attract and orient four to six water dipoles through
their electric field. The closest position to them is the Outer Helmholtz
Plane (OHP). This model gives a more complete understanding of the
structure of the double electrical layer.

The capacitance for an EDLC (Cq)) originates from the Stern layer
capacitance (Cy) and the diffusive layer capacitance (Cgiff). Cq) can be
demonstrated as Eq. (1):

1 1 1
= @
Ca Cu Cu
The capacitance of a supercapacitor can be expressed as Eq. (2):
A
C= €r€0— (2)

d

where ¢ is the dielectric constant in vacuum; €, is the relative dielectric
constant of a supercapacitor; and A and d are respectively the electrode
area and electrode spacing of the supercapacitor.

In cement-based solid supercapacitors, a space charge layer is formed
at the electrode—electrolyte interface. Applying a voltage to the capac-
itor creates a potential difference and redistributes ions and creates
interfacial charge transport pathways, storing charges at the electro-
de-electrolyte interface, as shown in Fig. 6 [11]. In addition, an inter-
facial layer forms when two materials with different chemical potentials
are in contact and/or react. This layer can retard or accelerate ion
transport across the interface [11].

2.3. Pseudocapacitive behavior
Unlike traditional capacitors, which store energy through the phys-

ical separation of charges, pseudocapacitors store energy through fast
faradaic redox reactions occurring at or near the surface of the electrode
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Fig. 6. Cation transport in cement-based electrolytes [11].

material. The selection of pseudocapacitive electrode materials capable
of redox reactions is one of the most important ways to improve the
electrochemical performance of CBSC [28,29]. Unlike EDLCs, the charge
storage mechanism of pseudocapacitive materials is not purely electro-
static but involves Faradic processes — redox reactions [30-33] — that
significantly improve properties such as the specific capacitance of CBSC
[34]. When a reversible redox reaction takes place at or near the surface
of a suitable electrode material, the electrochemical behaviour mirrors
that of electric double-layer capacitors (EDLCs). However, the charge
storage capacity is greater due to the additional contribution from the
redox reactions [35].

Fig. 7 shows the schematic diagrams of three different reversible
pseudocapacitor behaviors. The first is underpotential deposition.
Underpotential deposition occurs when cations in the electrolyte form
an adsorbed monolayer on the surface of a metal electrode with a higher
redox potential [31,36]. As shown in Fig. 7 (a), the underpotential
deposition of Pb?>" on the surface of the Au electrode can provide
pseudocapacitance [37].

The second is redox pseudocapacitor [35]. It occurs primarily at the
surface of the electrode, and Faraday charge transfer occurs between the
electrode and the ions in the solid electrolyte. Fig. 7 (b) shows the redox
processes during potential cycling [36,38], which creates much
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Fig. 7. Three types of reversible pseudocapacitors: (a) Underpotential deposition, (b) redox pseudocapacitance, (c) intercalation pseudocapacitance.

pseudocapacitance and dominates the charging mechanism [32]. The
third is intercalation pseudocapacitance. It involves the rapid diffusion
of ions into and out of ion-conducting channels or layers within the
matrix without the change of crystallographic phase [32]. As a result,
the ultra-stable structure is maintained in the electrochemical reactions
[36].

Cement-based electrolytes also have energy storage capabilities
under certain conditions. During the hydration process, pores of
different sizes are formed within the cement and these pores are inter-
connected to form the pores that can be used for charge transport by ion
diffusion [39]. In addition, cement-based electrolytes with redox ac-
tivity have been developed and can provide excellent energy and power
density [18]. Therefore, the efficiency of energy storage can be further
improved by adding appropriate additives, such as metal oxides. Over-
all, CBSC consists of multiple capacitive behaviors with different energy
storage mechanisms. Their design and application have been demon-
strated to be feasible, by proper selection of electrodes and electrolytes.

3. Characterization of CBSC

The performance of CBSC can be evaluated from two different as-
pects: the traditional mechanical properties, and electric and electro-
chemical properties [40]. Table 1 displays a technique to evaluate the
compressive strength of CBSC, and three techniques to evaluate the
electrochemical properties of CBSC. Compressive strength is an impor-
tant indicator of cement-based materials, which is the basis for realizing
the multifunctionality of composites. Generally, the cube compressive

Table 1
Advantages and disadvantages of different characterization techniques.
Technique Advantages Disadvantages Refs.
Compressive Intuitive resultsHigh Cannot represent the [44]
strength precision strength of the entire
test structure
CcvV Specific Thermodynamic [45-47]
capacitanceDifference aspect is ignored
between EDLC and PC
GCD CapacitanceDifference The difference [46,47]
between EDLC and PC between electric
double layer
materials is not
obvious
EIS Different resistances Only evaluation at [46,48,49]
Specific low voltage
capacitanceDegradation
behavior

strength test has been used to measure the compressive strength of the
specimens in the laboratory. Cyclic voltammetry (CV) can be used to
measure current at a fixed sweep rate, while galvanostatic charge/
discharge (GCD) measures the voltage of a device at different currents.
Electrochemical impedance spectroscopy (EIS) can control both current
and voltage, so either voltage or current can be measured to collect the
impedance data. Compared to CV and GCD, EIS imposes a smaller
excitation signal, resulting in a more linear current-voltage character-
istic. In addition, EIS can be used to characterize charge transfer, mass
transport, and charge storage mechanisms, as well as to estimate energy
and power properties [40-42]. However, it is important to note that the
equivalent resistance derived from the EIS test is typically much smaller
than that derived from the GCD test [43], and therefore needs to be
thoroughly evaluated when characterizing supercapacitor performance.

3.1. Materials and mix proportions

The main components of a supercapacitor are electrolyte, electrodes
and separator. In CBSC, the cement matrix is electrolyte, while it also
can act as the separator due to its insulation. CBSC combines a low-cost
cement matrix with high-performance conductive materials. Materials
include different types of cement, carbon materials and conducting
polymers, and use ionic liquids or organic electrolytes to provide ion-
conducting pathways. Although some conductive materials like CNTs
and graphene are relatively costly, their excellent conductivity and high
specific surface area significantly enhance the energy density and power
density of supercapacitors. By optimizing material ratios and refining
production processes, cement-based supercapacitors can achieve high
performance at a significantly reduced overall cost, presenting a broad
spectrum of application prospects. Table 2 shows the configuration of
potential materials for CBSC, including electrolyte type, composition
and preparation of electrodes and their contribution.

3.2. Compressive strength testing

In the laboratory, compressive strength is mainly tested using the
cube compressive strength test, which is a standard and specialized
method [65,66]. After the cement specimens are prepared and cured for
28 days, they are subjected to a compression test using a compression
tester or universal testing machine. When pressurizing, the load shall be
applied continuously and uniformly, and the pressurization rate shall be
adjusted according to the expected strength of the specimen. When the
specimen is close to destruction and pole deformation begins to occur, it
is necessary to stop adjusting the machine pressure until it is destroyed
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Table 2
The configuration of potential materials for different CBSC components.
Electrolyte Electrode Preparation Contribution Refs.
type composition method
— LiCg Intercalation or Ion transport rate [50,51]
electroplating can be faster and
method voltage penalty
can be small
— NayCeg and Intercalation The reversible [52,53]
LixCe method capacitance can
be stable
Argyrodite LiCoO,, Solid-state The [54]
LigPSsCl LiNi; 3C01, reaction method compatibility
3MnO; 305, and co- and capacity
and LiMn,O4 precipitation retention are
method good
— NCM oxides Co-precipitation High energy [55,56]
method density and
operating voltage
can be provided
Portland rGO, MnO, Hydrothermal Long-term [57]
cement/ and rGO/ synthesis method  stability is good
PAA MnO,
Portland rGO/Sn0O, Ultrasonic The diffusion of [58]
cement/ dispersion ions is facilitated,
PAM method and and active
hydrothermal surface area is
synthesis method  increased
MPC/PAM rGO/Ni foam Hydrothermal Energy density [59]
synthesis method  and power
density are both
improved
Portland PPy-NTs and Self- Conductivity and [60]
cement/ CNTs polymerization capacitance are
PAM with method high
Na,ySO4
Portland rGO/NixCoyS Hydrothermal Ion access and [61]
cement/ (Ni:Coratiois  synthesis method  charge transfer
PAA 1:0, 0:1, 1:2, are fast, and areal
2:1) and rGO/ capacitance and
Fey03 its retention are
increased
LLZO — Solid-state Operate dendrite [62]
reaction method free at
sufficiently high
current densities
NASICON — Solid-state Excellent thermal [63,64]
reaction method stability and
environmental
friendliness are
provided

