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Now that fast action is needed to mitigate the effects of climate
change, developing new technologies to reduce the worldwide
carbon footprint is critical. Sodium ion capacitors can be a key
enabler for widespread transport electrification or massive
adoption of renewable technologies. However, a years-long
journey needs to be made from the first proof-of-concept
report to a degree of maturity for technology transfer to the
market. To shorten this path, this work gathers all the stake-
holders involved in the technical development of the sodium
ion capacitor technology, covering the whole value chain from
academics (TRL 1–3) and research centers (TRL3–5) to compa-
nies and end-users (TRL 6–9). A 360-degree perspective is given

on how to focus the research and technology development of
sodium ion capacitors, or related electrochemical energy
storage technologies, from understanding underlying operation
mechanisms to setting up end-user specifications and industrial
requirements for materials and processes. This is done not only
in terms of performance metrics, but mainly considering
relevant practical parameters, i. e., processability, scalability, and
cost, leading up to the final sustainability evaluation of the
whole of the technology by Life Cycle Assessment (LCA) and
Life Cycle Cost (LCC) analysis, which is of utmost importance for
society and policymakers.

1. Introduction

By definition, sustainability refers to the ability to continuously
maintain or support a process over time.[1,2] In 1987, the United

Nations (UN) Brundtland Commission added a social perspec-
tive to the term. It defined sustainability as “meeting the needs
of the present without compromising the ability of future
generations to meet their own needs”.[3] Sustainability rests on
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three interconnected pillars that must be balanced: environ-
mental, social, and economic. Economic sustainability is perhaps
the most straightforward to understand, as any long-term
economic activity needs to be profitable to continue. However,
achieving this profitability must also respect the other two
pillars of sustainability: i) Social sustainability, which involves
responsible and ethical treatment of the people and commun-
ities where a business operates; and ii) Environmental sustain-
ability, which includes maintaining ecological balance through
practices like reducing carbon footprint, managing waste
responsibly, and using sustainable supply chains, as well as
other practices that protect natural resources. In 2015, the
United Nations introduced the Sustainable Development Goals
(SDGs) as part of the 2030 Agenda for Sustainable Develop-
ment, aimed at building a better and more sustainable future.
These 17 goals include objectives such as sustainable economic
growth, ending poverty, achieving zero hunger, ensuring clean
water and sanitation, and providing affordable and clean
energy. Today, with the escalating threat of climate change and
its severe consequences, many countries are developing
strategies to reduce their CO2 emissions by advancing clean
energy production and consumption, transforming industries,
and electrifying transportation. For these strategies to succeed,
various energy storage systems must be developed. Energy
storage systems are essential for building a more sustainable
energy future by stabilizing power grids, supporting renewable
energy integration, and ensuring consistent electricity access.
Among these, electrochemical energy storage systems (EESs)
stand out for their high energy density, efficiency, and rapid
response times, making them particularly advantageous for
large-scale and portable applications. EESs are vital for manag-
ing the intermittent nature of renewable energy generation.
These systems can store excess energy during periods of high
generation and low demand, making it available for use at any
time when needed. Moreover, their high energy density – i. e.,
the ability to store large amounts of charge in a compact space
– makes them ideal as portable reservoirs of electricity, enabling
the growth of the electric transport sector and the portable
electronics market. Fast response times are also critical for
applications requiring sudden power bursts, such as emergency
backup systems or grid stabilization. Unfortunately, no single
technology can cover all applications, as different solutions

excel either in energy storage or in power delivery. The well-
known lithium-ion battery (LIB) technology is at the forefront of
energy-demanding applications, while electric double-layer
capacitors (EDLCs) are the vanguard of power applications. In
short, the strength of one technology is the weakness of the
other, and vice versa. The complementarity offers a promising
solution as depicted in Figure 1a. It presents an ideal scenario
for developing a novel hybrid technology: lithium-ion capaci-
tors (LICs), which aim to combine the benefits of their ancestors
while minimizing their weaknesses (see Figure 1b). However,
LICs still have a long way to go to compete with the energy
densities of LIBs, even though they are already comparable in
power density with EDLCs and exceed them in energy density
(see Figure 1c).

Since the first LIBs were first commercialized in 1991,
lithium-based technologies have been the driving force of EESs.
However, despite lithium being a key enabler of this technol-
ogy, concerns have arisen regarding its impact on the three
pillars of sustainability. In 2023, the lithium market faced
unprecedented volatility, driven by global economic uncertainty
and geopolitical challenges affecting the worldwide lithium
supply chain. This created uncertainty among investors, stake-
holders, and the lithium-based industry. Moreover, lithium
mining is notorious for its enormous water consumption, often
in regions rich in lithium but scarce in water resources, thereby
limiting water supplies for agricultural communities and basic
human needs. Even worse, lithium extraction contaminates
water sources with harmful chemicals devastating thousands of
hectares of fertile land indispensable for the survival of local
communities. Lithium mining contributes a significant amount
of CO2 emissions. That is the paradox of lithium: while it is used
to develop technologies aimed at creating a more sustainable
society, its extraction process causes environmental and social
harm, undermining those very goals.[4]

In this context, post-lithium technologies have emerged as
a more sustainable alternative, with sodium leading the race
toward viable market substitutes. Sodium is the sixth most
abundant element in the Earth’s crust, and its extraction
methods are sustainable, primarily relying on the electrolysis of
molten sodium chloride. Although the first sodium-ion batteries
(SIB) were demonstrated in the last century, the technology re-
emerged during the past decade, and the first sodium-ion
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batteries are already commercially available from companies
such as Faradion, Natron Energy, Altris AB, CATL, and others.
Initial tests have even been conducted in electric vehicles (EVs),
with the promise of mass production of sodium-ion-based EVs
already underway. In parallel with this transition, sodium-ion
capacitors (SICs) are also progressing, despite lacking a fully
mature market, like EVs, to accelerate their development.
According to LIC manufacturers, LICs could be the best cost-of-
ownership solution for various applications such as forklifts,
grid stability (voltage sag support, peak load shaving), catenary-

free trams, auxiliary power supplies for EVs, automated guided
vehicles, and small autonomous vehicles, among others. Equally
to lithium, sodium belongs to the first column of elements (i. e.,
alkali metals), and they both show similar chemical properties.
Therefore, it is reasonable to assume that if LICs can perform
well, SICs might be able to do the same. However, the reality is
more complex. The ionic radius of bare Na+ is 0.95 nm while
that of bare Li+ is slightly smaller, only 0.76 nm, a tiny
difference that opens an abyss in electrochemical performance,
for good and for bad. And this is not the only difference. For

Figure 1. Technology characteristics of a) LIBs and EDLCs and b) LICs. Ragone plot for the different technologies.
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instance, energetic instability prevents the formation of sodium
graphite intercalation compounds (Na-GICs), making it impos-
sible to use the widely adopted graphite negative electrode
material in sodium-ion batteries’ negative electrodes. However,
this challenge also creates an opportunity to explore more
sustainable alternative negative electrode materials, reducing
reliance on critical raw materials (CRM) such as graphite.

Since the first SIC was reported in 2012, scientific literature
on the topic has surged and technology reviews have sky-
rocketed, especially after the unproductive COVID-19 period.
Materials, mechanisms, technology challenges, and prospects
have been extensively revisited, with a focus on outstanding
materials performance.[5] Meanwhile, its sister SIB technology
has recently entered the market, although it has yet to conquer
it. There are real possibilities for SICs to also achieve market
success in the near future, with dual-carbon SICs emerging as
one of the most promising and sustainable configurations.
These capacitors, which utilize carbon-based materials for both
electrodes, offer advantages such as cost-effectiveness, environ-
mental friendliness, and a balance between high power and
energy densities, making them strong candidates for large-scale
commercialization. Thus, the emphasis of this review is placed
on the marketability of SIC technology from a sustainability

perspective, with special attention to the role of dual-carbon
systems in meeting critical industry demands. Which materials
and processes can meet the sustainability requirements for the
scale-up of SIC technology to reach the market? To answer this
question, the whole value chain of SIC technology is revisited
by relevant academic and industry stakeholders. First, a review
of the technology and its operating mechanism is provided,
since understanding these aspects is key to proper design and
evaluation. Second, both classic and novel materials are
analyzed from the sustainability and scalability perspective,
assessing their potential for use in real devices. Third,
fabrication processes and industrialization requirements are
evaluated for mass production. Fourth, the need for innovative
management systems for SIC modules and packs is analyzed to
ensure the efficient usage of the technology. Fifth, the need for
technology assessment in terms of life cycle assessment (LCA)
and life cycle costing (LCC) is addressed. Sixth, a perspective on
recycling opportunities is discussed in the framework of the
circular economy. To conclude, the outlook on future needs is
given to ensure that SIC technology is sustainable by design
and aligned with the UN chart and code of The Sustainable
Development Goals within the 2030 Agenda for Sustainable
Development (see Figure 2).

Figure 2. Sodium ion capacitors are a technology born to bridge the energy-power gap between LIB/SIBs and EDLCs. With a smart design through the whole
value chain, the technology shows great potential to become sustainable in economic, social, and environmental aspects as represented by some of the 17
UN Sustainable Development Goals.
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2. Background

Lithium-ion capacitors were first reported in 2001 by Amatucci
et al. when lithium titanium oxide (Li4Ti5O12 or LTO) was
combined with activated carbon (AC) to bridge the energy gap
between LIBs and EDLCs.[6] Shortly thereafter, the substitution
of LTO by graphite laid the foundation for the development of
dual carbon LICs, which are now commercially available from
several manufacturers. Similarly, the first SIC was reported in
2012 using a metal oxide negative electrode (V2O5/CNT) paired
with an AC positive electrode.[7] However, compared to dual
carbon LICs, the high redox potential of V2O5 vs. Na/Na

+ limited
the operation voltage to 2.8 V. Later that same year, the first
dual carbon sodium ion capacitor was introduced, featuring
pre-doped carbon microbeads and achieving a high operating
voltage of 3.7 V, akin to their LIC counterparts.[8] This work
spurred research into dual carbon SICs, laying the groundwork
for the technological advancements seen today, despite the
technology not yet being commercially available. This early
study already identified several critical challenges for SIC
viability, including: i) presodiation of the negative electrode, ii)
the capacity ratio of negative-positive electrodes, iii) high rate
performance, and iv) cyclability. While not an exhaustive list,
these remain the key considerations for successfully designing
SICs. Undoubtedly, a thorough understanding of the operation
principles and charge storage mechanisms is a sine qua non
condition. Such knowledge is also essential for designing future
smart materials and electrodes, which will be crucial in
unlocking the full potential of SICs.

2.1. SIC Technology: Operating Principles of Devices

Metal ion capacitors (MICs) consist of a battery-type negative
electrode that stores energy via faradaic reactions, and a
capacitor-type positive electrode that utilizes electrostatic
adsorption to store charge. This combination enables MICs to
achieve both higher energy density than EDLCs and a higher
power density than batteries. SICs essentially operate in the

same way as their LICs, sharing both advantages and draw-
backs. However, the drawbacks are more pronounced due to
sodium’s higher reactivity compared to lithium. In transforming
an EDLC into a SIC, the capacitive negative electrode is replaced
with a faradaic battery-type electrode, fundamentally altering
the operation mechanism of the device. This results in two key
impacts: i) a significant increase in energy density, and ii) an
extra presodiation step and the use of an auxiliary, sacrificial
presodiation material.

i) Increase of Capacity and Energy Density
The primary advantage of SIC design is its combination of a

capacitive positive electrode and a battery-type negative
electrode, which enhances the stored energy compared to
conventional EDLCs. Two major factors contribute to this
energy improvement:

i) The positive electrode in SICs has a higher capacity due to its
extended potential range compared to that in EDLCs; ii) The SIC
cell operates at a higher voltage because the battery-type
electrode’s redox storage occurs below the electrolyte’s reduc-
tion limit, enabled by the protective barrier of an electrolyte-
derived solid electrolyte interphase (SEI). These points can be
detailed as follows (Figure 3).

In a standard EDLC (Figure 3, the left-hand side), the
operation cell potential window rarely exceeds 2.7 V, which
means that each electrode of a full cell operates in a similar
potential window ΔE+ EDLC =ΔE- EDLC �1.35 V up and down from
OCP, correspondingly, provided the same capacitance under
positive and negative polarizations. In a full EDLC cell, the
potential-limiting electrode is typically the one that operates
reversibly within a narrower stable potential range between its
OCP and its oxidation or reduction limits.[9] Equation (1) shows
that a capacitance C of �100 Fg� 1 translates into a capacity Q
of 135 Cg� 1 (or ~38 mAhg� 1 with a potential window of 1.35 V)
for a single electrode, be it a negative or positive one.

Q ¼ C � DU (1)

Figure 3. Schematic Operation Principle (Resistance-Related Curve Distortion Neglected): EDLC SIC vs EDLC. Separate Electrode Potential Span in EDLCs (Left-
Hand Side) and SICs (Right-Hand Side). Arrows reflect the potential evolution of the positive (red) and negative (blue) in EDLCs (dashed) and SICs (solid). The
SIC shows the first cycle, assuming the positive electrode's OCP matches that of EDLCs. Green-shaded areas represent the usable discharge energy for both
EDLC and SIC. The negative electrode’s potential is reduced in the preliminary presodiation step.
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The hybrid device can be schematized via swapping a
negative electrosorption electrode with a low-redox-potential
faradaic electrode (Figure 3, the right-hand side), with two
major effects. First, as the redox activity of the negative
electrode approaches the sodium plating potential, the max-
imum cell voltage can be much higher than that of a symmetric
EDLC cell, constituting the first major factor for higher energy
density. Second, the positive electrode can now operate in a
larger potential window compared to a standard EDLC. The low
cut-off potential can now reach 2 V instead of approximately
2.6 V vs Na/Na+ (OCP) as in fully discharged symmetric EDLC
cells. Specifically, the typical potential window for a single
activated carbon-based electrode in such an electrolyte lies
between 2 V to 4.3 V vs Na/Na+, resulting in ΔE+ SIC �2.3 V
instead of ΔE+ EDLC �1.35 V in a symmetric EDLC. This
consideration allows the capacity of the positive electrode in a
SIC to be estimated at 64 mAhg� 1 (based on 100 Fg� 1 over a
2.3 V range). The working range of activated carbon (AC)
electrodes is limited by electrolyte decomposition: oxidation
sets the positive limit, and reduction (with or without SEI
formation) sets the negative. The high surface area of ACs
promotes electrolyte breakdown, leading to pore clogging and
loss of cycle reversibility. To maintain effective charge storage,
these reactions must be avoided, defining the lowest potential
limit for the positive electrode.

The maximum achievable energy density in SICs can be
estimated by balancing the full capacities of the hard carbon
negative electrode and the activated carbon positive electrode
using the specific capacities of each material. Due to the
differences in full specific capacity, it is understood that a lower
mass of the battery-type negative electrode is needed to
balance the charges stored on the positive capacitive electrode,
as hard carbon has a higher capacity compared to activated
carbon. As a baseline, a symmetric, carbon-based full EDLC cell
achieves an energy density of 25 Whkg� 1 when operating at a
cell voltage of 2.7 V (ΔE+ EDLC + ΔE- EDLC), given the estimated
capacity of 38 mAhg� 1 per electrode active material, or
19 mAhg� 1 based on the total mass of active materials in both
electrodes. This voltage represents the widest potential differ-
ence between the two electrodes, i.e., between 1.6 V and 4.3 V
vs Na/Na+. When shifting from an EDLC to a SIC, 1 g of a hard
carbon negative electrode with an average capacity of
~300 mAhg� 1 balances the capacity of ~4.7 g of activated
carbon as the positive electrode. This is based on the activated
carbon’s capacity of ~64 mAhg� 1, measured within a potential
window of [2 V–4.3 V] vs. Na/Na+. The overall capacity of this
SIC is ~53 mAhg� 1 (mass of total active materials in both
electrodes, with a 4.7 : 1 mass ratio of AC:HC) is controlled by
the potential window of the positive electrode, ΔE+SIC, [2 V–
4.3 V] vs Na/Na+. Meanwhile, the potential window of the
negative electrode, ΔE-SIC, ranges from ~0.010 to ~0.5 V vs Na/
Na+. This means that the cell discharges between ~4.29 and
~1.5 V vs Na/Na+, translating into an energy density of
~154 Whkg� 1, assuming a mean discharge cell voltage of about
2.9 V. However, the energy density difference between hybrid
cells like SICs and EDLCs in real devices is reduced. EDLCs
typically offer 6–7 Whkg� 1 whereas SICs’ analogue, LICs pro-

vides 15–18 Wh kg� 1 at device level, but the improvement is
still significant, 2.5–3 times. The smaller-than-expected differ-
ence is attributed to two primary factors: i) the presence of
inactive components such as binders, additives, current collec-
tors, and casings, which account for 70–80% of the cell’s total
mass; and ii) the impracticality of achieving perfect capacity
balance in SICs, as assumed previously. In practice, the full
capacity balance between the electrodes is unachievable
because the formation of the solid electrolyte interphase (SEI)
and ongoing electrolyte degradation irreversibly consume both
sodium and electrolyte during each cycle, limiting the usable
capacity of the negative electrode and accelerating capacity
fade. Additionally, the slow reaction kinetics of the negative
electrode restrict its high-rate capability, distort its potential
profile, and compromise both safety and cycle life when
operating at full capacity.

Therefore, the practical realization of a long-lasting SIC
requires the negative electrode to undergo a separate ’pre-
sodiation’ step, rather than relying on full charge compensation
by the capacitive positive electrode.

ii) Presodiation: A Key Requirement Derived from the Low-
Redox-Potential Negative Electrode

Presodiation involves introducing sodium into the negative
electrode from an additional sodium source due to its
insufficiency in the electrolyte and the positive electrode, to
reach a defined capacity. This reduces the electrode potential
to a value near Na/Na+ and simultaneously facilitates the
formation of a solid electrolyte interphase (SEI). The need for
presodiation arises due to the sodium-deficient state of typical
negative electrodes, which are electrochemically active in
charge storage reactions below the electrolyte’s reduction limit
(see Figure 3). More specifically, a typical hard carbon (HC)
electrode has an OCP approximately 300 mV lower than that of
activated porous carbons (~2.7 V vs. Na/Na+). By enriching HC
with sodium, its potential can be pushed down to a few
millivolts above Na/Na+, with the precise sodium content
controlling the lowest achievable potential. However, pre-
sodiating HC before its integration into SICs presents significant
technological challenges: i) Sodiated HC cannot be synthesized
through a simple, isolated chemical process; ii) Sodiated HC is
highly reactive, complicating its handling during electrode
fabrication and cell assembly; iii) Sodiated HC triggers electro-
lyte reduction upon contact, leading to spontaneous SEI
formation while a stable, uniform, and thin SEI should be aimed
for through a carefully regulated process.

These difficulties have driven the development of techno-
logically viable presodiation methods for SICs, which focus on
introducing sodium into the battery-type HC negative electrode
from an external source. Ideally, presodiation should be
performed within the same cell that will be used for energy
storage to streamline the process and reduce costs. Although
prelithiation from LIC technology can serve as a guideline for
presodiation, the latter is more difficult to manage due to
sodium’s higher chemical reactivity compared to lithium. None-
theless, the fundamental concept of pre-charging the negative
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electrode with sodium ions remains consistent between the
two technologies.

Successful presodiation enables a SIC to be prepared for
operation with its negative electrode in a partially charged
state, containing more sodium than required to fully balance
the capacity of the positive electrode. This results in only partial
changes to the state of charge of the negative electrode during
cycling, offering several key benefits:

i) Improved control over the negative electrode’s minimum
potential, its operating potential window, potential profile, and
overall cell voltage; ii) Enhanced cycle stability of the negative
electrode, due to the avoidance of extreme charge/discharge
states; iii) Improved rate performance, as a significant portion of
sodium remains inserted within the HC structure; iv) Reduced
risk of sodium plating, particularly at high current densities, due
to the weaker polarization potential curve distortion at the
negative electrode.

Presodiation is also beneficial in terms of better cell
tunability: the use of an external source to different presodia-
tion depths allows coupling the negative and positive electro-
des in different mass ratios, but always with an excess capacity
of the negative electrode. This results in a better degree of
control over the energy-to-power spectrum and lifespan,
depending on the application’s requirements.

The specific methods for presodiation are detailed in a
separate section of this review. Despite significant research
progress, presodiation remains one of the primary technological
barriers to the commercial development of SIC devices, both in
terms of process and cost.