and record the destructive load. Compressive strength is expressed in

Newtons per cubic millimeter (MPa) as defined in Eq. (3):

F
RC:XC

3

where R¢ is compressive strength of the specimen (MPa), F¢ is
maximum load at destruction of the specimen (N) and A is compressive
area of the specimen (mmz).

3.3. Cyclic voltammetry

CV testing applies a linearly changed electric potential between
positive and negative electrodes for two-electrode systems, or between
reference and working electrodes for three-electrode configurations
[40]. A positive voltage sweep charge achieves the maximum voltage;
the reverse sweep charge is immediately applied [15]. The speed of
potential change (mV/s) is called the scan rate, and the range of po-
tential change is called the potential window or operating potential
[23]. Fig. 8 demonstrates the characteristic cyclic voltammograms (CVs)
of three electrolytes at a scan rate of 5 mV/s.

CV can also be used in practice to determine the potential window or
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operating voltage of supercapacitor materials, and to study the revers-
ibility of charging and discharging processes [68,69]. In addition, the
capacitance and other electrochemical properties of the material can be
obtained by integrating the CV curves. In particular, the capacitance can
be calculated based on the Eq. (4) [40,70-72]:

_aQ

Cr=3v

“@
where Cr is the total capacitance of a supercapacitor, AQ is the CV curve
integral area, which is also the total charge and AV is the change of a
given voltage.

_AQ_ o jide

C
T AV 2V,

(5)

where V, represents the given voltage at a specific time; |i| represents the
absolute value of current; and dt is differentiated with respect to time.
P

Cs (6)

where Cj is the specific capacitance of a supercapacitor; and ¢ is related
to many aspects of the electrode material, including the mass, volume,
surface area, etc. After we get the value of capacitance Cr, the corre-
sponding Cs can be calculated by Eq. (6). In addition to ¢, there are some
other factors that can influence the value of Cs dramatically [73-75],
such as experimental conditions, mass loading and the properties of
electrodes.

3.4. Galvanostatic charge/discharge test

Galvanostatic charge/discharge (GCD) is the most versatile and ac-
curate method to characterize the supercapacitors. It is conducted by
repeatedly charging and discharging the working electrode at a constant
current level [40], to evaluate the capacitance, energy density, power
density and peak current. Meanwhile, it can also be used to investigate
parameters such as cycling stability. The overall GCD measurement
process involves two steps: first, supercapacitors charge via a constant
current, and second, it is discharged in a specific time or voltage range
[15]. Therefore, Eq. (7) can be used to calculate the capacitance [40]:

IAt

Cr=2av

(7)
where I is the galvanostatic current and At is the charging/discharging
time under a given potential change AV. In turn, Eq. (8) is obtained:

Cr = Idi.sA:}/o—ZVD @)
0

where I is the discharging current and At is the time difference be-
tween two given operating windows (V,, and 2V;). The time-voltage in
GCD test is presented in Fig. 9.

3.5. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrochemical
analytical method based on an alternating current measurement tech-
nique. The impedance of a supercapacitor as a relationship of frequency
(e.g., from 0.01 to 100 kHz) by applying alternating potential at a low
amplitude (e.g., £5 to + 10 mV) superimposed on a steady-state voltage
[15]. The calculation results of capacitance can be expressed in a Bode
plot to explain the response between the frequency and the phase [40],
and the imaginary parts Z(f)" and real parts Z(f)’ of the supercapacitor
impedances on a complex plane are shown in a Nyquist plot [76-79].

Fig. 10 represents the ideal Nyquist plots. From Fig. 10 (a) there is a
straight line [80], which represents the capacitance as a constant over
the frequency range. Fig. 10 (b) shows the ideal pseudocapacitive
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Fig. 9. Time-voltage in GCD test [70].

electrochemical impedance response. The semicircular region refers to
the high frequency region and is associated with charge transfer
impedance and double layer capacitance. The low frequency vertical
line is related to the charge stored by the electrochemical reaction. The
capacitance can be expressed by Eq. (8).

2F  0(1-0)

“RTg0(1-0)—1 ®

P

where 0 is the electrochemically active point covering the saturation
level, g is an exclusion factor, which is negative for repulsion between
each locus and positive for the opposite.

4. Performance study of CBSC
4.1. Effects on compressive strength

Cement is one of the most widely used materials globally, with
estimated production reaching 4.1 billion tons in 2022. It plays a crucial
role in meeting the global demand for housing and infrastructure [82].
In many developed countries, buildings account for a significant portion
of total energy consumption [83,84]. As a result, a key future trend in
construction is the development of building materials with energy
storage capabilities, along with their integration into renewable energy
systems.
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Fig. 10. Nyquist plots of ideal supercapacitors [81].

4.1.1. Effect of cement type

Different types of cement have been used to produce CBSC. Differ-
ences in ion types, ion concentrations in the pore solution, and pore
connectivity influence the resulting electrolytes, affecting both their
mechanical and electrochemical properties. Zhang et al. [10] made a
novel structural supercapacitor using an ordinary Portland cement
(OPC) paste and found that there is no pseudocapacitive effect in the

supercapacitor, while an ideal double layer mechanism was possessed
by the supercapacitor.

In addition to OPC, eco-cement-based materials have also been used
to fabricate cement-based solid electrolytes. Ma and Zhang [85] chose
magnesium phosphate cement to make structural supercapacitors due to
its high early strength, good chemical resistance, and higher porosity.
The results showed a significant increase in both the compressive

45
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Fig. 11. Comparison of microstructure and effect of cement types on compressive strength: (a) SEM of PC [10], (b) SEM of MPC [85], (c) SEM of CA [87], (d) Effects

of three types of cement.
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strength of the material after 28 days and the specific capacitance. Tu
et al. [86] mixed aluminate cement with polyacrylic acid to produce
structured electrolytes. Their compressive strength was further
improved, and they exhibited better electrochemical properties due to
the use of more advanced electrodes. These comparisons illustrated the
significant role played by different types of cement in various aspects of
performance, as shown in Fig. 11. The specific capacitance and
compressive strength of OPC-, MPC- and CA-based electrolytes
increased, which could be attributed to the increase in stored energy due
to more ions in MPC and CA. Meanwhile, MPC and CA had relatively
high early strength, which undoubtedly increased the compressive
strength. By comparing Fig. 11 (a) to Fig. 11 (b), the OPC specimens
exhibit a loose structure with more pores, making the connections be-
tween the particles weaker, while the MPC specimens have a mixed
structure of flakes and fibers, which is denser and enhances the
compressive strength. The CA specimens show a finer and more complex
fibrous structure. These tightly interwoven structures form a denser
mesh skeleton structure and reduce the porosity, which allows the ma-
terial to disperse stress when under pressure, further improving their
overall compressive strength. Table 3 shows the comparison of different
cement types between microstructure and advantages.

4.1.2. Effect of water-to-cement ratio

The effects of water-to-cement (W/C) ratio and curing age should
also be considered. As the W/C ratio increases, the porosity of the
cementitious material increases, resulting in a sufficient number of
interconnected channels or pores for the transport of ions within the
pores. However, a high W/C ratio will result in a reduction in strength.
Therefore, the selection of a suitable W/C ratio according to the actual
requirements is essential to obtain the best mechanical and electro-
chemical properties. Zhang et al. [10] investigated the effect of different
W/C ratios on the multifunctionality of cement-based supercapacitors
and found that a W/C ratio of 0.3 gave the most optimal specific
capacitance. Chanut et al. [39] also concluded that the ideal W/C ratio
should not be too high and that 0.42 was the most appropriate value by
measuring the capacitance of three different W/C ratios at different high
scan rates. Both results demonstrate a similar trend. Specifically, high
water-cement ratios result in larger hydrated pores and lead to higher
capacitance values. However, while these higher ratios enhance capac-
itance, they also weaken the material’s strength. This is due to increased
hydration porosity, which causes stress concentrations around the
micrometer-sized pores.

4.1.3. Effect of curing age

The effect of curing age on the capacitance of CBSC is shown in
Fig. 12. The relationship between compressive strength and specific
capacitance of different types of cement at different curing times is
compared. It shows a positive correlation between the compressive
strength of the three cementitious composites and the curing time.
Chanut et al. in their study of carbon cement-based supercapacitors
demonstrated that the capacitance is independent of the experimental
conditions and is independent of the test conditions through a combi-
nation of Boltzmann’s integrodifferential equations and the theory of

Table 3
The comparison of different cement types.
Cement Corresponding Advantages Refs.
type microstructure
OPC Continuous monolithic Ion storage, ion movement [101]
structure and and mechanical bearing
agglomeration of capacity can be impacted
nanoparticles positively
MPC Porous structure Enough channels for ion [85]
transport are provided
CA Plate-like crystal structure Mechanical properties can be [87]

enhanced

11
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viscoelasticity of solids [39]. Therefore, we believe that the capacitance
of cement-based materials and their related properties are only associ-
ated with the inherent properties of the material itself, such as specific
surface area, porosity, etc.

4.1.4. Effect of additives

The most used cement additives for CBCS today are polymers, most
of which include polyethylene oxide (PEO), polyvinyl alcohol (PVA),
polyacrylic acid (PAA), potassium polyacrylate (PAAK), polyacrylamide
(PAM) and polyethylene glycol (PEG) [88]. These polymers are gener-
ally believed to interact with cement hydration both physically and
chemically, influencing the properties of the hydration products. The
two interactions have beneficial effects on the microstructure and
macroscopic properties of polymer-modified cements [89], resulting in
the formation of a denser and more complete microstructure within the
material [90]. During the preparation process, the polymer solution is
usually mixed with cement. In this process, the polymers, cement hy-
dration products and ions are cross-linked [91,92], while the polymer
solution can optimize the pore distribution of the cement matrix and fill
the pores between unreacted cement particles, significantly improving
the mechanical properties of the polymer-modified cement [93,94].
According to the request regarding mechanical and electrochemical
performance, PAM is the best suited to meet the balance of these two
criteria, which is discussed in this section.

Fig. 13 shows the microstructure of several different polymer-
modified cements and their effect on the compressive strength of
CBSC. The interconnected pore structure can be identified clearly after
adding PVA to cement, as shown in Fig. 13 (a).The microstructure of
PVA in harden cement paste presents a strip shape and shows the
characteristics of a smooth surface [95]. A bicontinuous microstructure
consisting of PVA and OPC is formed after PVA penetrated through the
pore structure [96]. Fig. 13 (b) shows that the PAM is well distributed in
the hardened cement pastes and becomes a whole. The hardened cement
paste is encapsulated by the PAM and dispersed in the matrix in granular
form. According to the SEM results, the PAM and hardened cement can
achieve close integration by synchronous reaction method and like PVA,
the addition of PAM can also form a bicontinuous microstructure
[97,98]. The cement/polymer composite material with low 5 % PAA has
a finer and denser porous structure depending on the cross-linking
networks of PAA interconnected with C-S-H. After the content of PAA
increases, more mesoporous pores and some harmful macropores are
formed as shown in Fig. 13 (c), which lose the microstructure of the
composite [97-99]. Fig. 13 (d) compares the microstructure of three
contents of PEO/OPC. When the content is low, the microstructure is
denser, but various pore structures are blocked by the PEO. The polymer
particles concentrate and gradually interconnect with each other in the
cement electrolyte as the content of PEO increases. These findings prove
that a proper polymer content can achieve well-distributed inter-
connected microstructure between organic and inorganic phases [100].
To ensure good polymer distribution in a water-cement-based super-
capacitor, employ high-shear mixing, ultrasonication, pre-dissolve the
polymer in a solvent, add surfactants and dispersing agents, use plasti-
cizers, optimize mixing time and speed, control temperature, utilize
mechanical homogenizers, and verify with microscopic analysis to
achieve uniform dispersion and improved performance.

Fig. 14 shows the XRD patterns of CBSC with two different polymers.
The main hydrated products of polymer modified cement electrolytes
are Ca(OH)y, Aft and hydrated calcium silicate (C-S-H). The weak
diffraction peaks around 26.1° and 42.2° attribute to PAM, while the
weak diffraction peaks around 22.3° and 28.9° belong to PEO. This
demonstrates that the polymers can bond well with cement matrix
during hydration and does not change the type of products. Meanwhile,
cement paste, polymers and other metal salts can be used together based
on the XRD results. Therefore, cement-based electrolytes modified by
polymers are proved to be feasible.

Fig. 15 shows the effect of polymer types and content on the
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Fig. 12. Relationship between compressive strength and specific capacitance of different types of cement at various curing times [10,85,86].

compressive strength of CBSC. The compressive strength of plain cement
paste, for instance, without additives, is generally higher. For PVA,
compressive strength is highest at about 2 %. When the level is not less
than 4 %, the compressive strength decreases extremely. In the case of
PEQ, its addition does not increase the compressive strength. Only 2 %
of PEO reduces the compressive strength by about 37.5 %. Therefore,
PEO should be carefully selected in future studies. The optimum PAA
content is between 5 % and 6 %. After that, the compressive strength
decreases significantly as the PAA content increases. When the content
exceeds 10 %, the compressive strength value begins to fall below 10
MPa and mechanical properties are gradually lost. PAM is a better ad-
ditive because its addition increases the compressive strength of cement
composites and the influence of PAM on compressive strength has
certain rules, which is an increase followed by a decrease. However, the
study used synchronous reaction method (SRM) [98] which breaks the
limitation of the polymer content in the solid electrolyte, thus improving
the multifunctionality of the material.