2.2. Charge Storage Mechanism in Carbon Materials for SICs

Carbon-based materials have long been considered the most
promising electrode materials for both the positive and
negative SIC electrodes, due to their low cost, sustainability,
non-toxicity, abundant precursors, excellent physical/chemical

stability, and recyclability.[5] In SICs, the key challenge for
carbon-based negative electrodes is to improve their rate
capability while maintaining sufficient capacity, which is crucial
for enhancing the power density of the device. On the other
hand, the main challenge for the capacitive (positive) electrode
is to increase its energy density, which is essential for
developing high-energy SICs. In this section, we will review the
latest advancements in understanding sodium storage mecha-
nisms in conventional carbon-based positive and negative
materials for SIC applications.

i) Charge Storage Mechanism in Hard Carbon Negative
Electrodes

Hard carbons have demonstrated high theoretical sodium-
storage capacity (~300 mAhg� 1), low reaction potential (close
to 0 V vs. Na/Na+) and excellent cycling stability as promising
negative electrodes for sodium storage. In the following section,
we will examine the charge storage mechanism of hard carbon
negative electrodes with a particular focus on the complexity of
the hard carbon structure, the SEI formation mechanism, and
the processes of sodium solvation and desolvation (Figure 4).
Accordingly, we will underscore how these factors influence the
sodium storage performance of hard carbon negative electro-
des.

Structure of Hard Carbon. Unlike graphite and soft carbon,
hard carbon exhibits an amorphous and heterogeneous micro-
crystalline structure characterized by turbostratically disordered
carbon segments (Figure 5a). These segments are composed of
randomly oriented and interconnected graphene sheets with
abundant defects. The graphitic domains that form the main
sodium storage active sites can be characterized by three main
parameters: the crystal thickness along the c-axis (Lc), the
crystal size along the a-axis (La), and the d-spacing between
graphene layers (d002).[11] Figure 5b presents a rich geometric
variety, featuring nanoslits, nanopores, and external surfaces of
hard carbons. Based on the d-spacing that can be characterized
by the X-ray diffraction (XRD) technique, hard carbon always

Figure 4. Schematic illustration of SEI formation, Na+ desolvation, and sodium storage on hard carbon negative electrodes during the charging process.
Adapted with permission from ref. [10] (licensed under CC BY 4.0, Copyright ©, Wiley-VCH GmbH, 2021) and ref. [16].

Wiley VCH Mittwoch, 26.02.2025

2599 / 397369 [S. 7/53] 1

Batteries & Supercaps 2025, e202400807 (7 of 52) © 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH

Batteries & Supercaps
Review
doi.org/10.1002/batt.202400807

 25666223, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202400807, W
iley O

nline L
ibrary on [27/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



contains different types of carbon phases: highly-disordered
phase (d002>0.4 nm), pseudo-graphitic phase (d002= [0.36,
0.40] nm), and graphite-like phase (d002<0.36 nm).[12] This
structural inhomogeneity and complexity of hard carbon
present substantial challenges in defining multiple energy
storage sites and understanding the multistage charge storage
processes.[13]

Hard carbons can be produced from biomass precursors,
and various biomass sources have demonstrated potential as
precursors of high-performance negative electrode
materials.[14,15] For example, argan shells, kapok fibers, peat
moss, banana peels, olive stones, and cork have all been
identified as promising green hard carbon precursors due to
their wide availability, low cost, and environmental friendliness5.
However, hard carbons being non-graphitic (disordered) car-
bons, the various precursors and different preparation con-
ditions lead to important debate regarding the sodium storage
process in hard carbons. This poses a challenge in reaching a
consensus and developing a universal Na-storage model for
hard carbon materials, compounded by the limitations of
current characterization techniques.

Debate on two regions. Regarding the galvanostatic dis-
charge/charge profile of hard carbon negative electrodes as
presented in Figure 5c, two regions of sodium storage are
clearly defined: a sloping and a plateau region.

Different interpretations have emerged about the origins of
the high-voltage sloping and low-voltage plateau regions.
Currently, theoretical sodium storage models can be classified
into four types:[12] 1) Insertion-Filling Mechanism: Na ions insert
into the parallel short-range ordered graphene layers during
the sloping region and fill the nanopores during the plateau
region; 2) Adsorption-Filling Mechanism: Na ions adsorb onto
defect sites in the sloping region and then fill the nanopores
during the plateau region; 3) Adsorption-Insertion Mechanism:
Na ions adsorb onto the surface and defect sites in the sloping
region and are inserted into the carbon layers during the
plateau region; 4) Multi-Stage Mechanism: more than two
mechanisms, e,g, Adsorption-Insertion-Filling Mechanism, work-
ing together to produce the observed charge/discharge curves
due to the dimensional complexity of hard carbons.

The sloping region, which takes place in the high potential
range of [0.1, 2.5] V (vs. Na/Na+), is usually explained as an
adsorption or intercalation mechanism by most previous

reports.[17,18] As an early Na-storage model, the sloping region
shown in Figure 2 is ascribed to the insertion of Na ions into
the carbon layers, which ignores defects and heteroatoms, and
deserves further clarification.[19–22] Hard carbons are usually
prepared by pyrolysis of carbon-containing precursors at differ-
ent temperatures, where the lower temperature leads to
abundant defects and smaller carbon fragments. Temperature-
programmed Desorption Mass Spectrometry (TPDMS) has proved
to confirm the presence of a fair amount of defects, such as
oxygen surface functional groups and active sites in hard
carbons.[23] In situ Raman spectroscopy, often used to assess the
graphitization degree and defects of carbon materials,[24]

revealed that there is no peak splitting of the D or G band, and
no new peaks appear during the sodiation process,[25] indicating
that Na+ does not intercalate the layers of the graphitic
domains in hard carbons in this potential region.[26,27] Addition-
ally, a strong correlation has been found between the sodium
storage capacity in the sloping region and the defect concen-
tration, identified by the intensity ratio of D band to G band (ID/
IG) in a hard carbon negative electrode, indicating that the
defect sites are highly likely responsible for the Na-storage
capacity in the sloping region.[28] Furthermore, the shallow
active sites, including defects, external surfaces, and interlayer
galleries (not the d-spacing sites) are also accessible for
simultaneous and continuous sodium adsorption.[29] Several
experimental results have further justified a strong correlation
between the sloping region and the capacitive-like sodium
adsorption process along the sloping region.[28,30] As shown in
Figure 6a (Stage 1), a fast surface-like “pseudo” sodium
adsorption process takes place within large interlayer distances
(>0.40 nm) at a low pyrolysis temperature (600 °C). This
mechanism corresponds to the sloping region observed in the
charge/discharge profiles and seems to have reached a
consensus in the field.

The plateau region, occurring at relatively low potentials
([0, 0.1] V vs. Na/Na+), is highly desired for achieving reversible
high-capacity sodium storage in hard carbon negative electrode
materials. The “insertion/intercalation” model has gained credi-
bility because it aligns well with many current scientific
findings. Sodium intercalation during the sodiation process can
be evidenced by the noticeable shift of the 002 diffraction peak
to a lower angle in in-situ XRD[31] and by volume expansion
observed in real-time with in-situ Transmission Electron Micro-

Figure 5. (a–b) Illustration of hard carbon structure: randomly oriented carbon microcrystalline structure and (b) Coexistence of abundant active sites
including external surface, nanoslits, and nanopores of hard carbon. Reprinted from ref. [16]. (c) Classical galvanostatic charging (sodiation) plot of hard
carbon negative electrode with a sloping region and plateau region present.
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scopy (TEM).[32] Based on combined experiment results, Xu et al.
proposed a model combining adsorption and insertion of
sodium storage mechanisms based on a thorough study of the
sodium storage behavior with carbon microstructure
evolution[33] (Figure 6). The coexistence of various microstruc-
tures in hard carbons, confirmed by HRTEM and XRD, demon-
strates distinct sodium storage mechanisms depending on the
pyrolysis temperature.[33] Different from low pyrolysis temper-
ature in Stage 1 (600 °C), the pyrolysis temperature increases to
800–1700 °C (Stage 3), pre-adsorbed Na-ions insert into pseudo-
graphitic domains (d-spacing = [0.36, 0.40] nm), corresponding
to the low-voltage plateau region. Higher temperatures (>
2000 °C, Stage 5) create graphite-like carbon with a d-spacing
<0.36 nm, which is inaccessible for Na storage. Transition states
occur at Stages 2 and 4. Importantly, the plateau region
capacity and the proportion of pseudo-graphitic carbon
domains are positively correlated. This linear relationship
predicts a maximum plateau region capacity of 277 mAhg� 1

assuming all the hard carbon consisted of pseudo-graphitic
carbon domains, closely matching the theoretical capacity of
279 mAhg� 1 for NaC8, which is the likely sodium-graphene
intercalation compound in hard carbon.

The surface-controlled sodium storage at the high-voltage
sloping region exhibits fast kinetics without significant diffusion
limitations, whereas the intercalation process at the plateau
region is diffusion-controlled.[34] Thus, balancing the contribu-
tions of the insertion and adsorption mechanisms is crucial for
optimizing the sodium storage performance of hard carbons,
aiming to enhance capacity, cycle stability, and rate capability.
This balance ensures that both fast surface reactions and stable
intercalation processes are effectively utilized.

Confinement in Carbon Negative electrode. Some studies
attribute the low-voltage plateau region to the micropore-filling
process, with differing views on whether open or closed pores
are involved.[35–38] Gas sorption experiments can measure the
specific surface area, pore size, and distribution of open pores,

Figure 6. Evolution of sodium storage mechanism and the microstructure with the pyrolysis temperature of hard carbons. Reprinted with permission from
ref. [12]. Copyright © Wiley-VCH GmbH, 2021
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while Small Angle X-ray Scattering (SAXS) is effective for
identifying the closed pores.[18] From the latest research on the
micropore-filling model, the closed pore filling mechanism that
occurs at the end of the plateau region seems to be the
predominant opinion.[39–41] Closed micropores are more con-
fined spaces and less accessible than the external surface,
defects, and interlayer of graphene sheets, rationalizing this
model. Despite diverse theoretical models for sodium storage in
hard carbons have been proposed,[12] they share a common
sequence: Na-ions first occupy shallow active sites (surface
defects or interlayer spaces) before moving to (relatively) more
confined active sites (graphene interlayers or nanopores). This
universal principle rationalized the various sodium storage
behaviors induced by geometrical differences and tortuous and
inhomogeneous structures, especially in hard carbons. As
reported previously, a transition from capacitive to pseudocapa-
citive to faradaic charge storage processes could be mediated
by a specific confined local environment.[42] More confined
active sites store charges more efficiently,[43] aligning well with
our observations in hard carbon negative electrodes. Accord-
ingly, both Na intercalation in 2D confined interlayers and Na
filling in 3D confined nanopores contribute to the low voltage
plateau capacity. Moreover, the formation of the solid electro-
lyte interphase (SEI) at the local scale is crucial, as it significantly
affects Na+ desolvation and facilitates charge storage under
confinement. Therefore, the following section will focus on the
significance of SEI and Na+ desolvation in the sodium storage
performance of hard carbons.

SEI and Na+ desolvation. The SEI formation on the negative
electrode material surface greatly affects its electrochemical
performance, such as rate capability, and Initial Coulombic
Efficiency (ICE), which are far from being satisfactory.[44] A SEI
layer is formed by the reduction of electrolyte components at
low potentials, preventing further reduction and co-insertion of
electrolyte solvent and insulating electron transfer.[45] Although
the SEI formation has been extensively studied in lithium-ion
batteries, it remains less understood in the context of sodium
storage. When compared to Li, the higher reactivity of Na leads
to a less controlled formation of the Na SEI, often resulting in a
thicker, more porous, and less stable layer. This instability and
porosity typically cause lower coulombic efficiency, rapid
capacity fade, and shorter cycle life.[46] These issues highlight
the need for further research into SEI formation in sodium
storage. An operando electrochemical quartz crystal micro-
balance (EQCM) technique has been employed to detect the SEI
formation and dissolution processes of sodium negative electro-
des. Results found the distribution of organics and inorganics of
SEI components having high solubility and instability.[47] In this
section, we will demonstrate how to improve sodium storage
performance by controlling the SEI and optimizing the
desolvation process of porous carbon negative electrodes.[48]

Sieving carbons (SC), prepared by controlled chemical vapor
deposition (CVD) of methane on commercial porous carbons
(PC) with open porosity, present reduced pore entrance size (<
0.4 nm) while maintaining similar pore body size and pore
surface areas (insert of Figure 7a and b). SAXS was used to
detect nanopores inaccessible to N2 adsorption due to geo-

metrical constraints. Similar SAXS signals in the intermediate Q
range indicate that the pore size control offered by the CVD
method does not significantly change carbon porosity.[49]

However, sodium storage performance showed sharp differ-
ences: pristine PC exhibited a sloping charge/discharge profile
with an extremely low ICE of 15% and a reversible specific
capacity of only 39 mAhg� 1 (Figure 7c). In contrast, SC had a
high ICE of 77% and a reversible capacity of 328 mAhg� 1,
primarily originating from the long low potential plateau
(Figure 7d). The disappearance of the broad peak in the
intermediate Q range implies that SEI filled the nanopores,
destroying porosity after cycling for the pristine PC sample,
while the SEI was mainly formed at the orifice and on the outer
surface of the SC nanopores.

Ex-situ[30] Na solid-state nuclear magnetic resonance (ssNMR)
spectroscopy revealed the formation of quasi-metallic sodium
clusters within 2.4 nm carbon nanopores, which aligns well with
other reports.[35,50,51] Figure 7e shows the evolution of the carbon
environment during sodiation, revealing the structural and
chemical characteristics of sodium atoms based on Löwdin
charges and carbon environments. Sodium ions in groups 1 and
2 carry charges close to 1 (per Na) when adsorbed into sp2 and
sp3 sites. Group 3 includes clustered sodium ions with partially
delocalized electrons, the charge numbers are between 0.4 and
0.8. Group 4 consists of quasi-metallic sodium atoms in more
confined sites, with charge numbers between 0.2 and 0.4 and
more delocalized electrons. The stronger the confinement of
electrolyte ions, the more efficient the charge storage.[43,52,53]

Similarly, the effective nanoscale structural confinement pro-
posed here drives reversible sodium clustering formation in this
work.

Another key issue affecting capacity, rate capability, and
long-term cycling performance in SIC negative electrodes is
sodium ion desolvation. Figure 8 shows an example of regulat-
ing the desolvation process through size effect and SEI. A
stable, thin, robust SEI film is essential for efficient sodium
storage. Figures 8a and b present a step-by-step desolvation
strategy to reduce the activation energy, via an artificial SEI film
made with zeolite molecular sieves (3.2 Å nanopores). The
desolvation activation energy (Ea1) decreased to 10.87 kJmol� 1,
much lower than 21.87 kJmol� 1 for pristine 1 M NaPF6-Diglyme
(G2) electrolytes (Figure 8c). In addition, the activation energy
for Na+ transport through SEIs (Ea2) also dropped from
22.76 kJmol� 1 to 16.36 kJmol� 1, due to a thinner SEI which
results in a higher Na+ conductivity. This led to significantly
improved rate performance and long-term cycling stability
(Figures 8d and e).

In summary, we reviewed several sodium storage mecha-
nisms on hard carbon negative electrode materials. Although
there is ongoing debate due to the inhomogeneous local
carbon structure of hard carbon (e.g., co-existence of defects,
disorder, and graphitic domains), the main processes can be
described as follows: (i) sodium adsorption on shallow active
sites, including the external surface, defects, and gallery
domains and graphene interlayers (normally with d-spacing
>0.4 nm), corresponds to the high voltage ([0.1, 2.5] V vs Na/
Na+) sloping capacity; (ii) while sodium storage in confined
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Figure 7. (a-b) SAXS patterns of (a) pristine porous carbon and (b) sieving carbon negative electrodes (with tightened pore size) before and after (dashed line)
five full cycles at 50 mAg� 1. Inset: schematic illustration of the SEI location inside or outside the nanopores. The SEI is shown in a green irregular shape with
yellow solid circles representing sodium ions. (c–d) Charge/discharge curves for the first two cycles at a current density of 50 mAg� 1 for (c) pristine porous
carbon and (d) sieving carbon negative electrodes. (e) Local environment and arrangement of stored sodium in SC, using a smooth overlap of atomic
positions (SOAP) kernel, originally developed for Gaussian approximation potential fitting. The map, obtained by multidimensional scaling based on structural
distances (representing (dis)similarity), shows the most similar points aggregated together with similar colors. Reproduced from ref. [48] under the CC BY
license. Copyright © Oxford University Press, 2022
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regions, such as graphene interlayers with smaller d-spacing
(for example, 0.36 � 0.40 nm) and micropores, accounts for the
low voltage (<0.1 V vs Na/Na+) plateau capacity.

Additionally, the manipulation of SEI helps in Na ion
desolvation, which is also key to improving capacity, rate
performance, and long-term cycle stability.

ii) Charge Storage Mechanism in Porous Carbon Positive
Electrodes

Porous carbon materials are the preferred positive electrode
materials for SICs. These materials store charges through
reversible electrostatic ion adsorption/desorption, forming an
electric double layer (EDL) at the electrode/electrolyte interface
(Figure 9). The porosity of these materials distinguishes EDL-
type supercapacitors from low-energy density conventional
dielectric capacitors. Nanopores, particularly those with pore
sizes below 1 nm, are crucial for enhancing the capacitance.[55]

Additionally, non-electrostatic ion-electrode interactions also
promote ion desolvation and facilitate efficient charge storage
under confinement.[56] This section will explore several key

factors that contribute to enhancing the energy density of
porous carbon positive electrodes in SIC cells

Specific Surface Area (SSA). Activated carbons with high
electric conductivity[57] (0.01–1 Scm� 1), large specific surface
area (SSA, >1000 m2g� 1), and cost-effective are the first choice
for SICs positive electrode material; they are currently the only
EDL-type materials that have been commercialized.[58]

Under the EDL-type charge storage mechanism, the porosity
enables more charges stored at the interface of porous carbon
electrode/electrolyte interface, as the specific capacitance (C) is
defined as48:

C ¼
e � S
d

Where C, e, S, and d, are the specific capacitance, the
permittivity of the electrolyte, the surface area of the electrode-
electrolyte interface, and the charge separation distance,
respectively.

Activation by KOH has long been recognized as an efficient
method to enhance carbon porosity.[59,60] Generally, increasing

Figure 8. (a-b) Comparison of the kinetics of desolvation and Na+ transport through the SEI in (a) pristine ether electrolytes and (b) predesolvated electrolytes
with activation energy calculated from (c) the Arrhenius plots. (d) Rate capability at various current densities from 0.05 to 10 Ag� 1 and (e) long-term cycling
performance at 0.5 Ag� 1 in pristine 1 M NaPF6-G2 and predesolvated electrolytes. Negligible capacity decay was observed with increasing current density
from 0.05 to 2 Ag� 1. A high capacity retention of 82.3% was obtained at 2 Ag� 1, and a specific capacity of 224.0 mAhg� 1 is still present at a high current
density of 5 A� 1, corresponding to a capacity retention of 70.3%. For cycling data, a high capacity of 260.4 mAhg� 1 still remains after 4000 cycles, with a
capacity retention rate of 94.1%. Reproduced from ref. [54] under the CC BY-NC-ND license. Copyright © National Academy of Sciences, 2022
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the activation temperature and the mass ratio of KOH to carbon
can enlarge the SSA and widen micropores. KOH activation also
dramatically increases the interconnected pore networks and
porosity while maintaining the original textural properties
(morphology, pore size, etc.), which improves the rate capability
as well.[59]

Local Carbon Structure. Beyond SSA, pore size – particularly
subnanopores[61] (<1 nm) – plays a critical role in carbon
capacitance, with a notable increase observed at pore sizes
below 1 nm.[55] Intensive research has focused on Na+ solva-
tion/desolvation at the negative electrode-electrode interface,
as summarized in Figures 3 and 4. However, anion desolvation
energy is equally important for porous carbon positive electro-
des. The pore size matching theory has provided key design
principles for efficient charge storage in nanopores.[62] Fig-
ure 10a illustrates the solvation structure of ClO4

� anions in EC/
DMC mixed solvents.[63] A series of heteroatom-doped porous
carbon materials were prepared with average pore sizes
ranging from 1.20 to 1.68 nm (Figure 10b). The specific
capacitance and normalized capacitance (normalized to SSA),
shown in Figure 10c, indicate that the highest capacitance is
achieved when the pore size matches the solvated anion size
(1.48 nm). However, anion desolvation does not take place in
this work as expected in smaller pore sizes of carbide-derived

carbon materials. This is because of additional heteroatom (O,
N, and S) doping and varying anion desolvation energy barriers,
as calculated from the Arrhenius plots. Further research into
electrolyte solvation/desolvation engineering is needed to
enhance the charge storage capacity of carbon positive
electrode materials in Na+-containing non-aqueous electrolytes.
Additionally, the importance of electrode-electrolyte interaction
(without polarization) has recently been recognized as crucial
for driving charge storage behavior and improving capacity.[56]

This interaction can be modulated by both the heteroatom
doping[64] and local carbon disorder.[65,66]

Potential Window. The specific capacitance of porous
carbons is theoretically independent of the potential window
(C=Q/~U). However, when these materials are used as positive
electrodes and coupled with negative electrode materials, the
cell voltage window becomes a limiting factor and must be
taken into account. Figure 11 presents strategies to maximize
the specific capacity (in mAh g� 1) by fully utilizing the stable
electrochemical operating potential window.[67] In Figure 11a,
the capacity is limited by the positive potential limit, restricting
the cell voltage to 3 V. Increasing the mass of the positive
electrode makes the cell voltage extend to 4.5 V; but the
specific cell capacity remains unaffected and still short. In
contrast, Figure 11b shows that by regulating the electrode

Figure 9. The charge storage mechanism of porous carbon as a positive electrode involves anion adsorption, cation desorption, or ion exchange processes
while charging the hybrid SIC.