Notably, the preparation of polymer/cement composite solid elec-
trolytes involves the synchronization of hydration reaction and poly-
merization reaction [105,106]. Polymers interact with cement through
both physical and chemical mechanisms, significantly enhancing the
properties of cement composites. Physically, polymers aid in the
dispersion and distribution of cement particles, fill pores, reduce
porosity, and increase density. Chemically, polymers bond with hydra-
tion products, such as calcium silicate hydrate, through hydrogen
bonding and electrostatic interactions. This optimizes the interfacial
transition zone and promotes nucleation and growth. Additionally,
polymers enhance the water retention capacity of cement slurries,
ensuring adequate hydration. They form a continuous film during the
drying process, which improves the mechanical strength and durability
of composite materials. These combined effects result in cement-based
supercapacitors with excellent electrochemical performance and struc-
tural stability. Therefore, the composite particle bonded together
tightly, resulting in the increase in the compressive strength [97].
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Table 4 gives the advantages and disadvantages of polymer types on
cement.

Other conductive materials, such as nanocarbon black, carbon fiber
[115] and graphene [116], can be mixed with water and cement. Chanut
et al. [39] exploited the synergistic interaction between hydrophilic
cement and hydrophobic carbon black between the hydration to create a
solid electrolyte with an electron-conductive network for chargeability,
storage pores for adsorption of opposite charges, and reservoir porosity
for charge transfer by ion diffusion. They visualized for the first time the
texture of the carbon network in an electrode and performed spatial
correlation analysis of the low- and high-density carbon phases in this
network. Charge transfer from the electrolyte to the storage pores of the
carbon particles was demonstrated. The intensive nature of the carbon-
cement material, i.e., the energy storage capacity per unit volume or
mass, was also demonstrated by a quantitative analysis of the energy
storage limit states. It is further confirmed that the carbon-cement
composite design was scalable in terms of energy storage and could
provide sufficient energy storage space for the structure by scaling the
material mass to realize the transition from fossil to renewable energy
sources.

4.2. Effects on electrochemical properties

Cement-based electrolytes function as structural electrolytes, with
cement serving as the primary supporting material [9]. Consequently,
the properties of cement significantly influence the performance of these
electrolytes, particularly in terms of mechanical strength, as extensively
documented. However, electrochemical properties are equally critical,
and prior research has highlighted a complex and often contradictory
relationship between the mechanical strength of structured electrolytes
and their electrochemical performance. Given cement’s inherent insu-
lating nature, achieving efficient charge transfer and storage requires
careful consideration of factors such as cement type, aggregate, water-
cement ratio, additives, and pore solution. The pore solution must
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Fig. 13. The SEM of cement/polymer electrolyte (a) 5%, 3% and 25% PVA/OPC, (b) 10% and 30% PAM/OPC, (c) 5% and 30% PAA/OPC, (d) 0%, 2% and 10% PEO/

OPC [96-98,100-104].

have an appropriate concentration and be compatible with cement-
based materials. Together, these elements profoundly shape the over-
all electrochemical performance of cement-based electrolytes.

4.2.1. Effects of conductivity

Many studies have explored the development of solid electrolytes
prepared from inorganic ionic solutions and polymers with higher ionic
conductivity [88,117-121]. Cement, on the other hand, in its slurry
prior to hydration, can be viewed as a solution containing ions. By
modifying the cement with polymer, the compressive strength of the
cementitious material can be improved, as well as the enhanced ionic

13

conductivity and anti-leakage of the cement-based electrolyte [96].
Figs. 16 (a) to (d) give the EIS curves of different polymer modified
cement-based electrolytes. Fig. 16 (a) compares the EIS curve of 5 types
of PAA content. As the PAA content increases from 5 % to 30 %, the
internal resistance decreases from 160 to 57 Q obviously. A porous
network structure which provides ions with fast transport paths may be
established by a higher PAA content. In Fig. 16 (b), the EIS curve of the
same PEO content with two inorganic compounds is shown. The internal
resistance of the electrolyte containing LiOTf is higher than another one
containing KOH because the former one cannot provide enough mobile
ions like the latter (K), resulting in poorer conductivity and higher
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Fig. 15. Effect of polymer types and content on compressive strength [96-98,100,101,104].

Table 4
Influence of polymers on cement-based supercapacitors performance.
Polymer Advantages Disadvantages Refs.
types
PVA Improved durabilityMake the Increased air void [107-109]
microstructure denser content
PAA Higher compressive Reduced setting [110]
strengthStrengthen local time
structure
PAM Higher flexural strengthCreate Delayed hydration ~ [111,112]
PAM-cement network process
PEO Hydration products well- Reduced [113,114]
distributedDenser flowability
microstructure
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resistance. However, LiOTf exhibits high ionic conductivity and stabil-
ity, enabling the release of Li" and OTf™ ions upon dissolution. This
property significantly enhances overall ionic conductivity of the elec-
trolyte, while KOH offers exceptional ionic conductivity, facilitating
efficient charge transfer and reaction processes. Fig. 16 (c) and (d) give
the EIS curves of different cement-based electrolytes with the same
polymer (PAM). It is obvious that the internal resistance of OPC-based
electrolytes is much higher than that of MPC-based electrolytes based
on the intercept on the x-axis. In addition, no matter what type of
cement, the internal resistance decreases, which illustrates the ionic
conductivity is promoted by high dosage of PAM in the cement. Notably,
the percentage of different contents of PAM/cement is not limited to 40
%. The addition of multiple polymers simultaneously to improve ionic
conductivity can also be achieved.

Fig. 16 (e) compares the effect of several different additives on
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Fig. 16. Effect of polymer types and content on internal resistance and conductivity of cement-based electrolyte [59,96,98,100,104].

electrolyte conductivity at various levels. As can be seen from the figure, in conductivity when the content exceeds 10 % or 15 %. The reason is
except for PEO, the conductivity of the cement-based electrolytes in- likely due to the generated dense, complete, and interconnected
creases with increasing polymer content, and there is an abrupt increase conductive polymer network within the cement to reduce the limitations
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Fig. 16. (continued).

on ion transfer. Fig. 16 (f) shows the variation of their conductivity for
MPC and PC with different PAM contents. Obviously, the electrical
conductivity of MPC is much higher than that of PC due to the presence
of magnesium oxide (MgO), potassium carbonate (KDP) and other
substances in MPC, which have more conductive ions than OPC.

In addition, there is a direct relationship between the ionic conduc-
tivity and the porosity. Fig. 17. shows the effect of two polymers on these
properties at different content levels. Initially, the ionic conductivity of
the composite with PAA is low, about 0.2 mS/cm. As the increase in PAA
content, the ionic conductivity increases significantly, sharply from 4 wt
% of PAA, and reaches above 3 mS/cm at 8 wt% of PAA. The porosity of
PAA samples was initially high, above 30 %, but decreases to about 10 %
as PAA content increases. PAA is a polymer with a carboxyl (-COOH)
functional group. The group can dissociate in an alkaline environment to

form negatively charged carboxylate ions (COO™), which increases the
number of free ions in the system and thus improves the ionic conduc-
tivity. It also acts as a binder inside the cement paste. The long chain
structure of PAA can fill the voids in the cement matrix and reduce the
internal voids and pores. This makes the cement matrix structure denser,
thereby reducing the overall porosity. The cement samples with 2 wt%
of PEO exhibit the best ionic conductivity while the porosity increases
steadily with increasing PEO content. A higher PEO content leads to an
enhanced cross-linking or aggregation effect of the polymer chains,
which limits the free movement of ions and results in a decrease in
conductivity. Meanwhile, PEO is a highly hydrophilic polymer that
strongly absorbs water. As the PEO content increases, more water is
absorbed, causing it to expand. This expansion effect increases the pores
and free volume in the cement matrix, causing the porosity to gradually
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Fig. 17. Ionic conductivity and porosity comparison [57,100].
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increase.