Figure 10. (a) Schematic of solvated ClO4
� anion in EC/EDC non-aqueous electrolyte. (b) Pore size distributions calculated from the quenched-solid density

functional theory (QSDFT) method. (c) Dependence of the specific and normalized capacitance on the pore size. Reproduced with permission from ref. [63].
Copyright © Elsevier, 2022.
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surface charge through charge injection, the E0V can be shifted
to a lower potential (vs. pseudo reference electrode) at OCP.
This shift enabled the cell voltage window to reach up to 4.5 V,
and the specific capacity improved as well.[67] For applicable
SICs the negative electrode plateau (hard carbon) is almost
fixed at ~0.1 V vs. Na/Na+. However, the potential window of
the porous carbon positive electrode can be carefully regulated
to maximize the cell-level charge storage performance, as
described in Figure 11c-d.

Figure 11c presents a limited specific capacity and energy
density due to the relatively high OCP of the positive electrode.
In contrast, Figure 11d demonstrates an optimized scenario:
lowering the positive electrode OCP maximizes the negative
electrode capacity and overall cell capacity within the same
electrolyte stability window. It is worth noting that the location
of the potential of zero charge (PZC), indicated by colored dots
on the positive potential path in Figure 11d, plays a crucial role
in determining the direction of ion flux. If the PZC is located at
or below, Case 1 (pzc=purple dot), the positive electrode

charging corresponds to anion adsorption all along the way. In
contrast, in Case 3 (pzc=blue dot), where the PZC is high or
above, cation (Na+) desorption occurs. If the PZC is situated in
between these cases (green dot), ion exchange happens, which
is generally less efficient for power performance.[68] Therefore,
careful modulation of the PZC is essential for controlling which
electrolyte ions are involved in the positive electrode charging/
discharging process. This is important because cations (Na+)
and anions have distinct solvation energies and effective ion
sizes, which directly influence the positive electrode’s charge
storage performances. It is worth noting that a higher PZC
ensures purely Na+ based charge compensation, without
anions playing a role, which may improve the sodium storage.
Additionally, the PZC also significantly impacts the SEI forma-
tion and dendrite growth on the negative electrode side.[69]

Overall, this section presents several effective strategies for
improving the charge storage performance of porous carbon
materials used as SIC positive electrodes. Designing low-cost,
mild, and efficient synthesis methods for producing highly

Figure 11. Positive and negative electrochemical potential window (EPW) in a two-electrode device during the charge storage process. (a). Limited EPW (left)
and optimized EPW (right) by increasing the mass of the positive electrode, but the specific capacity remains the same. (b) Optimized EPW by tuning surface
charge (E0V) to simultaneously increase the specific capacity and working voltage. The shadowed area is proportional to the energy density. Reproduced from
ref. [67] Copyright © Wiley-VCH GmbH, 2021. (c–d) Galvanostatic charging plot of SIC cells with porous carbon serving as the positive electrode and hard
carbon as the negative electrode. The specific capacity is different when employing (c) higher OCP and (d) lower OCP. The inserts in (d) demonstrate different
electrolyte ion behavior, governed by the location of PZC at low (purple), medium (green), or high (blue) potential.
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porous carbons with high SSA is a practical approach to
enhancing capacitance. The local carbon structure affects ion-
electrode interactions and can further improve capacitance by
facilitating ion desolvation. Additionally, regulating the surface
charge of the carbon positive electrode can fully utilize the
stable electrochemical potential window, maximizing cell-level
capacity and energy density. Moreover, carefully controlling the
positive electrode PZC has been proposed as a practical
method for driving the ion flux, which needs further inves-
tigation.

In summary, we have presented the charge storage
mechanisms for both the negative electrode and positive
electrode carbon materials for SIC applications. For the negative
electrode material, although the state-of-the-art understanding
of the sodiation process in hard carbons is still under debate,
we proposed a general confinement concept to guide the
structure-performance relationship: shallow active sites corre-
spond to the high voltage ([0.1, 2.5 V] vs Na/Na+) sloping
capacity; while confined active sites (e.g. graphene interlayers
with smaller d-spacing: [0.36, 0.40] nm) and micropores, which
are less accessible and account for the low voltage (<0.1 V)
plateau capacity. Confined geometries are expected to store
charges more efficiently.

Additionally, the solid electrolyte interface (SEI) also plays a
crucial role in facilitating Na+ desolvation, which in turn
improves the overall performance including rate capability,
cycling stability, and charge storage capacity of SICs with hard
carbon negative electrodes.

For the positive electrode porous carbon material, specific
surface area (SSA), local carbon structure (including pore size
and local ion-electrode interaction), and a potential window
optimization strategy at the cell level are crucial for achieving
high-performance hybrid devices. Besides, the location of the
potential of zero charge (PZC) is crucial for enhancing the
performance of both positive electrode and negative electrode
materials. As a matter of fact, the activated carbons’ PZC
determines which ions are involved in the charge/discharge
process, and which of those are prominent. On the negative
electrode side, the PZC influences the formation of SEI and the
growth of dendrites. Finally, in-situ and ex-situ characterization
techniques such as high-resolution transmission electron micro-
scopy (HRTEM), in-situ Raman spectroscopy, in-situ X-ray
diffraction (XRD), and solid-state nuclear magnetic resonance
(ssNMR) are essential for elucidating local charge storage
mechanisms. Moreover, operando techniques such as electro-
chemical quartz crystal microbalance (EQCM) and electrochem-
ical dilatometry (ECD) are promising characterization tools.
These methods enable high-resolution and real-time monitor-
ing of electrode mass and volume changes during electro-
chemical processes. Employing these advanced techniques
provides valuable insights that guide the design of high-
performance sodium-ion capacitors (SICs).

3. Materials: Scalability, Sustainability, and
Trade-Offs with Performance

3.1. Carbon Electrode Materials

Carbon materials have always been essential to human life,
serving various purposes throughout history, from charcoal
adsorbents known from prehistoric times to more ordered
carbon forms such as graphite, which have become indispen-
sable in numerous nndustries, particularly those based on
electrochemical properties such as, for example, primary and
secondary batteries based on graphite fluoride and lithium
graphite intercalation compounds, correspondingly.

From the sustainability and scalability standpoint, carbon
materials often present one of the best options due to plentiful
natural resources as well as established production methods.
However, tuning carbon materials (porosity, surface chemistry,
purity, doping, etc…) to specific applications and/or maximizing
their efficiency can render the derived product prohibitively
costly.

Given that the main rationale behind SICs hinges on their
sustainability, this section focuses on the production methods,
structures, and textures of carbon materials with an emphasis
on their scalability for use in SICs. We provide a detailed view of
both non-porous non-graphitizable hard carbons and nano-
scale-porous carbons in terms of their synthesis methods and
maximum electrochemical output, always considering the
trade-offs between performance and scalability.

Requisites for Scalable Carbon Synthesis
Despite the wide history and use of hard carbon and

activated carbon and thousands of publications reporting
different production methods, only are a selected number of
companies capable of producing high quality battery-grade
hard carbons and supercapacitor-grade activated carbons.
Numerous available methods report remarkable results, in the
case of activated carbon, with surface areas up to 3000 m2g� 1

and capacitance values above 100 Fg� 1 per single electrode.[70]

Regarding hard carbon, low surface areas of 5–10 m2g� 1 and
reversible capacities over 400 mAhg� 1 have been reported.
However, several considerations during R&D on HC and AC
production must be satisfied to ensure that the synthesis
procedures can be upscaled successfully. These will be
discussed according to the subheadings: Performance, Raw
materials supply chain (precursors and activation agents),
Process (process efficiency, consistency, and material/equip-
ment interactions), Economic viability, and Regulations.

Performance. The performance of the synthesized carbon is
the primary criterion beside the cost. For optimum perform-
ance, activated carbons for the positive electrodes of hybrid
capacitors must possess well-developed and interconnected
micropore structures.[71] The most suitable SSA is about 1500–
2000 m2g� 1. Further increase in SSA and pore volume leads to a
leveling-off of gravimetric storage metrics[72] and a decrease in
volumetric performance.[73] Avoiding excessive activation is
crucial since it can affect yields, and handling, and pose
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challenges such as drying before cell assembly and electrolyte
degradation during operation. Additionally, factors like purity,
oxygen content, ash, metal content, and residual activation
agents must be controlled or reduced to appropriate levels to
prevent unwanted interactions with the electrolyte and mini-
mize the parasitic self-discharge of the final cells. In the case of
the hard carbon for negative electrodes, the activation step is
not needed, and the requirement should be rather opposite:
SSA must be reduced to minimize the irreversibility and
excessive electrolyte consumption during the SEI formation.
Additional post-treatment may be warranted to fine-tune
texture and surface chemistry. Other additional requirements
should mostly replicate those for AC.

Raw materials supply chain. Several precursors have been
utilized to produce HC and AC.[74–76] The precursors typically
considered are naturally abundant carbon-rich materials, which
must be readily available for successful upscaling. Mass
production facilities typically target a 10 –100 kg precursor-
processing capacity to facilitate economies of scale while
maximizing the profit from large-scale sales and synthesis. In
this regard, the precursors used must be consistent in terms of
carbon content, purity level, and moisture content. These
factors will influence the efficacy of the activation agents and
potentially cause product non-uniformity during mass-scale
production. Among various biomass precursors tested, coconut
shell is the most sustainable due to the year-long supply in East
and Southeast Asia. The chosen activation agent must also be
readily available, inexpensive, and capable of being recovered
to reduce associated costs. Additionally, interactions between
the activation agent and the process equipment must be
considered.

Economic viability. An eventual cost vs benefit analysis
must be considered during upscaling. While high-quality hard
carbon can be synthesized in a temperature range from 800 to
1500 °C with a yield below 50%, AC requires an additional step
using intensive activation, further reducing the yield, which
makes upscaling unfavorable. The current cost of battery grade
HC ranges from 30–45 USD.kg� 1 while the capacitor-grade-
activated carbon ranges from 40 – 60 USD.kg� 1 (kuraray.com).
Any process that incorporates multiple fabrication and post-
treatment steps, and expensive activation agents will be
reflected in the final cost of the carbons, rendering it
unattractive for upscaling. This is especially true for high-
performance carbons produced on a lab scale, which have little
to no prospects of reaching the market due to the prohibitively
high cost of their synthesis routes.

Regulatory compliance. All manufacturing processes must
adhere to various regulatory standards concerning safety,
health, environmental, and quality requirements. The devel-
oped process must ensure that the occupational health and
safety standards, such as exposure to unsafe conditions (heat,
gases, and chemical environments), are minimized and appro-
priate personal protective equipment can be used to prevent
accidents and health hazards. This can pose challenges for
upscaling, especially for AC when dealing with activation agents
like ZnCl or post-treatment methods involving hydrogen
fluoride. Environmental regulations, including compliance with

local emissions standards, waste management practices, water
usage, air quality standards, and emissions limits, must also be
considered. The accompanying equipment and costs associated
with wastewater treatment, emissions control, monitoring
systems, and pollution control measurements will affect the
scalability of the process. Hence, these must all be factored in
during the initial development phases.

Activation process. The activation process applies only to
AC, to increase the specific surface area and porosity of the
carbon. Typical activation processes used in lab-scale experi-
ments include physical activation (using CO2 or water steam)
and chemical activation (using KOH, NaOH, ZnCl2, etc.), often
combining both methods. When scaling up from lab-scale to
large-scale industrial processes, it is essential to consider the
interactions between the activation agent and the process
equipment. In the pursuit of intensive activation, specifically
using chemical activation, highly corrosive chemicals are used,
such as high-concentration strong bases that pose compatibility
issues with the metal-based equipment commonly used in
large-scale activation processes. Consequently, upscaling be-
comes challenging due to the risk of product contamination
from metal dusting and leaching into the final product. More-
over, certain activation agents also affect material flowability
during heat treatment, leading to plasticization behavior where
the precursor and the activation agent fuse or form solid
aggregates that may adhere to reactor walls. Thus, the
interaction between the activation agent and the process
equipment is crucial. From both cost and sustainability
perspectives, prioritizing physical over chemical activation is
advisable.

3.1.1. Carbon Negative Electrode Materials for SICs

Beyond sustainability and scalability requirements, suitable
negative electrode materials for Sodium-ion Capacitors (SICs)
should enable optimum electrochemical performance as de-
fined by the following electrochemical prerequisites:
i) High-Capacity Reversible Low-Potential Redox Processes:

These should ideally approach but not reach sodium-plating
potentials, with a maximally flatter discharge profile to
maximize not only capacity but also overall energy thanks
to optimum potential evolution.

ii) High-Rate Capability: The materials should exhibit high-rate
capability with a low-polarization resistance voltage drop to
approach the rate response of a capacitive electrode.
Although perfect harmony is difficult due to the inherently
slower charge storage in redox-based negative electrodes,
minimizing this discrepancy is crucial.

iii) Maximized Initial Coulombic Efficiency (ICE): While this
requirement should be less stringent for SICs compared to
SIBs due to the unavoidable use of a presodiation agent
whose amount can be adjusted to mitigate a margin of
irreversibility in the initial cycles, ICE remains important
from the technology standpoint to minimize side effects
such as gas generation and irreversible electrolyte con-
sumption.
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Among potential SIC negative electrode materials, hard and
soft amorphous carbons stand out since they combine multiple
electrochemical advantages with scalability prospects. Electro-
chemically, they offer sufficiently high capacity, low-potential
redox storage reactions favorable for energy, and a superior
high-rate response compared to other negative electrode
materials based on alloying or conversion reactions.

From a scalability and sustainability perspective, amorphous
carbons can be derived from various biomass-forming natural
polymers, many of which are lignocellulosic materials or by-
products of their industrial processing. Lignocellulosic waste
biomass typically contains about 50% carbon, making it an
inexpensive, renewable, and environmentally friendly carbon
source.[77] These materials should be considered as primary
sources for amorphous carbons designed for SICs, aligning with
the rationale behind Na+ technologies: the use of non-critical
raw materials. The cost advantage of amorphous carbon syn-
thesis lies in its simplicity, involving heat treatment and
optional pre- and/or post-treatment, without the need for
additional activation processes required for porous materials
used in SIC positive electrodes.

Below, we examine various types of amorphous carbons,
their synthesis methods, properties, and the resulting electro-
chemical response relevant to SICs.

Soft vs hard carbon: definition, chemical-physical charac-
teristics, synthesis, and performance. Non-graphitic soft
carbons (SC in this chapter) and hard carbons (HC) are typically
synthesized through the pyrolysis of organic precursors within a
temperature range of 500 to 1500 °C. The classification of the
final product as either HC or SC relates to the structure and

microstructure of the carbons. The terms “soft” and “hard
carbon” refer to the mechanical properties of the resulting
material, which, along with their ability to undergo graphitiza-
tion, are influenced by the plasticity of their layered
structure.[18,78,79] Graphitization involves the conversion of the
original turbostratic structure of disorderedly arranged non-
graphitic carbon layers into the ABAB or ABCABC layer stacking
arrangement, the process requiring the sliding and rotation of
layers.[79,80] Similarly to graphite, the structure of SC exhibits this
plasticity, providing flexibility under stress and the potential to
undergo graphitization at temperatures exceeding 2200 °C
(graphitizable carbons). In contrast, the fine structure of HC
lacks this plasticity, resulting in mechanical hardness and an
inability to undergo graphitization even at temperatures
exceeding 3000 °C (“non-graphitizable carbon”).[79] This is due to
the presence of layer curvature (related to sp3 partial hybrid-
ization) and micropores, forbidding the layer gliding required to
form the ordered graphitic stacking.[79]

While both SC and HC display a sloping voltage-composi-
tion curve below 1 V, HCs showcase an additional low-voltage
plateau below 100 mV (Figure 12). Not only does this feature
enhance the capacity, with multiple reports of capacities up to
300–350 mAh/g, but also lowers the average working voltage
to be below 0.4 V vs Na/Na+, with the initial Coulombic
efficiencies exceeding 80% according to the most notable
studies (see e.g.,[82,83]). Through high-temperature treatment
and expert micropore optimization, specific capacities can be
further enhanced to be beyond 400 mAhg� 1.[84,85] By contrast,
SCs exhibit specific capacities at best up to 200–250 mAhg� 1,
with working voltages of about 0.5–0.6 V vs Na/Na+ and the

Figure 12. Voltage-capacity profiles (vs Na/Na+) of a hard carbon (HC, gray line) and a soft carbon (800HG, pink line) with similar micron-sized particles, cycled
galvanostatically at rates of C/15 (a) and C/2 (b); 1 C=372 mA·g � 1. Inset of (a): reversible capacity as a function of C-rate. Inset of (b): cell polarization
(estimated as the voltage jump between the end of discharge and beginning of charge) as a function of rate. c) rate capability of some of the best reported
soft carbons along with one of the best reported hard carbon (“SHC”). Reprinted from [81] under the CC BY-NC-ND 4.0 license. Copyright © Elsevier, 2022
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best ICE falling between 70% and 80%.[86] However, the
significantly lower energy density of SCs is counterbalanced by
their superior rate capability, making them an interesting
option for the negative electrode of all-carbon metal ion
capacitors such as SICs, even in comparison to LICs where
graphite is used as the negative electrode.[87,88] SCs are also
considered to offer a safer alternative since HC provide over
half their capacity at very low voltages (�0.1 V vs. Na/Na+),
where even a slight potential drift can pose significant risks of
Na plating and derived dendrite formation, which is of
relevance to high-rate storage required from SICs.[28,86,89] With
respect to the hybrid cells such as MICs in general and SICs in
particular, maximizing the first Coulombic efficiency can be less
of a concern since presodiation is an unavoidable formation
step in preconditioning SIC cells for stable operation. Therefore,
moderate differences in the ICE can be mitigated within the
formation step by tuning the amount of presodiation agents.

The properties of the final product, either HC or SC, depend
largely on the nature of the precursor material, and, in a minor
way, the synthesis conditions. Thermosetting precursors, which
remain solid upon carbonization, typically lead to hard carbon,
while thermoplastic polymers, which melt at the early stage of
carbonization, typically lead to soft carbon.[49] HC precursors are
hence commonly derived from the carbonization of oxygen-rich
organic precursors such as carbohydrates (sucrose, glucose,
cellulose) and lignin.[49] For this reason, the use of plant-derived
biomass consisting of a mixture of cellulose and lignin, either
raw or processing waste by-products, has become very
common. HC may also be prepared from thermosetting
polymer and resins. Conversely, SC is predominantly derived
from hydrogen-rich sources like hydrocarbons and aromatic
compounds. SCs are hence more commonly synthesized from
synthetic hydrogen-rich polymers such as polyvinyls, PAN,
etc…, synthetic aromatic dies, and side products from the coal
and oil industry (coke, pitch, etc…). A comprehensive survey of
precursors used for SCs and HCs can be found in other
informative review articles.[18,90]

Besides the nature of the precursor, many synthesis
parameters can affect the properties of the final carbon. First,
the flow of inert gas is of prime importance for effectively
clearing the reaction zone from evolved gases to prevent their
interaction with the carbon residue. This can lead to its
excessive burn-off and self-activation through partial self-
combustion).[91] Effective gas removal is crucial for maximizing
the degree of closure of the buried micropores while simulta-
neously minimizing the development of external surface area
and thus its posterior reactivity when the HC is employed as an
electrode active material. Temperature is also critical. Higher
temperature tends to reduce surface area and surface reactivity,
leading to lower capacity loss during the formation of the SEI.
However, the extension of the sloping contribution to the
capacity, common for both SCs and HCs, also tends to decrease
with increasing temperature. In the case of HC, this is partially
alleviated by a lengthier low-voltage plateau. However, the
improvement through the higher plateau capacity may be less
relevant to SICs than SIBs since the plateau region is more
prone to Na-plating risk under high-rate conditions required

from SICs. Therefore, HCs tend to be prepared at higher
temperatures than SCs. The optimum temperature needs to be
determined for the best balance among reversible capacity, rate
capability (related to sloping capacity), and Coulombic effi-
ciency. The optimum temperature will hence differ depending
on the target performance and will be highly dependent on the
nature of the precursor.

To some extent, the precursor’s chemical nature can also be
altered to tune the properties of the resultant carbon. For HCs,
pre-carbonization strategies such as acid leaching, oxidation by
heating in air, or hydrothermal treatment allow controlling
crystallinity, micropore size, and volume, as well as their degree
of pore closure. For SC precursors, oxidation may prevent fusion
during pyrolysis, leading to a stabilization of the morphology of
the final SC. This is particularly interesting when the plasticity of
the precursor is used to form high aspect ratio morphologies
such as microfibers, which may be beneficial for power
capability by favoring electrical interconnection and short
diffusion paths. Oxidation of SC precursors may even lead to an
HC in some cases (oxidized pitch). Low-cost and abundant
precursors such as coke and pitch, typically leading to SC, can
hence be also used to produce HC.

Morphology control in amorphous carbons and related
electrochemical response. Decreasing particle size via ball
milling is a widely recognized and effective method for
enhancing the rate capability of active materials by reducing
ion diffusion pathways. Smaller particles amplify energy storage
properties by increasing surface-related capacity, expediting
reaction kinetics, and unlocking bulk capacity.[92] This principle
underpins the use of nanostructured materials in both super-
capacitors and batteries. However, for negative electrodes
operating at low voltages beyond the lowest unoccupied
molecular orbital (LUMO) of the electrolyte (e.g., potential
below 1 V vs. Na/Na+), such as those based on carbonaceous
materials, reducing particle size can lead to increased coulom-
bic losses associated with electrolyte decomposition, such as
SEI formation.[93–98]

Numerous strategies have been proposed in the literature
to ensure short ion diffusion lengths without compromising the
coulombic efficiency of carbon materials, such as passivation
after milling (e.g., coating) or inducing a desired morphology
prior to carbonization, as seen in mesophase pitch,[93,95]

spherical HC,[31,99] carbon fibers,[98] etc. Pre-carbonization mor-
phology control is straightforward in HCs, where typical solid-
state carbonization preserves precursor morphology up to the
final carbon product.[100] However, this is not feasible for SCs,
where carbonization typically occurs in a molten state through
pitch formation. To maintain pre-carbonization morphology in
SCs, oxidation before pyrolysis is necessary to prevent further
melting through cross-linking. This is observed in samples
derived from mesophase pitch,[101] or electrospun fibers from
thermoplastic polymers like PVC, polyacrylonitrile, or
polyethylene.[102,103] However, carbon obtained through this
route can differ significantly from direct pyrolysis, as oxidation
alters the chemistry and microstructure of the precursor,
sometimes resulting in behavior akin to hard carbon.[104] Thus,
achieving soft carbon with appropriate particle size (approx-
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imately 1–10 μm), ensuring high specific charge, easy process-
ability, and good power capability, while maintaining a high
ICE, remains a significant challenge. This underscores the need
for innovative strategies and solutions to develop soft carbons
with competitive performance.

CO2 Capture: A Novel Sustainable Route to Synthesize Carbon
Nanotubes

While less relevant to charge storage than amorphous
carbon, mainly due to prohibitive cost and low density, carbon
nanomaterials may need to be considered as possible alter-
natives for SICs due to several advantages with respect to the
electrochemical response. First, they offer numerous active sites
for sodium ion storage in a relatively open carbon nanotube
(CNT) structure. Moreover, their excellent electrical conductivity
and more open pore structure facilitate efficient electron and
ion transport, enabling rapid charge/discharge. Finally, CNTs
can offer improved cycle life due to the ability of the open
structure to accommodate the volume changes during sodium
insertion and extraction, thereby reducing mechanical degrada-
tion over cycles.

On the other hand, CNTs show some technical drawbacks
that hinder their use as negative electrode materials for Na
storage. CNTs exhibit low to moderate initial coulombic
efficiency in the range of 50–80%. However, again as is the case
of amorphous carbons, the use of a presodiation agent enables
one to mitigate the irreversibility of the initial cycles, and the
material should not be discarded solely based on disadvanta-
geous ICE. Another main issue of CNTs is related to process-
ability since they tend to agglomerate by van der Waals forces,
reducing the effective surface area and hindering the uniform
distribution of sodium ions.

However, major concerns arise from the sustainability and
scalability perspective. The production of high-quality CNTs can
be prohibitively expensive and involves complex synthesis
processes, making large-scale applications very challenging.
Moreover, the synthesis and disposal of CNTs raise environ-
mental and safety concerns due to potential toxicity and
challenges in handling nanomaterials. For the economic

viability of CNTs, it should first be mentioned that facilities
capable of producing >100 tyr� 1 of CNTs via CVD are now
functional.[105] However, the price of CNTs remains prohibitively
high, at 25–250 €t� 1. Obviously, CVD requires a large infra-
structural investment with complicated equipment, especially
on a large scale. The CVD approach requires catalysts to be
mostly absent upon synthesis, which can be achieved by the
acid leaching – oxidation method, however with added cost.
The catalysts themselves are produced by either CVD or RF
magnetron sputtering and comprise a large part of the running
costs of CVD synthesis. The second largest economic impact
comes from the use of large volumes of carrier gas (Ar or N2)
which cannot be recycled due to impurities.[106]

More than anything else, however, CNT synthesis by CVD
poses an enormous environmental impact. A comparison done
between LCA studies of CVD synthesis technologies of CNT
revealed that the CO2 equivalent of these methods ranges from
0.48 to 200.44 kg per gram of CNT depending on the use of
substrate, choice of catalyst, and carrier gas.[106] Even consider-
ing the lowest number, which considers the use of pure N2 as a
carrier gas, something that has not been demonstrated on the
industrial scale, this means that for every gram of CNTs
produced 480 grams of CO2 will be exhausted into the
atmosphere. Clearly, this is not acceptable in the long term as
there is an enormous need and political pressure to limit rather
than increase CO2 emissions.

Alternatively, the MSCC-ET (molten salt carbon capture and
electrochemical transformation) technology bypasses this prob-
lem entirely by using, rather than emitting, CO2 to produce
CNTs. The MSCC-ET process is based on concurrent chemical
and electrochemical processes, where a carbonate salt is
electrochemically split into solid carbon and oxide, with the
oxide then reacting with a CO2-containing gas bubbled through
the electrolyte (Figure 13).

This process allows for the efficient production of CNTs and
other carbon nanomaterials, with a carbon budget analysis
showing that when coupled with renewable electricity, up to
0.890–0.971 kg of CO2 can be captured of per kg of carbon
produced depending on the energy source.[108] The MSCC-ET

Figure 13. Schematic representation of the CO2 electrolytic splitting process. Reproduced with permission from from [107]. Copyright © Elsevier, 2019.
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has shown to be a versatile method for CNT synthesis, yielding
a wide variety of MWCNTs from long, straight MWCNTs[109–111] to
short, tangled webs[112] and even carbon nanocoils.[113] The
primary descriptors for efficient MWCNT synthesis have been
shown to be the presence of a catalyst (with Fe and Ni catalysts
demonstrated to yield straight MWCNTs),[112,114] an electrolyte
that allows for fast transfer of oxide from the positive electrode
to the negative electrode,[115] a negative electrode with a high
oxygen evolution reaction activity[114] and the use of a pre-
electrolysis step or pulsed current to increase nucleation sites
for MWCNT formation.[116] Even though the synthesis of CNTs
and other carbon nanomaterials via the MSCC-ET has seen
significant attention in the last decade, and many of the studies
highlighting batteries as a potential field of application, studies
utilizing CO2-derived materials in batteries, especially Na-ion
batteries, remain few. After the first study by Licht et al. using
tangled CO2-derived CNTs as a Na-ion battery negative
electrode with a reversible capacity of 130 mAhg� 1, the focus
has mostly been on Li-ion batteries.[110] However, the develop-
ment of a CO2-neutral, cost-effective synthesis method for CNTs
can trigger their use in SICs, either as negative electrode, as
composite, or as additive.

3.1.2. Carbon Positive Electrode Materials for SICs

Apart from sustainability/scalability, performance-dictated re-
quirements should be fulfilled for a realistic implementation of
nanoscale-porous positive electrode materials in SICs. Based on
the common character of electrosorption mechanisms in both
SICs and traditional supercapacitors’ positive electrodes, the
following requirements for positive electrodes can be stipu-
lated:
i) Ion-adapted pore networks, high electronic conductivity,

and good chemical stability within the voltage and temper-
ature range of operation.

ii) Surface chemical groups or carbon-lattice heteroatoms
enhancing capacitance and not deteriorating electrolyte
stability.

iii) A good balance between pore volume and material density
to maximize both gravimetric and volumetric energy
density.

iv) The last requirement also aligns with the above-defined
economic viability and excludes the highest-SSA low-
density carbons prepared under excessive low-yield activa-
tion conditions.
The performance-based considerations should go hand-in-

hand with the other requisites for scalable AC synthesis
elaborated above. Therefore, finding an optimum combination
of technical and non-technical requirements in a single material
is not straightforward. This complexity explains why few
materials on the market are suitable for implementation in SICs
at the production level despite the variety of proven academic
approaches to porosity generation and optimization to the
maximum electrochemical capacitive performance required by
SICs. The following paragraphs summarize the most representa-
tive R&D strategies and assess their upscaling viability.

Activation-based strategy. Without a doubt, the most
common process for the generation of porosity and increasing
the specific surface area of carbons in large amounts is the
carbonization/activation of different precursors. In this regard,
biomass precursors such as coconut shell, fruit pits, rice husk,
and many others have been explored since they are often
inexpensive waste by-products matching perfectly the suitabil-
ity and scalability purpose. However, less attention has been
paid to other elements of activation processes such as
activation agents, yield, corrosiveness, and wastewater treat-
ment, often having a decisive impact on cost and likely
canceling out the benefits of abundant renewable precursors.
This gap is still to be addressed in the context of sustainability-
centered technologies such as SICs to ensure the material
synthesis is economically viable and does not represent a
stumbling block to the value chain of technology. Below we
consider the technical peculiarities of various activation proc-
esses, the performance of derived materials in SICs, and their
scalability prospects. According to the activating agent used for
pore generation, activation processes can be broken down into
physical and chemical activation.

Physical activation involves a two-stage treatment: the
carbonization of a carbon precursor in an inert atmosphere,
followed by its activation with a suitable oxidizing agent (CO2,
air, and steam) to induce porosity, typically between 600 and
1250 °C. Active oxygen species first open part of closed pores
by burning resin compounds, then make further micropores
through partial gasification of the carbon skeleton. When air (or
oxygen) is utilized as the activating agent, a highly exothermic
gasification reaction makes the process energy-efficient and
cost-effective due to the lower activation energy compared to
using steam or CO2, but activation is poorly controllable and
goes along with excessive burn-off and a reduced yield of
activated carbon. Between CO2 and steam, the latter is more
reactive and therefore can be efficiently used at lower temper-
atures. The maximum SSA of carbons produced via physical
activation depends on various factors such as the type of
precursor used and the activation conditions, attaining ca.
1200–1400 m2g� 1 as can be demonstrated, e.g., with a steam
activation of graphene aerogels[117] or with a CO2 activation of
scalable biochar derived from olive pits.[118] Overall, while
physical activation is relatively cost-efficient, it does not reach
the pore network tunability of chemical activation producing a
developed microporosity, with a Brunauer, Emmett, and Teller
(BET) SSA tunable from below 1000 up to 2500–3000 m2g � 1. It
is also noteworthy that bibliographical research does not allow
discovering literature sources on physically activated carbons
applied to SICs, but neither for mature technologies such as
EDLCs. This is likely due to intellectual property (IP) rights
concerning the peculiarities of activation processes or the
insufficiency of the pore texture for maximizing electrosorption-
driven storage in SIC positive electrodes, as distinct from
chemical activation being extensively documented, at least in
academic literature.

Chemical activation is achieved by blending carbonaceous
materials or pre-pyrolyzed non-porous amorphous carbons with
chemical activating agents (KOH, ZnCl2, H3PO4, etc.) and
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subjecting them to pyrolysis at 500–900 °C. Those methods
result in the formation of porous carbons characterized by SSAs
often over 2000 m2g� 1 and a significant pore volume, mainly
formed by micropores and narrow mesopores. There are
numerous examples of porous carbons starting from different
abundant bio precursors (olive pits, coconut shells, cork, wood,
brewery wastes, etc.) or synthetic polymers, which are then
chemically activated using KOH, NaOH, KHCO3, etc. Recently, a
cesium (Cs) salt-based new strategy[119] has been proposed for
synthesizing porous carbons with high SSAs (>3000 m2g� 1) and
pore volume approaching 2 cm3g� 1. This method allows for
controllable pore size, is less corrosive, and operates at a lower
temperature than the KOH activation method. Figure 14a
illustrates a bottom-up preparation of porous carbons through
the direct thermal treatment of cesium acetate (CsAc).[119] Cs
species efficiently promote the condensation of organics by
accelerating dehydration; after Cs reduction, they donate
electrons and intercalate into graphitic layers to form slit
nanopores. Cs is almost completely evaporated at the final
stage. N2 sorption measurements at 77 K (Figure 14b) indicate
the existence of large volumes of micropores. BET SSAs
gradually increase with increasing temperature, reaching up to
2936 m2g� 1 at 800 °C. A porous carbon (MC800) prepared by Cs
salt-assisted pyrolysis,[120] demonstrated higher capacity than
conventional activated carbon (YP 50 F) as SIC positive

electrode material (Figure 14c). These studies underscore the
importance of developing simple, mild, and efficient synthesis/
activation methods to produce highly porous carbons with
enhanced SSA and charge storage capacity.

Some representative examples and the most significant
specifications of successful conversion of biomass into activated
carbons for SICs can be exemplified (Table 1) with olive pits
(produced at 1 million tons worldwide yearly),[123] garlic,[124] and
cork biowastes,[125] with the performance of the maximum
energy of materials in a full cell up to 125 Whkg� 1 (Table 2) and
a good capacity/capacitance retention at the high current rate
(Figure 15). Additional surface treatments (e.g., plasma NH3

[126])
can enhance carbon performance through surface redox
reactions, but the energy gain must be evaluated in the context
of the associated manufacturing implications. Biomass revalori-
zation can be additionally highlighted by the fact that both
negative electrodes and positive electrodes can be derived
from the same precursor, making the whole process simpler,
more affordable, and scalable.

Although none of these studies contain specific information
about process performance, precursors availability, cost, etc,
most of them are based on biowaste precursors, which are
susceptible to upscaling under similar conditions to those
synthesized, for instance, by Kuraray, whose carbons are also
obtained from lignocellulosic coconut shell wastes.

Figure 14. (a) Schematic illustration of porous carbon formation during pyrolysis of cesium acetate (CsAc). (b) N2 adsorption/desorption isotherms at 77 K with
Brunauer–Emmett–Teller (BET) specific surface areas. (c) Cyclic voltammetry (CV) of SIC full cell at a scan rate of 10 mVs� 1, using 1 M sodium
hexafluorophosphate (NaPF6) in vinyl carbonate: dimethyl carbonate (50: 50 vol%) with 5 wt% fluoroethylene carbonate as electrolyte. Porous carbon (MC800)
prepared from pyrolysis of Cs salt serves as the positive electrode and metal Na serves as the negative electrode. The larger CV area suggests improved
capacity when using as prepared porous carbon (MC800) than conventional activated YP-50 F carbon. Reproduced with permission from ref [121,122].
Copyright © Wiley-VCH GmbH, 2023, 2024.
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Alternative to bio-waste-derived carbons, carbons from
synthetic polymers can offer better control over particle

morphology and sizes, which could benefit pore accessibility for
the electrolyte, thus enhancing power capability. Thus, Diez

Table 2. Electrolytes employed in lab-scale SICs. The viscosity and conductivity values were measured at RT (20 or 25 °C). The used abbreviations are
NaTFSI= sodium bis(trifluoromethanesulfonyl)imide, NaFSI= sodium bis(fluorosulfonyl)imide, EC=ethylene carbonate, PC=propylene carbonate, DEC=

diethylcarbonate, DMC=dimethylcarbonate, GPE=gel polymer electrolyte, EMC=ethylmethylcarbonate, TEG= tetraethoxyethane, C3mpyrFSI=N-propyl-N-
methyl pyrrolidinium bis(fluorosulfonyl) imide, FEC= fluoroethylenecarbonate.

SALT SOLVENTS ADD. REF. FOR SIC APPLICATION η [mPa s] σ [mS cm� 1]

O
R
G
A
N
I
C

NaPF6 EC:PC [123,157] 6.69[158] 7.39[158]

EC:DEC [8,159,160] 5[161]

EC:DMC [162] 6[161]

Diglyme [163–165]

GPE [166]

NaClO4 PC [167] 6.9[168] 6.3[168]

EC:PC [169] 5.2[168] 8.1[168]

EC:PC FEC [170,171]

EC:DMC [172,173] 10.1[168] 2.3[168]

EC:DMC FEC [174,175]

EC:DEC [176–180] 2.9[168] 6.1[168]

EC:DEC FEC [124,181]

DMC:PC [182]

EC:EMC:DMC FEC [183]

GPE [184]

NaTFSI TEG:PC [185] 8.7[185] 3.1[185]

IL NaFSI C3mpyrFSI [186]

Aq. Na2SO4 H2O [187] 1.27[188] 80[189]

Figure 15. Electrochemical performance of indicated porous carbons depending on the synthesis temperature. Reproduced from [125] under the CC BY 4.0
license. Copyright © American Chemical Society, 2023.
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et al. reported the preparation of performing high specific
surface area carbon as positive electrode for SICs starting from
the polypyrrole synthetic precursor and yielding carbon nano-
spheres with a narrow particle size distribution centered at
92 nm, a large specific surface area of 2970 m2g� 1 and
appropriate pore size distribution within 1–2 nm, finally result-
ing in a high-performance SIC (Figure 16).[127] However, despite
enabling a design on demand of carbon structures, the use of
synthetic polymers as precursors increases the total cost of the
final carbon, hindering its market entry.

Overall, chemical activation offers several advantages,
including lower activation temperatures, higher carbon yields,
reduced activation time, and increased specific surface areas
and pore volumes. However, it also features important draw-
backs: i) the corrosive nature of chemical activation agents; ii)
the need for additional washing and wastewater generation;
and iii) the cost associated with large amounts of reagents.

Even though activation methods can have a potential for
upscaling in terms of precursors and process flow (the latter
applies to physical activation), the limited control over the
properties of resultant porous carbons does not allow for
maximizing the electrochemical storage in SIC positive electro-
des. It is therefore pertinent to explore electrolyte-optimized
porous carbons enabling maximum performance, even though
their synthesis methods cannot yet be considered cost-efficient,
at least in the current state of development, but can have an
opportunity in the future, as demonstrated below with the
templating strategy.

Template-based strategy. The templating approach is one
of the most advanced methods for preparing porous carbons
with well-defined pore structures and narrow pore size

distributions. It can be divided into hard templating and soft
templating, depending on the porogen being a solid/rigid
structure or a labile compound. This approach can tune the
pore size from micropores to macropores but is most often
suitable to tailor mesopores (2 to 50 nm). While there is a
plethora of carbons synthesized from hard templates, mainly
using silica structures, few have been specifically investigated in
SICs (Table 1), for instance, ordered mesoporous carbons with a
pore size between 4 and 5 nm and BET specific surface areas of
around 1000 m2g� 1,[128,129] as well as microporous carbons with a
BET SSA of around 2700 m2g� 1 outperforming the standard YP-
50 F carbon (Figure 17).[130]

An alternative and more straightforward approach to
obtaining nanoporous carbons with a high SSA suitable as
capacitive electrodes involves salts as the template agent. This
strategy does not yield carbons with an ordered and narrow
pore size distribution within the structure, but in contrast, salts
can be easily leached out, being advantageous in terms of
simplicity and scalability.[134] Salt-templated carbons with an SSA
of up to ca. 2300 m2g� 1 can be prepared by this method and
show a comparable[131] or even far superior performance[132] to
other template synthesis methods (see Table 2 for details).