4.2.2. Effects of specific capacitance

Figs. 18 (a) to (d) show the electrochemical characterization of 3
types of cement. In the same system, the difference between the CV
curves of MPC- and OPC-based electrolytes is significant shown in
Fig. 18 (a), where the CV curve of OPC is almost a line and MPC is nearly
a rectangular shape, meaning that the capacitive behaviour is much
better in the MPC-based electrolyte. In Fig. 18 (b), the area of GCD
curves of CA-based electrolyte is much larger than the other two elec-
trolytes. But their shapes are all nearly triangle identifying a double
layer capacitive behaviour. The situation of EIS curves of three elec-
trolytes is consistent with the results of CV and GCD curves, as shown in
Fig. 18 (c). The internal resistance from high to low is ordered OPC,
MPC, and CA. Fig. 18 (d) shows the specific capacitance of three
different types of cement. CBSC made with MPC and CA will have more
conductive ions in the slurry state for PC vs. MPC electrolytes. In addi-
tion, the pores of the cement-based electrolyte in the former were
saturated by soaking in the 1 mol/L KOH solution, while the latter were
saturated by 2 mol/L solution. The increase in ion concentration will
also affect the capacitance. However, it should be noted that an increase
in ion concentration leads to a rise in internal resistance, meaning that
higher ion concentration does not necessarily equate to better

6
4l MPC
- Scan rate - 100 mV/s
o
< 2
2
‘@
g 0
k-]
€
[
£ -2 M
=3
(8]
-4
-6 T T T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Potential (V)
(a) CV curves
40
——OPC
351 L —wmpPc
——CA
30
R 25
£
o 204
N 154
104
5 -
O T T T T T T T T
20 30 40 50 60 70 80 90 100
Z' (ohm)

(c) EIS curves

Energy & Buildings 338 (2025) 115732

performance. It should also be noted that the specific capacitance of CA-
electrolytes is significantly better than the first two. However, this is
more related to the choice of electrode materials and will be discussed in
the following sections.

Fig. 19 gives the effect of polymers on cement-based electrolytes.
These structural supercapacitors possess typically electrochemical
double-layer capacitance nature because all the CV curves appear to a
spindle shape without any redox peak, as shown in Fig. 19 (a) to 19 (c).
For PVA and PAA, their area of CV curves becomes larger as the polymer
content increases, but the optimal content of PAM is not the highest
content. 10 % of PAM causes the resistance to decrease to the lowest.
After the dosage is more than 10 %, the interfacial contact is weakened,
and the interfacial impedance increases significantly. The GCD curves
show the same trend about polymer additives, as shown in Fig. 19 (d)
and 19 (e). Fig. 19 (f) compares the effect of different levels of PVA, PAM
and PAA on the specific capacitance of the cement-based electrolyte.
The addition of PAM allows the MPC-based electrolyte to achieve a
higher specific capacitance, which is maximized at 10 %. For PC-based
electrolytes, PAA was clearly superior to PVA. This phenomenon is
attributed to the good water solubility of PAA and the porous structure
of the cement/polymer composite, which absorbs more conductive ions
and ensures good wettability between the electrode and the electrolyte,
as well as reducing the charge transfer resistance of the electrolyte and
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the electrode [122].

In addition, the solution in the pores of cement-based electrolytes has
a significant impact on the capacity of CBSC. Zhan et al. [123] did not
specifically introduce any pore solutions, meaning the solution present
in the pores was limited to the water inherent in the material. Conse-
quently, the obtained specific capacitance was significantly lower than
that of CBSC using the same electrode but with the KOH-containing pore
solution, highlighting the influence of potassium ions on electro-
chemical performance. On the one hand, the larger size of K* leads to
weaker interactions with other molecules [124], accelerating ion
transport in the electrolyte [125]. On the other hand, the ability of K™ to
improve high-rate capacity demonstrates the faster transport of non-
aqueous K' electrolytes when compared to other ions [126-128].
Therefore, having an appropriate pore solution is one of the key points to
optimize the electrochemical performance of CBSC.

4.2.3. Effect of electrodes

Charge storage and capacitance are highly influenced by the elec-
trode material, which plays a crucial role in determining the electro-
chemical properties of a supercapacitor [15]. The active surface area of
the electrode directly impacts capacitance, while pore size also affects
the available surface area for ion adsorption and charge storage. Fig. 20
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(a) shows the relationship between pore size and normalized capaci-
tance, from which we can see that larger or smaller aperture size results
in a significant decrease in capacitance [129]. Different types of elec-
trode materials can also have a significant effect on the electrochemical
properties of supercapacitors. Fig. 20 (b) compares the specific capaci-
tance of supercapacitors using four electrode materials, including car-
bon, conductive polymers, metal oxides, and composites [130-133].
Carbon-based materials, such as graphene, CNTs and nanocarbon
black, are often used as electrodes in CBSC due to their high electrical
conductivity, high specific surface area, tunable porosity, excellent
electrochemical stability, and long-life cycle [134-136]. In addition, the
effect of the difference in specific surface area on the capacitance should
not be neglected, as shown in Fig. 20 (c).

4.2.3.1. Areal capacitance. Most of the electrodes selected in the study
of CBSC are composite electrodes, which usually consist of carbon
nanomaterials, metallic materials, and metal oxide materials. Carbon-
based materials can provide high surface area and excellent electrical
conductivity, and metallic materials are able to undergo redox reactions,
thus providing a large amount of pseudocapacitance. The combination
of the two materials and exploration of the properties of the different
materials to design electrode materials with high capacitance are
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Fig. 20. Relationship between electrode materials and electrochemical performance of supercapacitors [43,129,131,137-145].

19



C. Zhao et al.

primary goals in the field of supercapacitors.

Fig. 21 shows the SEM of the microstructure of composite electrodes.
The rGO electrodes show the uniform 3D nanosheets in Fig. 21 (a), while
the well-distributed 3D petal nanoflakes are presented in Fig. 21 (c),
where rGO is coated on the surface of Ni foam evenly and completely.
Their microstructure is similar because they are not deeply integrated,
but the rGO is simply coated on metal foam. The microstructures of rGO/
monometallic oxide are presented in Fig. 21 (b), 21 (d), 21 (g) and 21
(h). Fig. 21 (b) shows gelatinous rGO/MnO; where MnO, nanosheets are
encapsulated in rGO and Fig. 21 (d) shows many CuO microspheres are
attached to the rGO surface with ordered distribution, which is good for
conductivity. This is also proved by electrochemical measurements.
Flower clusters of SnO5 grow and emerge forming a multi-layer porous
structure with macropores, which is beneficial to ion transport, as shown
in Fig. 21 (g). The FeyO3 is attached and dispersed evenly on the rGO
nanosheets and the rGO/Fe0O3 has cubic characteristics. Compared to
rGO/monometallic oxide electrodes, the rGO/complex metal oxides
electrodes are more complicated, such as rGO/NiCoy04 and rGO/
CuCo504. In Fig. 21 (e), the NiCoy04 nanosheets cover the rGO nano-
flakes and are well-distributed on the rGO, while the clusters of aggre-
gates began to form due to the cross of NiCo204. In Fig. 21 (f), CuCo0204
particles are encapsulated in the rGO nanoflakes, forming flower-like
microspheres. These two rGO/complex metal oxides both generated
spherical aggregate, which means the composition of the electrode is
more complex offering higher surface area. The last one is rGO/Ni;Co;S
electrode and uniform large sheets interconnecting with each other as
shown in Fig. 21 (i). A 3D nano hydrangea-like structure grows on the
surface of rGO, which can provide larger surface area, redox reaction
active sites and porous channels for ion diffusion in the electrodes.