Finally, another approach consists of the pyrolysis of nano-
porous materials such as covalent organic frameworks or metal-
organic frameworks which exhibit well-defined pore structures,
giving one of the best energy and power performances,
exceeding 100 Whkg� 1 at 5 kWkg� 1.[133]

To summarize, the most important highlights from tem-
plate-based developments can be drawn up as follows:

Figure 16. Reproduced from [127] with permission. Copyright © Elsevier, 2023

Wiley VCH Mittwoch, 26.02.2025

2599 / 397369 [S. 24/53] 1

Batteries & Supercaps 2025, e202400807 (24 of 52) © 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH

Batteries & Supercaps
Review
doi.org/10.1002/batt.202400807

 25666223, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202400807, W
iley O

nline L
ibrary on [27/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



i) Ordered porous templated carbons are characterized by low
pore tortuosity, thus enhancing electrolyte transport and the
rate/power response for a large variety of electrolytes;

ii) Most studies on templated-based approaches do not supply
volume-normalized performance metrics. However, tem-
plate-derived carbons usually have an above-average pore
volume and, therefore, a limited material density, which is a
disadvantage for volumetric energy storage. Using templates
requires complex multistep synthetic routes toward porous
carbons, thus adding to the production cost and limiting
viability for large-scale production.
Unfortunately, the existing scientific literature does not

focus on the cost-benefit analysis of using template carbons,
especially for emerging cost-rationalized technologies such as
SICs.

Outlook of synthesis methods: scalability vs. performance
in SICs. In summary, there are different approaches to the
preparation of carbon materials from non-critical raw materials
with optimum textural and chemical features. All of them show
capacity values within the range that varies from 60–
120 mAhg� 1 depending on the applied current density and the
potential range, with the lower limit related to the higher rates.
When combined with a negative carbon electrode, the best
examples of full cells reach specific energy values of slightly
above 100 Wh per kg of active material at a power density of
5 kWkg� 1.

Finally, practical industrial interest will be driven by cost,
which is a sum of factors such as precursor availability,
processing steps, yields, etc. As mentioned above, the best

performance-adapted properties are provided using chemical
activation, but its industrial feasibility is hindered by sustain-
ability and cost issues, especially in environmentally savvy
jurisdictions. Mixed chemical /physical activation methods may
be a viable trade-off between cost/sustainability and perform-
ance. Concerning already marketed materials, the best choice
for the large-scale production of SICs can be AC previously
developed for capacitive ion storage in EDLCs such as YP-50 F
from Kuraray Co., Ltd, which offers the optimum cost /perform-
ance market-proven trade-off.

3.2. Binders

The binder is a minor electrode component that has, however,
a major impact on the properties of the whole electrochemical
device. While such inert polymer does not (typically) participate
in the charge storage processes occurring at the electrodes and
only accounts for a few wt% of the overall electrode mass, it
can largely impact the energy, power, and cycle life of an SIC.
Not less importantly, though, it does determine the solvent
used for electrode manufacturing – and eventually recycling –
thus, largely impacting the cost and sustainability of the overall
process.

Binder requirements and state-of-the-art fluoropolymers
The polymeric binder should possess properties that favor

both the production process and enable exceptional electro-

Figure 17. (a) CV curves of N-OMC and YP-50 F at a scan rate of 1.0 mVs� 1. (b) Rate capability of N-OMC and YP-50 F. (c) Cycling stability of N-OMC and YP-
50 F at a current density of 1.0 Ag� 1. Reproduced from [130] with permission from The Royal Society of Chemistry.
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chemical performance as well. Just to name a few, the binder
should, ideally:
i) Provide homogeneous and stable slurries with appropriate

viscosity to enable uniform coating on current collectors;
ii) Allow fast electrode drying at reasonably low temperature

without degrading;
iii) Provide mechanical stability and flexibility to the electrode,

with strong adhesion to the current collector (no easy
delamination) and cohesion of the active material particles;

iv) Be electrochemically stable and should not negatively
interfere with the charge storage processes (e.g. by block-
ing pores, reducing electronic and ionic conductivity,
etc.).[135]
The current SoA binders for SIC do not differ substantially

from those employed already in LIB, SIB, or EDLC
electrodes.[136–138] These are thermoplastic fluoropolymers such
as polyvinylidene fluoride (PVDF) and polytetrafluoroethylene
(PTFE) which, although they fulfill the above-mentioned
requirements, present some environmental challenges. PVDF
requires N-Methyl-2-pyrrolidone (NMP) for slurry preparation, a
teratogenic and irritating organic solvent that must be handled
under controlled conditions. PVDF itself is also mutagenic and
teratogenic. On the other hand, PTFE could be dry-processed,
promising substantial advantages. Nevertheless, being both
PFAS (Per- and Polyfluorinated Substances), the use of such
substances should preferentially be avoided in the future to
enhance the sustainability of SIC.[139]

Transition to aqueous processable fluorine-free binders
Replacing conventional fluoropolymers with F-free binders

that can be processed in water offers the opportunity to
substantially reduce the environmental impact of SIC by
influencing multiple aspects:

Safety and costs. Water is a largely available and harmless
solvent. As a result, the electrode manufacturing process is
substantially simplified. In fact, the complex (condensation/
distillation) solvent recovery system required to avoid disper-
sion of NMP in the environment is no longer needed in the case
of water-based slurries (see Figure 18a). This naturally leads to
reduced costs, both in terms of initial investments as well as
maintenance.[136]

CO2 footprint. Electrode manufacturing is a very energy-
intensive process. For example, during the production of
lithium-ion batteries, the energy consumed upon drying the
electrodes and recovering the solvent can account for about
50% of the total battery manufacturing process.[140] To reduce
the CO2 footprint of overall production, less energy-hungry and
more sustainable processes are needed. Water dries much faster
compared to NMP, thus allowing for reduced drying time/
temperature. Less energy means also lower costs.

Sustainability. The most common water-soluble binders
belong to the family of polysaccharides and are natural
products, or their derivatives (e.g., carboxymethyl cellulose,
CMC). Therefore, contrary to synthetic fluorinated polyolefines,
these can be obtained from renewable sources and will help
reduce the dependency on oil-derived products. Once again,

costs can be potentially cut as well. The market price of
cellulose derivatives is, on average, half that of PVDF.

Recyclability. Fluoropolymers are difficult to dispose of at
the end of the device’s life and largely complicate the recycling
process. Binder removal occurs either via thermal decomposi-
tion at 400–600 °C or using solvents.[139] While the latter
approach is less energy-intensive, it requires the appropriate
solvent. In the case of PVDF, the choice is restricted once again
to harmful organic compounds such as NMP, N,N-dimethylfor-
mamide (DMF), N,N-dimethylacetamide (DMAC), dimethyl
sulfoxide (DMSO), etc.[141] Debinding of electrodes fabricated
with F-free water-soluble binders could be simply performed in
water, without any further environmental concern related to
the treatment and disposal of the residual wastewater.

Green binders for SIC
Detailed studies on binders for SIC are very scarce

compared to those focusing on active materials. Nevertheless,
abundant literature is available on sustainable binders for their
“parental” devices, i. e. SIB and EDLCs.[136–138,142] We do not aim
here to provide a comprehensive technical review (which can
be found elsewhere), but rather to summarize the main classes
of polymeric binders (see also Figure 18b) and analyze the
specific aspects that are relevant for their application in SIC.

Classes of F-free binders for SIC. As already mentioned in
the previous section, the most employed aqueous binder is
CMC, a bio-derived polymer obtained from a simple chemical
treatment (alkalization and etherification) of natural cellulose.
Further examples from the family of natural polysaccharides are
Alginate, Starch, Xanthan and Guar Gum. Among the synthetic
polymers, polyacrylic acid (PAA) and sodium-polyacrylate (Na-
PAA) are the most popular choices, but reports on polyvinyl
alcohol (PVA) and polyvinyl butyral (PVB) can be also found.[136]

While all these polymers can be processed in an aqueous
environment, each one has its peculiar features that may affect
the choice of the right binder for a negative or positive
electrode.

Binders for SIC negative electrodes. Hard Carbon (HC) is
the SoA negative electrode material in both SIB and SIC. It was
extensively proven that CMC can largely overperform PVDF as a
binder in HC-based negative electrodes. Firstly, because CMC is
not affected by defluorination which results in the formation of
NaF and loss of electrode integrity.[143] Additionally, owing to its
capability to form a thin coating layer on the HC particles, CMC
reduces the amount of electrolyte consumed to form the SEI.[144]

For both these reasons, CMC enables enhanced coulombic
efficiency and capacity retention compared to PVDF. When
further active materials are introduced in the negative elec-
trode, such as alloying compounds (e.g., Sn,Sb) that undergo
large volume changes during cycling, the reduced flexibility of
CMC becomes limiting. In such cases, polymers like PAA are
preferred.[144] CMC is a linear polymer with abundant -OH
groups that can form intra-molecular H-bonds, resulting in
higher rigidity. On the contrary, PAA and alginate possess
carboxylic moieties that can effectively graft on the surface of
both the active material particles and the Al current collector,
thus conferring improved mechanical stability and adhesion.
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Interestingly, further synergistic effects can be unlocked by
mixing the above-mentioned binders. In fact, CMC-Alg and
CMC-PAA were found to give rise to an extended cross-linked
3D binder network thanks to the condensation reaction

(esterification) between the -OH groups of CMC and the
carboxyl units of Alg/PAA.[145] Such a matrix could help
accommodate the volume changes of alloying materials and
mitigate the mechanical stress generated by it.

Figure 18. (a) Simplified schematic description of a generic battery/EDLC electrode manufacturing process. From left to right, the main advantages of water
over NMP are highlighted for each step, from the initial mixing of the slurry, its coating on the current collector, the drying of the electrode layer, and, finally,
the solvent recovery. (b) Overview of different classes of binders. The polymers are divided into three main categories according to their processability (water
and/or ethanol processable), chemical composition (F-free), and natural availability (bio-polymers and derivatives). Reproduced from ref. [136] with permission
from the Royal Society of Chemistry.

Wiley VCH Mittwoch, 26.02.2025

2599 / 397369 [S. 27/53] 1

Batteries & Supercaps 2025, e202400807 (27 of 52) © 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH

Batteries & Supercaps
Review
doi.org/10.1002/batt.202400807

 25666223, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202400807, W
iley O

nline L
ibrary on [27/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Binders for SIC positive electrodes. Binder requirements
differ substantially for the capacitive positive electrode. Here
the charge storage occurs typically on high surface area
carbons, such as activated carbon (AC). While in the negative
electrode, it is considered beneficial to have large material
coverage to modulate SEI formation, here any type of pore-
clogging by the binder should be avoided in order not to affect
the electrode capacitance. PAA and PVA were found to be
particularly prone to infiltrate into the electrode porosity, thus
reducing pore volume and available surface area.[146,147] To avoid
excessive pore clogging, the hydrophilic/hydrophobic character
of both binder and AC should be carefully considered. For
hydrophobic AC, hydrophilic binders such as CMC, PVP, etc.
should be preferred. Conversely, hydrophobic resins such as
PVB may better avoid excessive binder spreading in the pores
of hydrophilic AC.[148]

A further challenge to overcome in the positive electrode is
the difficulty of achieving high active material areal loading.
This aspect is often overlooked but is extremely important, in
general, to increase the active material/current collector mass
ratio, consequently improving the specific energy of the device.
Furthermore, in SIC, this is needed to balance the larger
capacity of the HC negative electrode compared to the AC
positive electrode. The poor flexibility of CMC-based electrodes
typically limits the maximum electrode loading achievable
without losing mechanical integrity. To overcome this issue, the
addition of rubberizing agents (e.g. SBR, styrene-butadiene
rubber) or highly branched polysaccharides (such as starch or
xanthan/guar gum) is necessary to avoid excessive shrinking
and cracking of the layer upon drying.[135,149]

Last, but not least, aqueous processing can severely
complicate the inclusion of sacrificial compounds in the positive
electrode. These are fundamental in SIC for the presodiation of
the negative electrode without depleting the electrolyte.
Unfortunately, most of the Na-based compounds proposed so
far are highly reactive/soluble in water (e.g., NaNO3, Na2CxOy,
NaN3, etc.).

[150] Substantial efforts will be required in the future
to identify alternative presodiation additives and stabilize them
in aqueous slurry.

3.3. Electrolytes

The industrial productions of lithium- and sodium-based
technologies do not differ too much from each other (drop in
technology), minimizing the industrialization costs since both
elements share similar characteristics (alkaline elements).[151] The
electrolyte production is no exception: only different alkaline
starting components and production parameters need to be
considered. Analogous to the lithium-ion technology, organic
electrolytes composed of a sodium salt (mostly NaPF6), linear
carbonates, cyclic carbonates, and additives are used in sodium-
ion technologies. Since the current backbone of the electrolyte
(carbonate solvent components) does not differ from lithium
technologies, the electrolyte costs will be determined by the
price of the primary components (salt and additives).

Owing to lower costs of extraction and production of
sodium components, it is expected that the production of
sodium-containing electrolytes should be lower compared to
the cost of lithium electrolytes (242 €T� 1 for Na2CO3,

[152]

14000€T� 1 for Li2CO3
[153]). Despite the lower prices of sodium

raw materials, the demand for sodium-ion technologies is
negligible compared to lithium-ion due to the earlier develop-
ment and commercialization stage. Therefore, the prices for
sodium-containing electrolytes are around two times higher
compared to lithium-containing electrolytes.[154] The electrolyte
accounts for around 12–15% of the total price of the sodium-
ion cell production. This value is almost double the electrolyte's
cost in lithium-ion technologies. It is expected that with an
increasing demand for sodium-ion technologies, the costs for
sodium-containing electrolytes could drop to similar prices as
for lithium electrolytes. A more sustainable and environmentally
friendly sodium production can be achieved compared to
lithium electrolyte production. Due to the abundance of sodium
in the crust of the earth, less sensitive geopolitical deposits, and
an easier extraction process with a lower environmental foot-
print, the development of a stable raw material chain value
production is very realistic.

Another important factor that needs to be considered with
increasing sodium-technology demand is electrolyte recycling.
The recycling process for electrolyte recovery is expected to be
less complicated compared to lithium-ion technologies which
should help reuse different electrolyte components in further
production. Environmental and sustainable aspects of sodium-
ion electrolyte production need to be improved in the coming
years with continued research and development efforts to
realize the up-scaling of SIC electrolytes.

Finally, moving past carbonate components, innovative
solvents (e.g. ionic liquids) will increase the electrolyte
production costs, due to the higher cost involved in the
production of these components. Furthermore, the related new
electrolyte production parameters will become a challenging
consideration, thus, they are still far from being considered a
widespread solution.

After the overview of the industrialization status and
perspectives of SIC electrolytes, the scientific requirements for
them and the state of research in terms of components and
analytical tools will be discussed.

Electrolyte Design Requirements
Electrolytes for SICs must fulfill a variety of different

requirements (Figure 19). As for all electrochemical energy
storage devices (EES) the electrolyte should display a large
electrochemical stability window and high thermal stability.
Also, it must be as economically affordable and safe as possible.
Furthermore, as discussed above, the sustainability of the
production process plays a very important role in its upscaling.

Due to the electrode combination present in SICs, three
aspects are especially important for the electrolyte design:
i) High ionic conductivity. SICs are high-power devices and

are therefore charged/discharged in a fast way.[155] To
guarantee high performance and effective cycling under
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the demanded high current densities, high ionic mobility
within the electrolyte is needed.

ii) Large electrochemical stability window (ESW). To achieve
high energy densities, the realization of high-voltage
devices is required.[155] Thus, the electrolyte needs to display
a large ESW.

iii) Ability to stabilize electrode/electrolyte interphases. SICs
normally consist of a battery-type negative electrode and a
capacitive positive electrode. To realize the key feature of
high cycle life for SICs, both electrode/electrolyte inter-
phases need to be stable.[156] For the negative electrode, the
formation of SEI is thus necessary. On the positive electrode
side, high potential degradation mechanisms, such as
anodic dissolution of the Al current collector, should be
prevented by the electrolyte.
The features of an electrolyte are naturally determined by

its composition. As mentioned before, electrolytes normally
consist of three components: the conducting salt, the solvents
and (optionally) additives. The most common electrolyte
configurations for SICs in lab-scale research are listed below
(Table 2) and discussed afterward.

Solvents
Electrolytes for SICs can be categorized into the most

commonly used: organic, aqueous (Aq.) and ionic liquid (IL).[190]

Among them, the most utilized are organic electrolytes. As in
SIBs, the electrolyte typically contains a cyclic carbonate (e.g.
propylene carbonate PC) combined with a linear carbonate
(e.g. dimethyl carbonate DMC). With this combination it is
possible to realize a compromise between high conductivity
and low viscosity. Most used in SIC systems is a mixture of
ethylene carbonate (EC) and diethyl carbonate (DEC) (cf.
Table 2).

Ponrouch et al. investigated how the choice of solvents
influences different electrolyte properties.[168] Figure 20a
displays the electrochemical and thermal stability window of
NaClO4 electrolytes with varying solvents. Within the inves-
tigated electrolyte matrix, the broadest stability windows (~5 V
and ~300 °C) are obtained for NaClO4 in PC and NaClO4 in EC:
PC. Figure 20b shows how those NaClO4 electrolytes perform in
a hard carbon half-cell. The highest capacity retention is
obtained for NaClO4 in EC:PC.

Park et al. investigated the effect of carbonate-based (EC:
DEC (1 :1 by volume), EC:PC (1 :1 by volume) and PC) and ether-
based (DME, DEGDME, and TEGDME) electrolytes on the electro-
chemical performance of SICs with a negative activated carbon
electrode and a positive Na3V2(PO4)3.

[191] The dissociation
behavior of NaClO4 in different solvents was investigated using
Attenuated Total Reflectance-Fourier Transform Infrared (ATR-
FTIR) spectroscopy, to understand the influence of the dielectric
constant of the solvents on the number of free ions in the
respective electrolytes (Figure 21i). The spectra were resolved
by assigning a peak at 623 cm� 1 to the dissociated ClO4

� anion
and 635 cm� 1 to the contact ion pairs of ClO4

� anions. NaClO4 in
EC:PC due to its high dielectric constant exhibited the highest
degree of dissociation and a large number of free ions, resulting
in its high specific capacitance. Whereas the DME-based electro-
lyte exhibited a low degree of dissociation. In conclusion, the
carbonate-based electrolytes are reported to exhibit better
cycling performance in SIC.[191]

Organic electrolytes have also been used for the realization
of gel polymer electrolytes (GPEs). Implementing GPEs leads to
quasi-solid-state SICs which naturally enhances the safety of the
systems. Furthermore, GPEs display high ionic conductivity and
high mechanical stability.[192]

Figure 19. Overview of electrolytes features relevant for EES application. Especially highlighted are the attributes which directly contribute to the key features
of SICs. High ionic conductivity, stable electrode/electrolyte interphases, and a large ESW facilitate high power density, high cycle life, and high energy
density.
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Table 2 also indicates the less used electrolyte configura-
tions, namely aqueous and ionic liquids. Aqueous electrolytes
are very sustainable, very safe, and show high conductivity
values. However, their application is limited since their narrow
ESW leads to low energy density values. ILs display rather high
viscosity and low conductivity values but due to their non-
volatility and non-flammability also enhance the safety of the
device.[193]

Salts
The most used salt in SIC lab-scale research is sodium

perchlorate (NaClO4). Its broad use is due to its good perform-
ance, affordability, and historical reasons.[145] However, a large-
scale application of any kind is unrealistic as the dry salt is
highly explosive and thus, entails vast safety risks.[49] An
alternative is sodium hexafluorophosphate (NaPF6). This salt is
very common in the SIB field and can also be considered the
emerging standard for SICs.[194,50] Its usage allows for good
performance, but a critical point of discussion is its high fluorine
content. Fluorine-containing salts normally entail the danger of
forming Lewis acids. E.g. LiPF6 is known to form PF5, LiF, and
possibly HF which can all catalyze parasitic side reactions.[195]

However, NaPF6 is thermally more stable and thus does not
form Lewis acids under the same conditions as its lithium
equivalent.[194] Furthermore, fluorine is often considered neces-
sary to form a stable SEI layer.[196,197] Nevertheless, salts
containing less weight percentage fluorine are being inves-
tigated. Examples thereof are imide-based salts like sodium
bis(trifluoromethanesulfonyl)imide (NaTFSI) or sodium
bis(fluorosulfonyl)imide (NaFSI). Ponrouch et al. demonstrated
the different electrochemical stability windows for electrolytes
containing the same solvent (PC) and different sodium salts
(Figure 22a). The imide-based electrolyte NaTFSI in PC shows
the narrowest ESW due to the occurrence of anodic
dissolution.[168] Additives like e.g. FEC or in this case, NaPF6

enable the formation of a passivation layer on the aluminum
surface and thus, enlarge the potential window.

Dahbi et al. showed that the use of different salts in PC-
based electrolytes significantly influences the electrochemical
performance of hard carbon electrodes.[198] Figure 22b displays
stable cycling for NaPF6 in PC and NaTFSI in PC whereas the
NaClO4 in PC system already lost 50% of its initial capacity after
50 cycles.

Additives
As already mentioned, the electrolyte’s film-forming ability

is of utmost importance for SIC application. On the one hand, a
stable SEI should be formed on the negative (battery type)
electrode to ensure high cycle life. On the other hand, a
passivation layer on the positive (capacitive) electrode ought to
be formed, as well. Since (aluminum) current collector corrosion
is a known issue, a passivation layer is needed to inhibit the
anodic dissolution and realize a larger operating voltage
window which leads to higher energy density values. The most
common additive is fluoroethylene carbonate (FEC) (cf. Table 2).
In comparison to various additives that work well for negative
electrodes in lithium systems, FEC is by far the most promising
one for sodium-based devices.[199]

As an example of the paramount influence additives can
have on the stability of a system, Komaba et al.’s results are
shown[199] (Figure 23). In this study, hard carbon half-cells were
cycled with NaClO4 in PC with and without different concen-
trations of FEC. It is evident that the addition of FEC leads to a
significant increase in cycle life.

Monitoring the formation of the SEI is critical for the
improvement of these energy storage devices. Various analyt-
ical tools such as FTIR, XPS, and Raman spectroscopies are used
to probe the composition and formation of the SEI layer.[200,201]

Recently, Hainthaler et al. conducted post-mortem XPS of the
electrodes to explain the difference in floating stabilities of the
SICs with an HC negative electrode and an AC positive

Figure 20. Influences of solvents on electrolyte properties. a) Electrochemical potential window stability (black bars and upper y-axis) and thermal range (green
bars and lower y-axis) values of electrolytes based on 1 M NaClO4 dissolved in various solvents and solvent mixtures. b) Discharge capacity (at C/20) of hard carbon
electrodes using 1 M NaClO4 in various solvent mixtures versus cycle number for the corresponding cells. Reproduced from [168] with permission from the Royal
Society of Chemistry.
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Figure 21. (i) ATR-FTIR spectra of: a) 1.0 M NaClO4-EC/PC and b) 1.0 M NaClO4-DME in the wavenumber range: 580–670 cm
� 1. (ii) a) Charge and discharge

curves of the SIC employing 1.0 M NaClO4-EC:PC at a current density of 500 mAg� 1, b) cycling performance of SICs assembled with different liquid electrolytes
at a current density of 500 mAg� 1, and cyclic voltammograms of SICs with various electrolytes at different scan rates: c) EC:PC and d) DME. Reproduced with
permission from [191]. Copyright © John Wiley & Sons, Inc, 2018

Figure 22. Influences of salts on electrolyte properties. a) Electrochemical potential window stability of PC-based electrolytes with 1 M of various Na salts.[23] b)
Capacity retention for hard carbon electrodes with PC-based electrolyte containing different Na salts at a rate of 25 mAg� 1.[198] Reproduced with permission
from the Royal Society of Chemistry.
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electrode while employing different electrolyte
compositions.[157] The high amount of Na-containing com-
pounds, which are predominantly formed at the HC surface
while using the NaPF6 in EC:PC points to the faster degradation
of the system compared to that of systems with NaTFSI in TEG:
PC electrolyte.

Prospects for Electrolytes
Overall, there is an infinite number of possible SIC electro-

lyte configurations. Depending on the target device the electro-
lyte configuration needs to be adjusted. The optimization of a
SIC electrolyte must occur in careful consideration of the
interactions with the electrode materials, possible sacrificial
agents, and processing steps (e.g. presodiation). To optimize
the electrolyte, advanced analytical techniques are necessary to
understand the degradation mechanisms, electrolyte decom-
position products, etc. High temperatures, voltages, and
prolonged cycling can lead to the decomposition of electro-
lytes, resulting in the formation of various degradation products
that can form a passivation layer on the surface of the electrode
materials or clog their pores, affecting the overall performance
of the system.[202,203] The anodic dissolution of current collectors
upon exposure to these electrolytes is also an important
research direction that has to be underlined.[204] So far, only a
few studies have investigated in detail the degradation
processes taking place in SICs.

Although a great number of research directions are
progressing in the field of SICs that focus on the development
of electrode materials, research on electrolytes for SICs is still in
its infancy. Advanced in situ/operando techniques and post-
mortem methods need to be exploited to get a better under-
standing of the interaction between the electrode and electro-
lytes, corrosion of the current collectors, and other degradation
mechanisms.[205–215]

3.4. Presodiation

A simple, low-cost, time-efficient, environmentally friendly, and
stable/reproducible presodiation of the negative electrode in
SICs is the last and major barrier towards the upscaling of the
technology. As described before, the lack of a sodium source in
a dual carbon SIC requires the presence of a presodiation agent
that enables SEI formation and ensures proper electrochemical
performance. An evident assumption that lithium- and sodium-
based technologies do not differ too much from each other
cannot be applied to this key step. Commercially available LICs
rely on the use of a sacrificial metallic lithium electrode to pre-
lithiate the system, a solution that cannot be transferred to
SICs, owing to the higher reactivity of sodium, which makes the
solution unaffordable in terms of safety. Therefore, the search
for alternative solutions that are technically and economically
viable is needed. In general terms, a presodiation strategy
should fulfill the following requirements:
i) Eliminate the use of metallic sodium. Its high reactivity

might hinder any process in terms of safety, even under
oxygen and moisture-free environments.

ii) Provide sufficient sodium ions to complete presodiation on
the negative electrode.

iii) Avoid leaving any dead mass behind the solution to
maximize energy and power output. If side products are
generated, they should be exhausted.

iv) To ideally be an air-stable solution that does not require the
use of an oxygen-free environment.

v) To be environmentally friendly, sustainable, and cost-
effective.
Research undergoing in the field is not as abundant as in

active materials or electrolytes. As for SIBs, the advantage of SIC
technology is that it has gained major attention after an
advanced development of its lithium-ion counterpart, i. e., LICs.
Thus, many pre-lithiation strategies from LICs,[216] and presodia-
tion strategies from SIBs[217] have been transferred to SIC
technology. In SIBs, the sodium-based positive electrode is
responsible for providing the required Na+ to the negative
electrode, which normally requires to be oversized to compen-
sate for the irreversibility of initial cycles at the negative
electrode. Other strategies have also been employed, in
particular: i) the use of Na-rich positive electrodes,[218–220] ii) the
introduction of a presodiation agent (also called sacrificial salt
or additive) such as Na3N,

[221] NaCrO2,
[222] Na2C4O4,

[223] Na2S,
[224]

and Na2O;
[225] iii) chemical presodiation of negative electrodes

coated with sodium metal powder (NaMP),[226] immersed into a
Na-naphthalene[227] or Na-biphenyl[228] in 1,2 dimethoxyethane
(DME) solution, or even sprayed by Na-naphthalene dissolved in
tetrahydrofuran.[229] Among them, the most promising solution
fulfilling the abovementioned requirements for technical and
economic viability is the use of sacrificial salts in the positive
electrode.

Sacrificial Salts
Beyond the general requirements identified for presodia-

tion, the use of sacrificial salts requires specific requirements to
guarantee its viability:

Figure 23. Influence of additives on the electrochemical performance. Hard
carbon half-cells with NaClO4 in PC (a) without and with (b) 2 vol% and (c)
10 vol% FEC.[199] Reproduced with permission from the Royal Society of
Chemistry.
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i) To be highly reversible to minimize the presence of salt and
reduce mechanical and chemical impact in the positive
electrode.

ii) The oxidation potential of the salt needs to be in the
operation potential window of the positive electrode.
In 2012 Kuratani et al. first studied the presodiation of an

HC to be employed as a negative electrode in SICs.[8] Those first
experiments used an electrochemical presodiation technique
whose setup consisted of an auxiliary sodium metal electrode
as the counter/reference electrode, and HC as the working
electrode. The suitability of this strategy was confirmed by the
appropriate performance of the final device. Since then, the
approach of Kuratani et al. has guided most of the researchers
in their quest for novel materials or electrolytes in full lab-scale
devices while the development of a sustainable presodiation
method has often been sidelined.[87,230] However, scalable
presodiation is of paramount importance for upscaling the SIC
technology, and in recent years, many alternatives such as
Na2S,

[231] Na2C4O4,
[232,233] NaNH2,

[234] NaBH4,
[235] Na2CO3,

[236]

Na2C3O4,
[237] NaCN[238] have been investigated as sacrificial

components incorporated in the formulation of the positive
electrode. The main characteristics of these salts are summar-
ized in Table 3, to foster discussion on their appropriateness
while some of the details of these works are more in-depth
reviewed below, focusing on the salt itself rather than device
performance and cyclability, which in these works is condi-
tioned by many factors, such as the selected voltage window,
the mass balance, the quality of the electrodes or the cell
configuration (coin cell, Swagelok cell).

Starting in 2019, Pan et al. proposed a positive electrode
with a 40% wt. of sodium sulfide (Na2S) to be part of the
electrode composition for pre-sodiating a Sn4P3 negative
electrode in the 1 M NaClO4 (EC:PC) electrolyte.

[231] Na2S shows a
theoretical irreversible capacity of 687 mAhg� 1 within two
oxidation stages attributed to sulfide anion oxidation and
sodium extraction at ca. 2.2 and 3.7–3.8 V vs. Na/Na+,
respectively (see Figure 24a). The release of Na+ during the first
charge of the SIC at C/20 (being C the theoretical capacity of
Na2S), allows the proper presodiation of Sn4P3 (see Figure 24b)
while releasing polysulfides and sulfur gas.

Arnaiz et al. reported the use of disodium squarate
(Na2C4O4) in a SIC for the first time.[232] The theoretical capacity
of Na2C4O4 (339 mAhg

� 1,) requires a salt content of 40 wt.% in
the AC positive electrode (i. e., AC 50 wt.%) for successfully pre-
sodiating the negative electrode in 1 M NaClO4 (EC:PC) electro-
lyte. Na2C4O4 irreversibly oxidizes at 3.7–3.8 V vs. Na/Na+

Na2C4O4, operating at the same potential range as the AC (see
Figure 24c), and releasing CO and CO2 gases as by-products.

Jezowksi et al. reported the use of sodium amide (NaNH2)
on one side and sodium borohydride (NaBH4) on the other side,
together with an AC as a positive electrode for SICs in 1 M
NaClO4 (EC:PC).

[234,235] NaNH2 is shown to irreversibly oxidize at
3.8 V vs. Na/Na+ (see Figure 24i), with a high theoretical
capacity of 680 mAhg� 1 enabling a positive electrode with only
25 wt.% of presodiation agent, but releasing hydrazine species
and N2 and H2 gaseous byproducts. NaBH4, which shows a
higher theoretical capacity of 710 mAhg� 1 and an oxidation
potential between 2.4 – 2.7 V vs. Na/Na+ was also used in the
positive electrode in a 25% amount, releasing H2 (g) as a
byproduct. Both compounds were able to successfully pre-
sodiate their corresponding negative electrode.

Sun et al. claimed that some of the reported strategies are
hazardous (toxic, flammable, and explosive) (e.g., Na2S and
NaNH2) and sensitive to ambient air conditions, whereas others
show too low irreversible capacity output (e.g., Na2C4O4). Thus,
they reported the use of sodium carbonate (Na2CO3) and
sodium oxalate (Na2C2O4) as a presodiation agent, which shows
a theoretical and practical capacity of 505 mAhg� 1 and
417.1 mAhg� 1 (82.6%, with a slopping oxidation potential
profile between 3.8–4.4 V vs. Na/Na+.[236] The by-products
generated are mainly CO2 (71.3%) and O2 (4.5%). For Na2CO3, it
was experimentally determined that introducing the salt in an
amount of 40 wt.% in the positive electrode composition was
the most appropriate for a safe potential window operation of
the negative electrode, even at fast discharge (i. e., 30 s). With
regard to Na2C2O4, it oxidizes irreversibly between 3.7 and 4.0 V
vs. Na/Na+ (see Figure 25c) with a theoretical capacity of
400 mAh g� 1 and CO2 as the unique by-product, which is easy
to remove with a typical degassing process. Moreover, the
authors claim that not only does the AC serve as an active
material, but it also catalyzes the decomposition of Na2C2O4.

Table 3. Summary of different descriptors for different presodiation agents.

Na2S NaNH2 NaBH4 NaCN Na2C4O4 Na2CO3 Na2C2O4

Irreversible capacity
(mAh g� 1)

687 680 710 547 339 505 400

Oxidation
potential
(V vs. Na/Na+)

2.2
3.7–3.8

3.8 2.4–2.7 2.9 3.7–3.8 3.8–4.4 3.7–4.0

% required in the AC electrode 40 25 25 36 40 40 55

Negative electrode HC HC HC HC HC HC HC/Sn4P3

By-products (R-Sn)x, S NH2-NH2 N2, H2 H2 C2N2 CO, CO2 CO2, O2 CO, CO2

Toxicity � � � � + + +

Air stable � � � � + + +
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Again, both compounds show the ability to pre-sodiate the
corresponding HC electrode.

Finally, Pan et al. reported the use of sodium cyanide
(NaCN) as a presodiation agent.[238] Similarly to previous
components, it was also incorporated in the formulation of the
positive electrode, in this case, in a 36 wt.%. NaCN shows an
oxidization potential at 2.9 V vs. Na/Na+ within a theoretical
capacity of 547 mAhg� 1. The operando electrochemical mass
spectroscopy of the cell environment and the internal pressure

measurements reveal that the oxidation of this compound does
not show any gas evolution. The oxidation of NaCN produces
cyanogen C2N2, which is highly soluble in organic solvents,
consequently, the subproduct of the oxidation reaction is totally
dissolved in the electrolyte. However, the cyanogen is highly
toxic as it readily undergoes reduction to cyanide and its large-
scale use is questionable with respect to safety concerns.

Figure 24. Presodiation components incorporated in the positive electrode such as Na2S a) CV of AC-Na2S, b) presodiation of Sn4P3;
[231] Na2C4O4: c) CV of AC-

Na2C4O4, d) presodiation of HC,
[232] e) presodiation of Sn4P3, f) cyclability test of SIC (Sn4P3:AC);

[233] NaNH2: g) CV of ACNaNH2, h) presodiation of Sn4P3
[234]; NaBH4:

i) CV of AC-NaBH4, j) presodiation of Sn4P3, k) presodiation of HC, and, l) Ragone plot of comparing NaBH4 pre-sodiated SICs.
[235]. Reproduced with permission

from Elsevier,[231,233,234] the Royal Society of Chemistry,[232] and De Gruyter.[235] e), f), i), j), k), and l) are reproduced under the CC BY 4.0 license.
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Redox-Active Species
Recently, Maćkowiak et al. followed a new approach to

metal-ion capacitors which is devoted to working with redox-
active electrolytes.[239] The solubility of thiocyanate species in
organic and aqueous electrolytes[240] gave some insights into
the possibility of incorporating them into sodium-based electro-
lytes in order to use SCN� anions as active species.[239] This
approach is very interesting from the fabrication point of view
since it doesn't require the modification of electrode manufac-
turing, releasing the positive electrode from the mechanical
stress that generates the incorporation of a sacrificial salt.
However, the possibility of generating cyanides as a subproduct
hampers the scalability of this approach.

Future Developments
Table 3 summarizes the main and most important points of

all the above above-described presodiation agents and allows
for making an interesting comparison between them. It is worth
noting that among the presodiation agents (i. e., Na2S, NaNH2,
NaBH4, NaCN) incorporated in the formulation of the positive
electrode, the highest irreversible capacity pertains to those
that generate more prejudicial gases and are hazardous and
toxic for the environment. Meanwhile, those with a lower
irreversible capacity (i. e., Na2C4O4, Na2CO3, Na2C2O4) are more
environmentally friendly, and the generated gases are shown to
influence electrochemical performance, even positively, and can
be easily taken out of the cells without any important environ-
mental impact.

In principle, the incorporation of a sodiation agent into the
formulation of a positive electrode could be easily implemented
in industry without requiring an additional step in the SIC

manufacturing process. Simply adding a new ingredient to the
slurry formulation should be sufficient. However, despite the
fact that it has already been proven for LICs, targeting water
processing might incorporate an extra challenge, since most of
the reported sacrificial salts are stable in NMP, but not in water,
where they can lose their carbon coatings or even redissolve.
Thus, on top of the proper selection of the sacrificial salt, its
incorporation in water processing needs to be studied as well.

4. SIC Manufacturing Challenges: Towards
Industrialization

The manufacturing process for SICs shares similarities with
typical battery manufacturing, and is a key factor in ensuring
the sustainability of the technology. Conventional fabrication
techniques rely on wet slurry electrode preparation methods
using NMP or water-based solutions, as described in various
studies.[140,241,242] Although water-based processing is highly
desirable for its environmental and safety benefits, it poses
significant challenges, especially for carbon materials in general
and AC in particular. As an alternative, the dry electrode
fabrication method is gradually gaining traction in the industry.
This method offers potential cost reductions by eliminating the
solvent and drying steps. However, most manufacturers
currently use the conventional wet method because it is a well-
established process and is compatible with a wide range of
materials.

Manufacturing SICs presents unique challenges due to their
hybrid device architecture, which makes the process more

Figure 25. Presodiation components incorporated in the positive electrode such as Na2CO3 a) Charge/discharge and inset CV of AC-Na2CO3, and b)
presodiation of HC;[236] Na2C2O4: c) Charge/discharge and inset CV of AC- Na2C2O4, and d) presodiation of HC;

[237] NaCN: e) CV of ACNaCN, and f) presodiation of
Sn4P3/HC.

[238] Copyright © Elsevier, 2021, 2022, 2023.
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complex compared to conventional batteries. One challenge
stems from the high surface area of the AC electrode, which
complicates its incorporation into water-based slurries and
hampers adhesion to the current collector. Additionally, both
AC and HC electrodes lack sodium ions, which necessitates an
extra presodiation step to introduce sodium-ion species for
charge storage in the battery-type electrode. The manufactur-
ing process typically begins with electrode fabrication, includ-
ing slurry formulation, electrode coating, drying, and calendar-
ing. This is followed by cell assembly, final quality control, and
testing of the produced cells.

Slurry Formulation
In the industry, slurry formulations can be scaled up to

batches of 50 L or more, whereas lab-scale testing of initial
formulations is typically conducted with only a few millilitres.
The sole purpose of these small-scale tests is to evaluate the
material’s performance. Once the material passes these prelimi-
nary tests, its scalability must be assessed by developing slurries
at an intermediate scale, typically ranging from 0.1 to 5 L.

The first step in scaling up involves selecting the desired
volume, mixing technique, and equipment to ensure a smooth

transition to larger-scale production. Typically, a mixing tank
(such as those shown in Figure 26a for up to 1 liter), an impeller,
and a cooling jacket are required to maintain a constant
temperature during slurry formulation. Additionally, the slurry
formulation must be carefully redesigned to ensure that the
binder and conductive carbon content during coating is
optimal to balance resistance, porosity, electrode adhesion, and
cohesion, thereby achieving maximum performance.[243] To
produce high-quality dispersions–essential for high-quality
electrodes–several parameters need to be optimized. These
include the order in which ingredients are added, the density of
materials, the solid content of the slurry, as well as the viscosity
and stability of the ink. These parameters should be adjusted
based on the electrode coating technique to ensure the proper
shear rate of the fluid is maintained consistently from batch to
batch (Figure 26b).

During the water-based ink formulation, the active materials
(AC and HC) are mixed with binders such as carboxymethyl
cellulose and styrene-butadiene rubber, and conducting addi-
tives to form a slurry with appropriately controlled viscosity and
homogeneity during the coating process (Figure 26c). Com-
pared to NMP processing, it is more challenging to disperse

Figure 26. a) tanks of different sizes for slurry formulation b) parameters considered to set disc position c) rheology adjustment of the slurry d) grindometer
test e) 5 L tanks f) 50 L tank. Adapted from [245] under the CC BY 4.0 license. © IOP Publishing. Reproduced with permission. All rights reserved.
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carbons in water than in NMP-based slurries due to the easier
aggregation of conductive carbon black (Figure 26d, red), and
special care must be taken in every single step to obtain
aggregate-free slurries (Figure 26d, green).[244] The dispersion
quality of both active materials also differs significantly, since
the high SSA of AC induces high water uptake. Finally, rheology
analysis and quality control are of utmost importance to obtain
the required reproducibility for electrode coating when using
large tanks of 5 and 50 L shown in Figures 26e and f.