Figs. 22 (a) and 22 (b) give the CV curves of seven electrodes at 50
mV/s and 5 electrodes at 10 mV/s. The black curve in Fig. 22 (a) is the
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CV curve of rGO, which shows the EDLC performance with a nearly
rectangular shape. The CV curve of rGO/Ni foam and rGO/FeyOs3 is
almost same as rGO, except the area of CV curve rGO/Ni foam and rGO/
Fey0j3 is bigger, which means that these electrodes can absorb or release
more energy. Interestingly, the CV curve of MnO; is contained in rGO,
but the CV curve range of rGO/MnO; exceeds the rGO and has a shaper
peak. This explains that the combination of carbon and metal oxide
materials can exploit their electrochemical advantages to achieve the
cooperation between the EDL effect and the pseudocapacitive effect.
There are more metal elements in the rGO/CuCo,04 and rGO/Ni;Co;S
electrodes, which makes the CV curves more irregular. The condition
represents that the pseudocapacitive effect dominates the capacitive
effect inside the electrodes, as well as the occurrence of a more abundant
and complex redox reaction. In addition, the CV curve of rGO/CuO
electrode is listed separately because its area is larger than others and
cannot be drawn at the given coordinate interval. In Fig. 22 (b), the area
of CV curves of rGO/NiCo204 and rGO/SnO3 electrodes is larger than
others. However, the shape of the rGO/NiCoy04 is quasi-rectangular,
characterizing the electrode belonging to EDLC because the pseudoca-
pacitive properties of NiCoyO4 are covered by rGO. The rGO/SnO»
shows the obvious pseudocapacitive properties with a very irregular
curve. Moreover, a high scan rate always leads to a limitation of ion
diffusion, resulting in the reduction of peak current, and the Y-peak
value can prove it. The peak current value and shape on the CV curves of
Ni foam, Fe;03 and Ni;Co;S at 50 mV/s are lower and smaller than the
curves at 10 mV/s. The reason is that mass transport limitation occurs
when the electrochemical reaction rate exceeds the mass transport rate
at a higher scan rate.

Fig. 22 (c) shows the GCD curves of eight electrodes at 1 mA/cm? of
current density. The GCD curves of seven electrodes are almost equi-
lateral triangle shapes except for the rGO/Ni;Co;S electrode. This

Fig. 21. The SEM of electrodes (a) rGO, (b) rGO/MnOs,, (c) rGO/Ni foam, (d) rGO/CuO, (e) rGO/NiC0,04, (f) rGO/CuCo204, (g) rGO/Sn0,, (h) rGO/Fe,03, (i) rGO/

Ni;Co;S [18,57,58,61,100,101,146-148].
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Fig. 22. Comparison of electrochemical characterization of different electrodes [18,57,58,61,100,101,146-148].

represents their electrochemical capacitive behavior is apt to EDLC na-
ture and the charge-discharge process is efficient, which is nearly
consistent with CV results. It should be noted that the pseudocapacitive
behavior of some electrodes is not presented by the GCD curves but
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presented by CV curves due to their pseudocapacitance nature hidden by
EDLC nature of rGO probably. The rGO/CuO and rGO/Ni; Co; S cover the
largest GCD area, suggesting good electrochemical behavior, coulombic
efficiency and conductivity[61].
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Fig. 22 (d) is the EIS curves as well as the Nyquist plots, which
represent the internal resistance of electrodes. The internal resistance of
the individual rGO or MnO, electrode is bigger than the composite
electrodes, but it will decrease a lot after the combination of carbon and
metal materials. The rGO/CuO and rGO/Ni;Co;S have the lower resis-
tance which adhere to their CV and GCD results. However, the electrode
with the lowest internal resistance is the rGO/Fe;03, but its CV and GCD
results are not the best, which shows that the electrochemical reaction is
not strong. Therefore, the selection of materials needs to be considered
in many aspects.

Fig. 22 (e) and Fig. 22 (f) give the areal capacitance of the electrode
material at different current densities. The areal capacitance decreases
as the current density increases. In other words, these electrodes have
ideal capacitive behavior in the low-frequency range, which is consis-
tent with the theory of EIS [149]. In the design of electrode materials for
CBSC, carbon nanomaterials are generally combined with metal oxides
to form composite electrodes, preferably in an asymmetric form. This is
because this form of electrode can provide a broader range of operating
voltages, thus further increasing energy density [17,150-152]. Com-
posites can combine the properties of different materials to meet the
need for high energy density and high-power density [153,154]. Carbon
materials can provide physical support and charging transport channels.
Especially the carbon nanostructures has high electrical conductivity,
which helps to realize the high-rate capacity of CBSC [155], while the
metal oxides are the main site for energy storage [156,157]. For
example, electrodes made of rGO with Cu have very high areal capaci-
tance due to the presence of more active sites on the surface of the
composite electrode [158]. However, almost no conductive polymers
have been used to make electrodes for CBSC, so this could be one of the
future research directions. To further understand the reaction mecha-
nism of these electrodes during charging and discharging, Table 5 con-
cludes their equations of reduction or oxidation.

4.2.3.2. Capacitance retention. Capacitance retention of electrodes has a
significant impact on the use of supercapacitors. It is the retention of the
electrical capacity of a device relative to its initial value after a given
number of charge/discharge cycles [159]. Fig. 23 shows the capacitance
retention of selected CBSC electrodes (anodes) at different current
densities or voltage change rates. The capacitance retention of the
composite electrodes is greater than 80 %. The capacitance retention of
rGO/NiCo,04 nanosheets and rGO/CuCo,04 nanowires remains above
85 % after 10,000 charge/discharge cycles, which suggests that nano-
materials can have a significant impact on improving retention
[160,161]. On the contrary, compared to the rGO/NCM-S electrode,
which also used Ni and Co elements, its capacitance retention decreased
to 80 % after only 5000 cycles, illustrating the above point. In addition,
the combination of carbon-based materials and metal oxides leads to the
interplay of faradic and non-faradic charge storage mechanisms,
allowing for higher cycling stability [138,162].
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5. Multifunctionality and applications of CBSC
5.1. Multifunctionality

CBSC is a multifunctional structure, so they have the electrochemical
functions, such as storing and releasing large amounts of charge, but also
need to be able to withstand mechanical loads, thus realizing multiple,
predetermined functions to meet specific requirements [163]. However,
an obvious conflict exists between the mechanical properties and the
electrical demands of structured supercapacitors, as shown in Fig. 24
(a). Fig. 24 (b) shows the relationship between normalized capacitance
and normalized hardness (water-to-cement ratio) [39]. This illustrates
that while high-rate capacity can be achieved with high W/C cement
electrode materials, material strength is sacrificed. In all relevant studies
to date, there is a significant conflicting relationship between these
functionalities [20]. This makes the design of solid electrolytes not a
simple mixing of materials, but rather a tradeoff balance the relationship
between their electrochemical and mechanical properties, such as
increasing the specific capacitance and compressive strength of the
material while increasing its ionic conductivity.

Based on the existing studies related to CBSC, their compressive
strength was plotted against specific capacitance for different parame-
ters, as shown in Fig. 24 (a). Its development pattern shows a para-
doxical relationship between mechanical and electrochemical
properties. As the specific capacitance increases, the mechanical
strength decreases. However, as in the region within the pink circle in
the figure, this region represents the optimal multifunctionality of the
material, or the paradoxical relationship is beneficially mitigated.
Therefore, the multifunctionality is being moved to the pink area in the
upper right corner of the figure to strengthen the multifunctionality of
the energy storage structure for commercial applications. Based on this
purpose, we consider two perspectives for the study. One is to study the
capacitive behavior of high-performance cement/concrete from its pie-
zoresistive and conductive properties. Current research on self-sensing
cement/concrete is very intensive, and this type of material can be
made into various types of sensors for dynamic monitoring of structures
[167-174]. The principle is due to the transfer of electrons generated
internally, and the principle of the path that realizes the energy storage
cement is similar [175]. As a result, optimization of self-sensing cement/
concrete is one of the most convenient, simple, and reasonable
directions.