Electrode Coating, Drying, Calendaring, and Cutting
The electrode coating process for water-based HC electro-

des is well established. However, water-based processing for AC
electrodes is significantly more challenging and remains under
development. Compared to typical battery-type positive elec-
trodes, the adhesion of AC to the current collector foil is
relatively poor due to the high surface area and porosity of the
AC particles. As a result, higher binder content is required to
ensure sufficient adhesion. Nevertheless, adhesion can be
improved by carefully selecting the current collector before
electrode coating. For instance, etched aluminum offers higher
surface contact, which improves adhesion, but it is considerably
more expensive than bare aluminum. A more economically
viable option is using a conductive primer-coated foil to aid
adhesion, although other properties, such as aluminum corro-
sion, rate performance, and equivalent series resistance, in
which the current collector/electrode interphase plays a critical
role, must be investigated to determine the optimal foil.[246]

Once the formulation is defined and developed, and the
current collector selected, the electrode coating process uses a
roll-to-roll continuous coater (Figure 27a and c) with a slot die
method or comma bar transfer coater attached to multi-staged

combined dryers spanning several meters (Figure 27e). A slot
die coater is usually preferred for high throughput and coating
speeds. However, much stricter slurry characteristics are
required in the slot die coater, which mandates stringent
coating tolerance limits regarding agglomerates, fluid pressure,
and viscosity instabilities during coating. These aspects must be
thoroughly investigated to guarantee successful coatings since
they are influenced by particle morphology, binder/active
material interactions, and basicity. Generally, higher solid
contents in the slurries are desired to increase the energy
density and reduce the cost associated with solvent evaporation
-and recovery in the case of NMP.

Drying is the fundamental parameter of the electrode
coating process, which is conditioned by the production rate.
Industrial electrode production rate goes beyond 60 meters of
electrodes per minute, with 100 meters being a common
standard. This production rate conditions the number and
length of ovens, the temperatures required, and the techniques
used to dry the electrodes while producing them with no
cracks, good homogeneity and cohesion as well as good
double-sided adhesion. Therefore, usually, the process is
optimized in a prototype pilot line before industrial production
(Figure 27c). Different drying techniques exist, such as infrared,
laser, microwave, or Joule heating technologies, however, still
conventional air-drying ovens are mostly utilized in industry. A
fixed number of ovens one after each other, with low temper-
ature gradients and contended airflows to avoid turbulence are
configured and will determine solvent evaporation rate, which
impacts the final structure of the electrode as depicted in
Figure 27b.

Upon completing the coating step, electrode compaction
(Figure 27f) follows to reduce (and optimize) the electrode’s

Figure 27. a) Comma bar coating equipment scheme b) drying process c) comma bar d) wet electrode entering the oven e) ovens in a pilot line f) calendaring
g) semi-automated cell assembly laboratory. Adapted from [245] under the CC BY 4.0 license. © IOP Publishing. Reproduced with permission. All rights
reserved.
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porosity and improve the volumetric energy density. However,
care should be taken to control the compaction degree to avoid
over-pressing the electrode, disrupting electrolyte diffusion,
and affecting the rate performance. Since activated carbon is
porous in nature, compaction can increase the electrode’s
tortuosity as the void spaces are decreased, also improving the
interparticle connectivity. Therefore, careful optimization is
required to determine the compaction degree for optimum
performance. Finally, electrodes are cut into the desired
geometry depending on the cell format selected (Figure 27g).

Cell Assembly
Different formats and form factors of the final cell, including

a cylindrical hard case, a prismatic hard case, and a prismatic
pouch, can be used to house active materials. The selection of
the form factor brings both advantages and drawbacks in terms
of device characteristics and production. On the one hand, the
selection of the form affects mechanical characteristics, cell
capacity, and internal resistance. An example is the additional
protection accrued from the hard case formats, which impacts
structural rigidity and safety. However, this rigidity, limited
internal volume utilization, and additional weight reduce the
module and pack density, resulting in lower energy densities
compared to the prismatic pouch cell format. The prismatic
pouch cell format is a more flexible design option in which the
active material layers can be easily increased or decreased at
minimal cost. Furthermore, the lightweight and flexible Al-
polymer pouch improves both module and pack energy density
and efficiency. Nevertheless, the soft packaging of the prismatic
pouch does not provide structural rigidity and can easily
deform by gas formation during operation. The selection of cell
design affects also internal resistance, and consequently, the
overall cell capacity. Cylindrical formats present a tightly wound
electrode and separator assembly, providing excellent structural
stability and uniform current distribution. The consistent
internal pressure ensures good contact between the layers,
reducing contact resistance and minimizing ESR. In contrast,
prismatic and pouch cells require careful attention to electrode
stack compression and tab welding quality, as non-uniform
contact can increase resistance. On the other hand, the
selection of the form factor also affects production rates. For
faster throughputs, the cylindrical hard case format is the
preferred alternative, but the energy density is lower than using
the prismatic hard case format. In contrast, the prismatic hard
case format enables much higher energy densities than the
cylindrical hard case format, but the manufacturing cost is
much higher while the throughput is also lower. Thus, there are
several aspects to consider depending on the market strategy.
A schematic of the assembly procedure for the different cell
formats is presented in Figure 28.

One key point to note in cell assembly is controlling the
moisture content of the electrode stack or wound roll by drying
it before assembly. This is particularly critical for activated
carbon, where the high SSA and porosity make it extremely
difficult to reduce the moisture content to very low values
(typically less than 250 ppm). Confined moisture and solvent in
the pores arise from the mixing process, where solvents such as

NMP and water are used. Despite the much lower boiling point
of water compared to NMP, confined moisture trapped in the
pores is challenging to remove without very high temperatures
and prolonged drying under extreme vacuum. Here, it is once
again critical to evaluate the properties of the activated carbon,
such as its high surface area and porosity, to ensure that solvent
removal can be economically viable before cell assembly.
Activated carbons with higher surface area and surface oxygen-
rich often require extreme drying conditions to remove the
moisture. Prolonged drying, high temperature, and vacuum
conditions increase electricity consumption and operating costs
when striving to control the moisture and remnant solvent
content in the electrode. Failure to remove this solvent can
cause issues related to gas formation and visible swelling,
depending on the utilized form factor. This can further
compromise the safety and performance of the cell, since the
organic electrolyte is negatively impacted by the presence of
moisture in the cell, especially when using electrolyte salts
composed of the PF6 anion, which hydrolyses to form HF, POF3,
and PF5 in contact with trace moisture in the cell.

[248] Here again,
dry electrode fabrication is advantageous since it can eliminate
the issues concerning remnant solvent and drying of the
electrode. However, the technology is still in its early stages.

Cell Activation
After the cell stacks have been transferred to various

housings, the activation step commences with electrolyte
injection, as described in Figure 28b. The electrolyte amount
and injection process must be carefully controlled to ensure
sufficient wetting of the electrode surface and saturation of the
total pore volume, including the electrodes and separator,
without occupying excess dead space and volumes. Failure to
optimize the electrolyte content will result in a decreased
energy density, since the weight of the electrolyte is also
accounted for when calculating the energy density. Active
materials with higher porosity (mesopores and macropores) will
necessitate a higher volume of electrolyte and impact the
energy density of the produced cell. Separators with too high
porosity will also require increased electrolyte amounts to
saturate the pores. Hence, unoptimized weights of inactive
components will be detrimental to the achievable energy
density. The separator porosity, thickness, and ion transport
properties must be meticulously optimized to ensure fast
charge storage and increased safety with presodiated negative
electrodes. Cellulose-based separators provide faster charge
transport in capacitors than the industry-used polymers.[249]

However, polymer separators are thinner, have lower porosity,
and reduce the contribution of inactive components.

After the injection step, the cell housing is sealed in
preparation for the formation step. The formation step is a
critical part of the final cell assembly, since it influences the
cycle life and performance of the cell in its final application
phase. Here, the cells are subjected to specially adapted
charging protocols to condition the cell at elevated temper-
atures. Degradation is accelerated along with the initial side
reactions to produce protective passivation films on the
electrode surfaces. Gases are produced during this step, and
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their nature depends on the electrolyte constituents, the
remnant solvent in the electrodes, and the electrode/electrolyte
interactions. It is essential to complete the formation process by
eliminating the gases formed before the cell is resealed (in the
case of pouch cells) or the gas outlets are closed (in the case of
prismatic hard case or cylindrical cells). The specifics of the
formation step, including presodiation and aging procedures,

are industrial trade secrets today, and consequently, limited
public information is available on the chosen procedures.
However, each formation step is characterized by specially
adapted charging procedures, including constant current and
constant voltage charging steps at specified voltages. After the
formation step, the typical testing procedures commence to

Figure 28. a) Schematic of the cell assembly procedure for different cell formats; b) A schematic of the cell activation procedure for different formats.
Reprinted with permission from [247]. Copyright © Elsevier, 2017.
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characterize the capacity and performance of the developed
cells.

In summary, similar processes are expected when manufac-
turing sodium-ion capacitors compared to sodium-ion or
lithium-ion batteries. However, several critical steps, such as
electrode drying and formation procedures, may pose chal-
lenges in terms of cost, equipment limitations, and process
optimization. The high surface area of activated carbon must be
effectively studied to guarantee optimal handling and smooth
drying and formation processes. The highest surface area
sample may not necessarily be the best choice, as it may cause
process issues, as mentioned previously. Energy consumption
during capacitor manufacturing is much higher than batteries
due to the drying conditions for the electrodes and stacks
arising from the high surface area of activated carbon. This is
eventually reflected in the unit cost per F of a capacitor.
Therefore, more emphasis must be placed on evaluating
potential cost reduction strategies such as eliminating solvent
use, alternative drying techniques, and correlating the proper-
ties of the activated carbon with the ease of drying.

5. Applications and Management System

Despite SICs not having reached the market yet, their perform-
ance is expected to be on par with that of LICs, with anticipated
improvements in power performance and sustainability due to
the inherent nature of the carbon materials used in SIC
technology. Therefore, the applications section is covered by
the existing LIC technology, with high expectations that SICs
will replace LICs in the future. Compared to conventional
lithium-ion or sodium-ion batteries, LICs offer several advan-
tages in applications requiring:
i) high-power density
ii) very short charge and discharge times ranging from

seconds to minutes,
iii) thousands of charge/discharge cycles or/and floating hours
iv) low-self discharge
v) wide operating temperature

Compared to EDLCs, which can meet most of the above-
mentioned requirements (except for self-discharge, which can
be the limiting factor in many applications), LICs offer 3 to 4
times higher energy density. Table 4 compares LICs and SICs
with the other two major electrochemical energy storage
devices (excluding Pb-Acid), which are currently used in many
target applications for SIC technology.

Moreover, SICs will allow energy storage in applications
where it was previously not possible and can be hybridized
with other technologies, such as metal-ion batteries (LIBs or
SIBs) and fuel cells. These strategies increase the efficiency and
life expectancy of storage systems, directly reducing environ-
mental impact and improving sustainability. In the following
sections, a description is provided of the various applications in
which SICs can be implemented after LICs or SCs have
demonstrated their value, as well as considerations regarding
the MIC-based energy storage management system.

Applications
This section reviews different applications where SICs can

have an impact (see Figure 29a), including integration with
renewable energy, mobility, and industrial applications. As
shown in Figure 29b, energy storage systems can provide
various services depending on the response time needed. SICs
may be suitable when long discharge duration times are
required, such as in primary and secondary response services,
black start, and power quality.[250] Figure 29c summarizes the
suitability of different energy storage technologies for a wide
range of stationary applications.

Stationary Sector
In recent years, the focus on climate change and sustain-

ability has led to a reduction in dependence on fossil fuels like
coal and oil, with the introduction of renewable energy sources
such as wind and solar energy. This shift has resulted in a less
centralized energy system, potentially reducing grid stability.
Additionally, renewable energy sources like wind and solar are
intermittent, making energy storage vital, where MICs have
already demonstrated their benefits. Wind energy, for instance,
experiences large voltage oscillations due to power generation
fluctuations under different wind conditions, which can harm
connected electronic systems. SICs offer a solution for stabiliz-
ing power transmission and storing excess energy. For solar
energy, SICs present a promising way to bridge the gap
between the specific energy, power, and service life of batteries
and supercapacitors.[252] For low-power wide-area network
(LPWAN) applications, LICs are already being used with solar
panels.[253] Beyond renewables, backup power generators are

Table 4. Characteristics of different electrochemical energy storage sys-
tems.

EDLC LIB LIC SIC

Negative
Elec.

AC Graphite Graphite HC

Positive
Elec.

AC LFP,
NMC

AC AC

Energy
Density

� + + + + + + +

Power
Density

+ + + � + + + + +

Charge –
discharge

In
seconds

Hours/
minutes

In
seconds

In
seconds

Internal
resistance

+ + + � + + +

Low T
performance

+ + + � + + +

Self-
discharge

� + + + + + + +

Cycle Life 1 M 1–5 k 1 k-1 M 1 k-1 M

Safety + + + � + + + + +

CRM No Yes Yes No

Applications High
power

High
energy

High power
medium
energy

High power
medium
energy
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employed to ramp up power after a network outage. Due to
their quick response time, some companies already commerci-
alize power supply systems based on LICs.[254–256]

Mobility Sector
The need to create a green, sustainable society free of CO2

emissions drives the electrification of transportation. Electric
vehicles for both public and private transport are becoming an
integral part of modern transport systems, enhanced by hybrid-
ization solutions combining different storage elements. Hybrid-
ization arises from the need for both high energy and high
specific power.[257] In mobility applications, SICs could stabilize
the electrical system’s power during regenerative braking
energy recovery and acceleration boosts, protect batteries and
fuel cells from peak loads, and reduce H2 consumption in fuel
cell-based systems. Compared to existing EDLC-based solutions,
SICs could achieve this with half the weight and volume, thanks
to their higher energy density.

In[258,259] the concepts, topologies, and advantages of
external hybridization of batteries and supercapacitors in
electric vehicle applications are discussed, while[260] discusses
the dynamic and thermal behaviors of supercapacitors. Recent
studies address the modeling of commercial SCs and hybrid
systems. The first hybrid bus in Europe with SCs was the so-
called “Ultracap Bus” tested in Nuremberg, Germany, in 2001.
Then, the electric bus fleet was tested in Luzern, Switzerland, in
2002. After every transportation cycle, the SCs could be
recharged within 3 to 4 min with a high-speed power charger.
After LICs reached the market, 15 buses in Manchester were
equipped with LIC modules in 2015.[263] The LIC modules
installed by JM Energy could provide the same service as the

EDLC modules, at less than half the weight and saving quite an
amount of space. The comparison of specifications of both LIC
and EDLC modules can be seen in Figure 30b.[264] Currently,
manufacturers such as Toyota, Peugeot, and Lamborghini that
use an SC to increase vehicle performance[265,266] could benefit
from using SICs to save volume and weight, thus, obtaining cars
with less consumption.

The hybridization of high-energy fuel cell-based systems
with a power device was also pioneered by supercaps.[267] The
impact of the hybridization of SC with fuel cells in terms of
efficiency, high performance, low size, and light system is
evidenced.[268] The hybrid fuel cell/battery/SC configuration still
provides the most extended lifetime for batteries.[269,270] How-
ever, in recent times, the replacement of EDLCs with LICs, and
ultimately with SICs, holds promise for more efficient hybrid-
ization strategy.[271]

Studies in the railway sector address the advantages of SCs
in terms of efficiency for braking energy recovery and as an
energy storage element both in railway substations and the
train’s own 750 V DC bus.[272,273] On the other hand, in,[274] the
effectiveness of implementing a hybrid energy storage system
in terms of efficiency in railway systems is demonstrated.[275]

Again, SCs pioneered the field, but after years of research, LICs
have now entered the market and can potentially replace
EDLCs. Similarly to some commercial hybrid solutions already
existing for SCs, like the Paris T3 tram line and Geneva Public
Transport tram,[276] it is expected that the use of LICs and SICs
will soon become widespread.

Figure 29. a) Applications. Reproduced with permission from [251]. Copyright © Elsevier, 2021; b) Application with technical requirements;[250] c) Description of
electricity energy storage applications and technology suitability[250] Reproduced with permission. Copyright © Cell Press (2019)

Wiley VCH Mittwoch, 26.02.2025

2599 / 397369 [S. 41/53] 1

Batteries & Supercaps 2025, e202400807 (41 of 52) © 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH

Batteries & Supercaps
Review
doi.org/10.1002/batt.202400807

 25666223, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202400807, W
iley O

nline L
ibrary on [27/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Industrial Sector
In recent decades, industries have been moving towards

more autonomous operations, leading to a high energy
demand to operate various equipment. Additionally, some
sectors cannot afford power downtimes, making reliable energy
storage solutions essential. SICs could be well-suited for several
applications, such as logistics equipment, medical devices, and
the Internet of Things (IoT).

For example, logistics equipment like forklifts are tradition-
ally powered by gasoline engines, which contribute to gas
emissions and noise. They have been increasingly replaced by
LIBs. Similarly, Automatic Guided Vehicles (AGVs) are currently
powered by LIBs. However, both require long charging times–
often several hours–which limits their efficiency in industrial
settings. In contrast, LICs provide sufficient energy density and
high-rate current performance, allowing for rapid starts and
stops in forklifts and enabling fast charging within minutes. This
significantly reduces downtime due to charging. Moreover, LICs
have a longer cycle life compared to LIBs, leading to reduced
replacement and battery costs, as well as savings in space and
weight. For instance, Zhang et al. demonstrated the integration
of LICs into an AGV, achieving a maintenance-free AGV capable
of charging in just 2 minutes and operating 24/7.[277]

Medical equipment is critical and cannot afford any energy
downtime. Thus, the installation of energy backup systems is
crucial. In this sense, these systems must provide high power in
a short time. The weight of this backup system is also
important. Here, SICs can provide high power in a short period
(in the range of seconds), offer long cycle life, and are lighter
than lithium-ion batteries. In addition, safety is much improved
compared to LIBs since no thermal runaway can occur. For
medical devices like wheelchairs, the implementation of SICs
could also be beneficial. Hussain et al. analyzed the benefits of
using SCs in a wheelchair that also contained LIBs.[278] They
found that the proposed system required less charging time
and was more efficient for high-power demands. SICs could
potentially offer even better performance by providing a lighter
solution with the same energy and power characteristics as SCs.

The use of IoT devices has significantly increased in recent
years, driven by the digitalization of industries. In 2020, the
European Institute of Innovation & Technology identified IoT as

a key segment for capacitor development due to the need for
energy storage systems capable of delivering high periodic
pulses of current to transmit data, having long cycle life to
minimize replacements, and operating effectively over a wide
temperature range. Hybrid cells like SICs can also be considered
as they enable miniaturization of the devices, potentially
keeping the benefits provided by SCs.

Sodium Ion Capacitor Management System (SMS)
As discussed in the previous section, SICs can be utilized in

a wide variety of applications. However, to integrate these cells
into a real-world system and achieve the desired power,
voltage, and energy levels, multiple cells must be connected in
series and/or parallel to form a module. It is important to note
that when a cell or module operates outside its specified
voltage range, above the maximum allowable charge/discharge
current values, or beyond its temperature limits, it experiences
accelerated degradation and an increased risk of failure.

To mitigate these risks, the Sodium Ion Capacitor Manage-
ment System (SMS) continuously monitors cell and module
parameters in real time and protects the module under various
operating conditions. This monitoring enhances performance
and safety while extending the module’s lifespan. The following
sections will outline the main functionalities and structure of
the SMS (Figure 31a).

Similar to a Battery Management System (BMS), the SMS
can be defined as the system responsible for managing the SIC
module. As can be seen in Figure 31a, it presents voltage,
current and temperature inputs corresponding to the data
achieved by sensoring the pack, and as outputs different
commands such as protections, state of the SIC, and signals
about thermal management of the system. In the following
sections, an explanation of the SMS structure will be given.

Protections
In general, cell operating conditions are specified by the

manufacturer based on the materials used in their construction.
The manufacturer provides key parameters in the datasheet,
such as the recommended voltage range, maximum allowable
charging and discharging currents, and the acceptable temper-
ature range. These parameters are essential for defining SMS

Figure 30. a) Bus equipped with LIC modules. b) Specification comparison for LICs and EDLCs for bus application.
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protections, which ensure that cells operate within safe limits,
preventing unsafe conditions that could lead to cell failure.

Common SMS protections include safeguards against over-
voltage and under-voltage, over-current and short-circuit, and
over-temperature and under-temperature. In 2019, Oca et al.
analyzed potential responses to extreme conditions by studying
the safety performance of several commercial cells subjected to
electrical abuse tests.[280] The study found that under over-
charge and deep discharge conditions, the internal resistance of
the cells increased significantly (up to 234 mΩ), accompanied
by gas formation and cell swelling. Although no severe hazards
like fire or explosion were observed, the cells did suffer
irreversible damage.

Additionally, it is important to consider that the high
currents used by SICs can lead to overheating. As Soltani et al.
analyzed, a thermal management system is crucial to maintain-
ing thermal stability and prolonging the lifespan of the
modules.[281] Their study demonstrated that an air-cooling
system is an effective solution to keep the system within an
optimal temperature range.