On the other hand, we can choose to start with a solid supercapacitor
with good performance and adjust the electrolyte composition to meet
civil engineering requirements [176]. A considerable number of solid-
state supercapacitors have been fabricated, which also have very good
performance [177], while CBSC have received a lot of attention in recent
years and have been used to achieve energy storage properties by adding
carbon nanomaterials, conductive polymers, and metal compounds to
cement [39,101,165,178]. However, this is contrary to the conventional
understanding, and the solution to this problem can be derived from
alleviating the conflicts between strength and toughness of materials
[179]. Some materials, like human cortical bone, increase external

Table 5

The redox reactions and merits of the anode materials.
Anode materials Reactions Merits Refs.
rGO/MnO, MnO, + 2H,0 + 2e~ < MnO(OH) + OH~ Improve electrochemical performance (571
rGO/Ni foam Ni(OH), + OH™ < NiOOH + H,0 Ni and rGO can both increase the specific surface area [146]
rGO/CuO CuO + 2e~ < Cu + 0% Increase areal capacitance and power density [101]
1GO/NiC0,04 NiCo204 + 20H™ < NiOOH + CoOOH + H30 + 2e~ Increase current density [147]
rGO/CuCo,04 CuCo0204 + 20H™ < Cu(OH), + Co(OH), + H20 + 2e~ utilize the excellent capacitance of metal oxides [100]
rGO/Sn0, Sn0, + 4e~ o Sn + 20* Provide excellent rate capability [58]

O

1GO/Fe;03 Fey03 + 6e~ < 2Fe + 30%~ Low internal resistanceEnsure favorable charge transfer and fast ion diffusion [18]
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Fig. 24. Relationship between properties of Cement-based supercapacitors [39,164-166].

strength and internal toughness through intrinsic and extrinsic tough-
ening. Similarly, craftsmanship is used to strengthen the skeleton of the
energy storage structure to achieve the desired mechanical strength and
improve the electrochemical properties of the rest of the structure to
ensure that the overall structure is electrically conductive. In addition,
the formation of conductive networks and ion transport channels is
random due to the irregular distribution of conductive additives within
the cement. Therefore, the addition of self-healing polymers capable of
spontaneous polymerization [180,181] or cross-linking reaction
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[182,183], is considered to form channels for charge and electron
transport [184,185].

5.2. Applications

In recent years, the development of energy storage building materials
has gained significant attention from both scientists and governments
worldwide. This is largely due to the substantial greenhouse gas emis-
sions from the construction sector, which contribute 8 % of global
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emissions. As a result, creating energy storage solutions for sustainable
infrastructure is a critical and necessary step for the cement industry.
One potential solution for the energy transition is transforming building
structures into energy storage systems, helping to reduce the industry’s
environmental footprint.

Fig. 25 (a) shows that the energy is stored on the surface of the brick
supercapacitor with capacitive nanofibrillar PEDOT coating, which can
light up a green light [186]. Three supercapacitors connected in series
can withstand a 3.6 V window and the CV curve of the device is
exhibited in Fig. 25 (b). The application of CBSC is closely related to
renewable and electrical energy, intending to quickly store peak power
for later retrieval. According to Massachusetts Institute of Technology
(MIT), a 45-cubic-meter block of nanocarbon black cement can store
about 10 kWh of energy after a one-day charge from solar panels,
equivalent to the average daily electricity use of a household [39]. At the
same time, supercapacitors of this size can be integrated into the foun-
dations of buildings, and more importantly, this does not increase con-
struction costs or reduce structural strength. A charged carbon-cement
supercapacitor powers multiple LED lights and is connected to a mul-
timeter to measure its voltage of the system at 12 V, as shown in Fig. 25
(c). If the same approach were applied to build roads, parking lots, or
driveways, electrified concrete could store renewable energy, enabling
electric cars to be powered via inductive chargers. Fig. 25 (d) gives the
CV curves of CBSC with different carbon types at 50 and 100 mV/s of
scan rate. This illustrates that the carbon nanomaterials could enhance
the capacity of cement to store energy because the carbon black is self-
assembling into a connected conductive wire, but the level may be
influenced by the pore surface distribution of the materials. A
rechargeable cement-based battery with an average energy density of
7Wh/m? has been also developed successfully, as shown in Fig. 25 (e)
[187]. Short carbon fibers (CF) were added to the cement-based elec-
trolytes to improve the conductivity. The anode and cathode are iron-
zinc and nickel-based oxides respectively. The device can make a little
LED light bright for a few hours.

In the future, the commercialization and large-scale deployment of
this energy storage technology will have a transformative impact on the
global energy landscape. For instance, the construction of large hydro-
electric power plants requires millions of cubic meters of cement, which
currently serves only as structural support. If electricity generated by
these plants could be stored directly within the concrete structures, it
would substantially lower the construction costs associated with tradi-
tional storage facilities. The widespread use of energy storage cement in
power plants worldwide could not only reduce costs but also signifi-
cantly lower greenhouse gas emissions, contributing to the gradual
achievement of carbon neutrality.

Overall, not only CBSC, but almost all solid supercapacitors face 3
challenges. For cement-based electrolytes, look for an additive or ad-
ditives that will allow the electrolyte to produce energy storage capacity
while bonding well with the materials in the cement during the hydra-
tion process and providing sufficient mechanical strength. In addition,
the development of low-carbon cement-based supercapacitors not only
has the function of storing energy and carrying loads but also can further
reduce greenhouse gas emissions. For electrode materials, although
some already have relatively good electrochemical properties, most are
consumable and not sustainable. If improperly handled, it can cause
irreversible and harmful effects on the environment, such as heavy metal
contamination [188]. Therefore, the development of green electrode
materials is of great importance. Finally, interfacial problems are also
difficult to solve. The most important issue is the contact problem be-
tween the electrolyte and the solid particles on the electrode’s contact
surface. If the contact is incomplete, even if the electrode or electrolyte
has good electrochemical properties, it will not be fully effective.
Overcoming interfacial problems by increasing the contact area, intro-
ducing buffer layers, or using wetting agents [11] is a very promising
direction. In addition, there is scarce literature on the development of
electrochemical properties of CBSC under load. Therefore, more studies
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are needed to support the effect of CBSC’s performance under various
variable conditions.

6. Challenges and discussions

Cement-based supercapacitors face three main challenges: optimi-
zation of cement-based electrolyte materials, optimization of electrode
materials, and improvement of the electrolyte/electrode interface. First,
unlike other solid supercapacitor electrolytes, such as gel polymers,
cement does not have inherent conductivity and energy storage prop-
erties [189-191]. Cement electrolytes can only be made to meet the
requirements by adding various conductive materials (polymers, carbon
nanomaterials) to the cement and forming conductive networks and
pores inside that can adsorb charges [101,192,193]. Therefore, the
choice of additives is critical to the development of energy storage ca-
pacity. In addition, the low toughness of cement limits the change in ion
volume during charging and discharging, which leads to the degradation
of energy storage performance [11,17,194]. Therefore, for cement-
based electrolytes, good electrochemical properties are ensured while
considering their strength and toughness. Another major drawback is
that ion diffusion in this electrolyte depends on the contact of solid
particles [195,196]. Especially for points of mutual contact with the
electrode material, they are particularly sensitive to stresses that
develop during electrochemical cycling in electrode materials [197].
These stresses can cause cracks to form and propagate [198], as well as
lead to interface delamination [199,200].

The selection of electrode materials should be paid more attention. It
has been proved that nanomaterials can provide many active sites for
electrochemical reactions due to their extremely high specific surface
area. This advantage leads to an increase in capacitance and improves
the electrical and electrochemical performance index significantly
[201-203], as shown in Table 6 Nanomaterials are the foremost selec-
tion for electrode materials, which contributes to the advancement of
supercapacitor technology.

In CBSC, composites of metal oxides and carbon nanomaterials have
become mainstream as electrode active materials that can improve
electrochemical performance and cycle stability [209,210]. Therefore,
making full use of the advantages of different materials and combining
them through reasonable matching is one of the focuses of electrode
material development in the future [211-214].

Moreover, developing green and sustainable electrodes minimizes
environmental pollution [201]. Carbon materials of various plant ori-
gins, including activated carbon from agricultural waste [215], biomass-
derived carbon [216], seaweed-based carbon [217], silk-derived carbon
[218], cellulose-derived carbon [219] and lignin [220] and biodegrad-
able polymers [221] are materials that can be used to make green
electrodes. These materials are attracting increasing attention as “green
electrodes” due to the demand for environmentally friendly energy
storage technologies [222].

Finally, the interface problem between the electrode and the elec-
trolyte severely limits the performance of CBSC [223]. It is widely
known that the interface between the cement-based electrolyte and the
electrodes is relatively poor, which usually leads to high internal resis-
tance and hinders ion transport in supercapacitors. Therefore, CBSC
should be carefully designed to achieve complete contact between them
[224]. The source of ion transport resistance in solid electrolytes is the
lack of physical contact between the solid particles [225,226]. In poly-
crystalline materials and composite electrodes, contact between solid
particles must be maximized and maintained for effective ion conduc-
tion [227,228]. In contrast, the presence of pores implies tortuous ion
conduction paths and inhomogeneous current densities. These effects
contribute to the observed macroscopic ion transport resistance [151].
Therefore, effective densification of polycrystalline solid electrolytes
and composite electrodes is essential for improved ion transport [229].
However, this can be a contradiction and a major challenge when
considering the mechanical properties and processability [230-232] of
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Table 6
Comparison of different nanomaterial electrodes.
Types Characteristics Functionalities Examples Refs.
Metal nanomaterials Low internal resistance, good conductivity High capacitance, long cycle Gold, silver, copper, nickel [203,204]
stability
Metal oxides (MO) High surface area, high capacitance High energy density, high Fe,03, TiO, [203,204]
capacitance
Carbon High specific surface area, good electrical conductivity, low cost, good  High power density, long cycle life ~ Reduced graphene oxide, [205-208]
nanomaterials strength CNTs

Conductive polymer Easy to synthesize, good conductivity

High capacitance, low cost PAA, PAM, PEO [206]

solid electrolytes and electrode materials [17,223].
7. Conclusions and perspectives

With the goal of global carbon neutrality and the urgent need to
transition from fossils to renewable energy sources, energy storage
cement/concrete has emerged as a novel and promising field. This paper
reviews and discusses the development, design, and characterization
techniques of cement-based supercapacitors in recent years. To develop
cement-based supercapacitors with excellent mechanical and electro-
chemical properties, the key factors including cement types, W/C ratio,
additives, electrodes materials, etc., have systematically been compared
and analyzed. The main conclusions and observations are as follows:

(1) The energy storage mechanism of cement-based supercapacitors
is a combination of the double electrical layer effect, redox re-
action, and electrolyte energy storage mechanism. These mech-
anisms will work cooperatively to improve electrochemical
properties, and the selection of materials plays an important role
in their interactions.

The mechanical strength of cement-based supercapacitors is
affected by the type of cement, W/C ratio, curing time, and ad-
ditives. The optimum W/C ratio should be around 0.42, which
can mitigate the conflict between two properties. Special cement
generally has higher compressive strengths than OPC, regardless
of the setting time. In addition, the additives should interact with
the molecules in the cement, e.g. through cross-linking reactions,
to have a positive effect on compressive strength. In addition, a
water-cement ratio too high or too low can adversely affect the
electrochemical properties of cement-based electrolytes.

The cement-based electrolytes, conductivity and specific capaci-
tance are affected by cement type, polymer types and polymer
content. Because MPC contains more ions, it has a higher con-
ductivity and specific capacity than OPC, even with the same
amount of polymer added. As the polymer content increases, the
electrical conductivity of the cement matrix increases, and the
specific capacitance essentially follows this pattern. However, the
content of polymer should preferably not exceed 20 % according
to the analysis. A higher percentage may cause a significant
decrease in mechanical performance, but a slight increase in
energy storage capacity although it will improve the ionic con-
ductivity progressively.

Nanocomposites of carbon nanomaterials and metal oxides are
typically chosen as electrode materials for cement-based super-
capacitors. The combination of these two nanomaterials can take
full advantage of the high specific surface area, good electrical
conductivity of carbon-based materials, low resistance, and
excellent cycling stability of metal oxides. As a result, both the
areal capacitance and the capacitance retention rate are
improved.

There is a clear tradeoff between mechanical and electrochemical
properties in improving the multifunctionality of cement-based
supercapacitors. This tradeoff may seem irreconcilable, but we
may be able to solve this dilemma by creating an effective ion
conduction network within the cement.

(2

(3)

(C))

6]
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(6) More studies and layouts of structural supercapacitors, such as
bridges, tunnels, high-rise buildings, etc., should be carried out to
discover suitable structures to explore the characteristics of this
new energy storage structure for practical applications. Conse-
quently, cement/concrete structures for energy storage could be
further investigated.

In conclusion, CBSC and most solid supercapacitors face three key
challenges. First, optimizing cement-based electrolytes requires identi-
fying additives that enhance energy storage capacity while ensuring
strong bonding with cement during hydration and maintaining suffi-
cient mechanical strength. Additionally, the development of low-carbon
CBSCs, which combine energy storage with structural load-bearing ca-
pabilities, presents an opportunity to reduce greenhouse gas emissions.
Second, while some electrode materials exhibit promising electro-
chemical properties, many are non-sustainable and consumable.
Improper disposal can lead to severe environmental consequences, such
as heavy metal contamination [188]. Therefore, the development of
green electrode materials is of great importance. Finally, interfacial
challenges remain a significant obstacle. The most critical issue is
achieving effective contact between the electrolyte and solid electrode
particles. Even if both components possess excellent electrochemical
properties, poor contact renders them ineffective. Addressing this issue
through strategies such as increasing the contact area, introducing
buffer layers, or using wetting agents is a promising direction for future
research [11]. Moreover, limited studies have explored the electro-
chemical performance of CBSC under load conditions. Further research
is needed to assess their behavior under varying operational conditions
and support their real-world application.

The sustainability enhancement of advanced CBSC not only reduces
the environmental impact of the production process but also contributes
to the application and development of green energy technologies. By
utilizing common materials such as cement, these supercapacitors can
provide cost-effective and sustainable energy storage solutions, thereby
promoting economic growth and the efficient utilization of energy re-
sources. Their integration into buildings and infrastructure not only
enhances energy management efficiency but also strengthens the sta-
bility of power systems, thereby driving society towards a more envi-
ronmentally friendly and sustainable direction. This simultaneously
establishes a solid foundation for the long-term stability of the super-
capacitor industry, as shown in Fig. 26.
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