Performance Management
The performance management of the SMS is responsible for

analyzing data related to the system’s voltage, temperature,
and current. By processing this information, the SMS can
estimate key state variables such as State of Health (SoH), State
of Charge (SoC), and State of Power (SoP). It also manages cell
balancing within the module to ensure optimal performance.
The following sections provide a brief overview of parameter
estimators, control methods, and cell balancing techniques.
Since SICs are still in the early stages of development, most

available data and performance benchmarks are derived from
LICs, which serve as a foundational reference for advancing SIC
technology.

Parameter estimation: the optimal control of a SIC system
requires a precise state estimation. To this end, it is essential to
study the electrical and thermal behavior of the system, as well
as aging mechanisms (see Figure 31b). Electrical performance
depends significantly on the temperature, current, and SoC of
the system. Moreover, parameters such as impedance and
stored capacity vary during the system’s lifetime. Different
equivalent circuit models have been presented in the literature
by combining resistances and capacitors, which reflect the
charge transfer of lithium ions and diffusion mechanisms
occurring inside LICs.[282,283]

To achieve more accurate modeling, fractional-order models
are often employed. These models utilize constant-phase
elements (CPEs) and the Warburg element, which better reflect
the dynamics of LICs. The thermal behavior of the system is
equally crucial since high currents can generate significant
amounts of heat during operation. In terms of aging mecha-
nisms, capacity fade and internal resistance increase during
cycling indicate degradation, which is further accelerated by
calendar aging. Various factors, including negative electrode
and positive electrode materials, as well as prelithiation agents,
can affect electrochemical stability. Figure 31c summarizes the
primary mechanisms responsible for SIC degradation.

Thus, having a comprehensive understanding of the operat-
ing mechanisms, alongside monitoring various variables, is
essential for the reliable estimation of SoC, SoH, and SoP. The
work already done on LICs provides a foundation for SIC

Figure 31. a) a block diagram of the SMS ; b) a LIC model transferrable to SICs; c) SIC aging mechanisms inferred using LIC as a model. Reproduced from [279]
under the CC BY 4.0 license. Copyright © Elsevier, 2022.
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technology, helping to shorten the adaptation period from one
technology to the other.

Cell balancing: Cell balancing is performed to equalize the
voltages of individual cells within a module. Even when cells
are produced by the same manufacturer and follow the same
production process, they can still exhibit differences in capacity
and internal resistance. When assembled into a module, these
differences can lead to cell imbalances. Therefore, implement-
ing a balancing system is crucial to equilibrate the cell voltages
and minimize these variations. There are generally two types of
balancing methods:
* Passive Balancing: This method involves a resistive circuit and
a switch for each cell, allowing the circuit to open and close
as needed. Passive balancing is simple and cost-effective, but
it dissipates excess energy as heat, which can be less
efficient.

* Active Balancing: In this method, energy is transferred from
cells with higher voltage to those with lower voltage.
Although active balancing is more efficient and helps
maintain a longer overall battery life, it is also more complex
and expensive to implement.
To summarize, this section highlights the potential use of

SICs in various applications, including stationary storage,
mobility, and other industries. SICs can combine with other
energy storage technologies like LIBs and fuel cells, extend the
lifespan of storage systems, enhance efficiency, and reduce size
and weight. A well-developed SMS is crucial for the safe and
efficient utilization of SICs. Continuous monitoring, advanced
algorithms, and real-time estimations of SIC state of charge,
state of health, and state of power are essential. These tools
facilitate fault diagnosis, prevent premature aging, and provide
valuable performance data. This, in turn, supports optimized
energy management, improves efficiency and longevity, and
contributes to reduced environmental impact and overall cost.

6. Life Cycle Assessment

Sustainability Considerations
Within the context of the energy transition and the

decarbonization of industry and transport sectors, energy
storage technologies such as electrochemical capacitors are
expected to display competitive performance from both a
technical and sustainability point of view. Lithium-based
systems are widely popular but notions about potential effects
on the environment and the criticality of resources (which may
also determine cost) can trigger the development of technolo-
gies such as SICs. These systems have displayed promising
performance while making use of a more abundant and widely
distributed resource such as sodium, reducing concerns
associated with resource scarcity.[165] A lower risk of detrimental
effects such as water or soil pollution can also be attributed to
the extraction and processing of sodium, in contrast to that of
other metals like lithium. In addition, due to the incompatibility
between graphite and sodium, sodium-based systems employ
hard carbon as negative electrode active material instead.[284]

The previous considerations mean that these technologies can

be characterized with lesser resource criticality, given the critical
nature of materials such as graphite and cobalt commonly
employed in other types of storage systems (LIBs). However,
despite the technological maturity of this technology, little is
known about its environmental and economic implications
from a life cycle perspective. The sustainability character of SICs,
and any technology for that matter, should be assessed in a
comprehensive manner that allows for the quantification of
their environmental and cost performance throughout the
different stages of their life cycle. To do so, commonly
employed methods such as the Life Cycle Assessment (LCA) and
Life Cycle Costing (LCC) measure the associated mass and
energy flows along the supply chain, manufacture, use, and
End-of-Life management of a product. These flows are sub-
sequently translated into impacts and costs, which can be used
to describe the sustainability profile of the system. Although
SCs have already been introduced to the market, a review of
the available literature reveals a knowledge gap in environ-
mental and cost analyses, let alone LICs or SICs. Cost assess-
ments dating back to 2016 and environmental assessments
more prominent since 2019 can be found via typical search
engines such as Google Scholar, Science Direct, Scopus, and
CORDIS when using keyword strings such as'supercapacitor/
hybrid capacitor /ultracapacitor/Sodium ion capacitor/Lithium
ion capacitor AND (LCA OR environmental impacts)', or'superca-
pacitor/hybrid capacitor /ultracapacitor/Sodium ion capacitor/
Lithium ion capacitor AND (LCC OR cost OR CAPEX)'. A total
number of 32 LCA and 33 LCC scientific research articles, as well
as a total of 13 and 7 European projects for LCA and LCC,
respectively, were found (Figure 32).

Life Cycle Assessments for Sodium-Ion Capacitors
While there exists a robust body of research dedicated to

understanding the environmental footprint of LIBs across their
entire life cycle, encompassing the extraction of raw materials,
manufacturing, use, and final disposal, the exploration of LCAs
for SCs lags due to their limited market. Most studies are limited
to specific aspects of the production phase, such as the
manufacture of electrode materials. Furthermore, LCA analysis
for LIC technology is limited to 1 or 2 studies while there are no
works dedicated to SICs. However, some estimations can be
made since the SIC positive electrode is composed of AC whose
production routes stay the same as for its application in SCs.
Similarly, the production route for the negative electrode
composed of HC can be extracted from studies on SIBs. For
instance, Glogic et al.[285] conducted an LCA on producing high-
performance AC electrodes from coconut shells for super-
capacitors. The study highlighted the environmental benefits of
using a steam activation process. It showed that producing 1 kg
of AC emits 5.68 kg of CO2 and consumes 34.4 MJ of energy,
with AC production accounting for 60% of the environmental
impacts of supercapacitor electrodes. The findings pointed to
environmental advantages and areas for improvement. Addi-
tionally, Wang et al.[286] examined the environmental impacts of
producing AC from lignocellulosic biomass. Their LCA revealed
that the in-plant production stage had the highest impact,
particularly in carcinogenic, ecotoxicity, and non-carcinogenic
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categories. The “feedstock establishment” phase contributed
50.3%–85.2% of the total impacts. They compared KOH-reuse
and steam processes, finding greenhouse gas emissions of
15.4 kg and 10.2 kg CO2 equivalent per kilogram of activated
carbon, respectively.

With regards to the negative electrode, not only is graphite
unsuitable for use in sodium-based systems, but is also listed as
a critical material by the EU,[287] making its substitution in other
systems highly desirable. Hard carbon is considered a promising
alternative due to its abundance, potential low costs, and
advantageous physical properties,[288] with some studies already
evaluating its environmental profile. For instance, Peters
et al.[289] conducted an LCA of an SIB with sugar-derived HC in
the negative electrode. The results identified the production of
sugar as a hotspot of environmental impacts. Alternative
precursors such as starch, cellulose, organic waste, and
petroleum coke were also explored, concluding that using
starch or cellulose increased the environmental impacts, where-
as organic waste and petroleum coke significantly reduced
them. Other precursors such as waste apple pomace, waste
tires, and synthetic resin were studied by [290]. The results
highlighted the potential of organic waste, especially apple
pomace, in reducing the carbon footprint. Liu et al.[291] found
that coconut shell-derived hard carbon bears low environ-
mental impacts due to simpler processing and lower carbon-
ization temperatures.

Aside from the study of HC precursors, Liu et al.[291]

compared different routes to produce HC, concluding that
using any of these in the synthesis of cellulose-based HC is
already more environmentally benign than producing commer-
cial graphite. A combined process of hydrothermal carbon-
ization with pyrolysis was found to be the most sustainable
alternative while also enabling better electrochemical perform-
ance of the material. The use of various sources of biomass as
precursors can be a key strategy to reduce production costs,
but also requires the identification of adequate methods
capable of meeting the specific production needs for each

material.[292] By integrating the results from these component-
specific LCAs, we propose that SICs can offer a highly
sustainable energy storage solution. The exclusion of lithium
and graphite, materials commonly linked to substantial environ-
mental and economic burdens, highlights the potential advan-
tages of SICs. Regarding the methodological aspects of LCA
studies for SCs and SIBs (given the lack of SIC-specific literature),
large variability in the definition of goals, system boundaries,
and functional units (FUs), has been identified across different
sources. While some studies adopt a cradle-to-gate perspective,
considering impacts from raw materials extraction to product
manufacturing, others consider only the production phase
(gate-to-gate perspective). Few studies contemplate the use
and final disposal phase in their assessments (cradle-to-grave
perspective). The selection of FUs also varies based on the
goals, scope, and application field of the technology. Com-
monly found FUs include capacitance expressed in F [Cossutta
et al.,[293] Glogic et al.,[294] Glogic et al.,[285] and Kamali et al.[295]]
and mass of electrode material produced.[296] Additional discrep-
ancies in system boundaries include the use of different
manufacturing conditions such as electricity mix and the scale
of production (e.g., laboratory, pilot, or industrial), which may
pose a large influence on the results further challenging their
comparability. Figure 33 illustrates the different geographies
found in the literature on LCAs for SCs based on the electricity
supply chain, which were used in these studies. As a reference,
studies focused on SIBs have employed FUs like 1 Wh[289,297,298]

and one cell[299] to estimate the environmental footprint of their
systems, given that they analyze the entire production of a
whole battery. To address some of the previously mentioned
challenges, a unified approach to life cycle inventories is
recommended. This would involve homogenizing system
boundaries and functional units to allow for fair and accurate
comparisons between different studies, thereby facilitating a
more comprehensive understanding of the environmental
implications of supercapacitor technologies.

Figure 32. Number of LCA and LCC publications and EU projects per year between 2010 and 2023
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Many existing assessments focus solely on electrode
material production, with few studies analyzing full energy
storage system components. Additionally, little attention is
given to the use phase, where technical performance aspects
such as energy density and life cycle are crucial for the
calculation of environmental impacts. The use of sodium and
the absence of critical materials, such as lithium and graphite,
can be the most significant factor in the assessment of
sustainable materials in LCA studies for SICs. This approach
highlights the need for comprehensive analyses that encom-
pass the entire life cycle of energy storage systems. On the
other hand, within the available literature, a trend to conduct a
detailed analysis of climate change potential can be identified,
whereas mineral resource criticality issues related to energy
storage systems are often overlooked.

Literature on Costing for Sodium Ion Capacitors
As in the case of Life Cycle Analysis, due to the early stage

of SIC technology, no literature on costing has been found.
However, the same approach as for LCA can be followed for the
LCC analysis.

In terms of activated carbon, Wang et al.[286] performed a
comprehensive assessment of the economic feasibility as well
as the LCA of lignocellulosic-based activated carbon employed
in supercapacitors. They studied the annual operating costs for
an AC plant, considering costs associated with electricity, raw
materials, operating labor, maintenance and repair, and
depreciation, among others and they concluded that the
required selling price of the activated carbon production of the
study was USD 16.79 per kg, which, as they compared, was in
the range of commercial activated carbons (USD 15 to 50 per
kg). In fact, in terms of commercial AC products, Weinstein et
al.[300] declared in 2013 that all supercapacitor manufacturers of

that time used coconut shell activated carbon as their active
material. As they stated, Kuraray activated carbon price dropped
significantly from 150–200 $kg1 to 15 $ kg1 within the years.

In terms of hard carbon, the active material widely
employed in sodium-ion batteries, in 2019 Peters et al.[301]

explored the economic potential of sodium-ion batteries by
comparing the cell costs per kWh of storage capacity broken
down to battery components and materials, comparing SIB,
NMC, and LFP technologies. In terms of the hard carbon market
prices, no results were found. However, three different hard
carbon production costs were studied, depending on the
materials used: hard carbon from sugar, coconut shell, and
petroleum coke. Analyzing the different elements needed for
the production of 1 kg of each hard carbon, they found the
petroleum coke to be the cheapest (3.65 €kg� 1), followed by
coconut shell hard carbon (6.30 € € kg� 1), and finally, the hard
carbon derived from sugar (17.28 €kg� 1), which is, in fact, a
similar cost to the activated carbon cost but without consider-
ing the activation. Compared to the synthetic graphite price
declared in the study (13.73 €kg� 1), they concluded the
possibility of producing hard carbon at prices below the
battery-grade graphite.

Another key element of sodium-ion capacitors is the
electrolyte. Due to the lack of cost information about the
different electrolytes employed in SICs, the cost of electrolytes
for sodium-ion batteries has been taken as a reference. In this
way, Peters et al.[301] analyzed the cost of 1 M NaPF6 EC:DMC
4 :1 wt. % electrolyte, considering the available market prices
for the precursors. They obtained an electrolyte cost of
15.84 €L� 1, slightly lower than the corresponding LIB electrolyte
(16.06 €L� 1).

Thus, by integrating the results from the activated carbon
from supercapacitors and the hard carbon and electrolyte from

Figure 33. Geographic distribution of studies on LCAs based on the electricity supply chain.
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sodium-ion batteries, we propose that SICs could offer a more
economical energy storage solution considering the active
material prices. In addition, the SIC electrolyte cost could also
be reduced compared to the similar SIB electrolyte when an
aqueous-based electrolyte is employed.

However, when broadening the system boundaries to the
use phase, most of the articles do not consider LIC or SIC
technology but examine the costs of integration of SCs in
electromobility and renewable energy systems, due to the
higher TRL of the technology. A deep analysis of the several
applications that they can cover can be found in the
“application section”. In terms of cost analysis, examples of the
integration of supercapacitors in the transport sector,[302,303] as
well as their integration as support for renewable energy
systems demonstrate the potential cost savings and perform-
ance benefits of this technology compared to traditional
solutions.[304,305] Figure 34 illustrates the distribution of different
SC applications found in the literature. The overall conclusion
was that SICs overcome SCs in performance since they can
offer, for the same application, the same solution, with a smaller
number of cell units as well as less space, volume, and weight.

Just as in the case of SCs, operating conditions such as
temperature and depth of discharge influence the degradation
rate of SIC systems. This would have a direct impact on its
technical performance and lifetime, which is reflected in costs
of Operation and Maintenance (O&M). Due to the lack of
information about the economic aspects of SIC, in terms of
supercapacitors, Song et al.[306] analyzed the economic effects of
degradation in a hybrid energy storage system (HESS) finding a
correlation between operating temperature and costs. Similarly,
Gbadegesin et al.[307] found potentially high overestimations of
energy outputs when the degradation mechanisms are
neglected, leading to an underestimation of investment and
operation costs. Another aspect worth pointing out is the focus
on investment costs while overlooking the costs of disposal and
waste management. Furthermore, the point in time for which
the analysis is made can significantly influence the results due

to rapid technology development, changing user demand,
market volatility, and global socioeconomic events, which
would also hamper comparability across studies.

Outlook of Literature on Environmental and Cost Assess-
ments

Overall, due to the limited number of detailed analyses and
the heterogeneous system boundaries among them, estimating
the average environmental and cost performance for SICs is
currently unfeasible. However, some available studies provide
disclosed life cycle inventories of the materials composing the
technology, which may facilitate the reproducibility and trace-
ability of results. This would enable potential reconstruction,
homogenization, and comparison between different systems,
leading to clearer insights into SICs’ environmental and
economic impacts. In general, with the available information,
SIC technology could become more sustainable and cost-
effective compared to related supercapacitors and sodium-ion
batteries. However, a more comprehensive understanding of
the sustainability and economic viability of SIC technology
needs to be developed.

7. Outlook: Key Design Rules for Sodium-Ion
Capacitors

Sodium-ion capacitors represent a promising advancement in
electrochemical energy storage technologies, offering a unique
combination of high energy and power densities with environ-
mental sustainability. However, their path to market readiness
requires addressing several interconnected challenges in mate-
rials development, manufacturing, and application-specific
optimization.

Advancing Material Innovation
The performance of SICs hinges on the development of

advanced electrode materials. Hard carbons, derived from
biomass, have emerged as leading candidates for negative
electrodes due to their high capacity, good rate capability,
durability, and potential for scalability at low cost. Further
research is needed to optimize their microstructure, balancing
sloping and plateau regions to maximize energy and power
outputs. Additionally, tailored pyrolysis conditions and the
careful selection of precursors can enhance sodium storage
properties while aligning with sustainability goals. For positive
electrodes, porous carbons with high surface areas and tailored
nanoscale pores are essential. Advanced activation techniques
and heteroatom doping strategies can improve ionic interac-
tions, enhancing energy density and charge storage efficiency.
Furthermore, pseudocapacitive materials such as transition
metal oxides or hybrid nanocomposites, present promising
avenues to further enhance SICs’ energy storage capabilities.
These materials can introduce additional faradaic reactions that
complement capacitive storage mechanisms, potentially boost-
ing energy density while maintaining fast charge/discharge
capabilities. To achieve practical implementation, sustainable,Figure 34. Distribution of various SC applications.

Wiley VCH Mittwoch, 26.02.2025

2599 / 397369 [S. 47/53] 1

Batteries & Supercaps 2025, e202400807 (47 of 52) © 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH

Batteries & Supercaps
Review
doi.org/10.1002/batt.202400807

 25666223, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202400807, W
iley O

nline L
ibrary on [27/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



scalable and environmentally friendly production methods
must be prioritized to meet industrial demands.

Tackling Presodiation Challenges
Presodiation remains a critical step in SIC assembly,

ensuring sodium-rich negative electrodes for optimal operation.
However, current methods face limitations, including uneven
sodium distribution and the challenges of handling reactive
sodium. Future advancements should focus on developing in-
situ presodiation techniques integrated into manufacturing
processes, simplifying production and improving consistency.
Insights from computational modeling and real-time monitor-
ing can further optimize presodiation dynamics, reducing side
reactions and improving the longevity of SICs.

Enhancing Scalability and Manufacturing
The industrialization of SICs requires robust, cost-effective,

and environmentally compliant production processes. Transi-
tioning biomass-derived carbons from lab-scale synthesis to
large-scale manufacturing is a critical priority. Scalable methods
must ensure high yield and reproducibility without compromis-
ing material performance. Innovations such as water based roll-
to-roll electrode production or dry processing can enhance
throughput, minimizing chemical waste will lower costs and
environmental impact. Improving and reducing activation or
formation process is key to increase productivity and reduce
cost.

Bridging the Performance Gap
While SICs excel in bridging the gap between batteries and

supercapacitors, further optimization is needed to fully realize
their potential. Increasing energy density requires material
innovations that expand voltage windows and improve elec-
trode compatibility. Simultaneously, advanced electrode archi-
tectures and electrolyte formulations can enhance power
density and rate capabilities by improving reaction kinetics and
ion transport. Addressing degradation mechanisms, such as
electrolyte breakdown and SEI instability, will ensure long-term
cycling stability, making SICs more competitive with other
energy storage technologies.

Prioritizing Sustainability
Sustainability is central to the SIC value proposition. A

comprehensive life cycle analysis (LCA) must guide every stage
of development, from material sourcing and production to
disposal and recycling. Compared to lithium-based systems,
SICs do not rely on critical ray materials and offer advantages in
reducing water usage, carbon emissions, and material toxicity.
However, efforts must continue to close the loop on material
use through efficient recycling methods and the integration of
circular economy principles.

Driving Market Adoption
The market potential for sodium-ion capacitors (SICs) lies in

their ability to fill critical gaps between traditional batteries and
supercapacitors, addressing applications that demand both
energy density and rapid power delivery. However, achieving

widespread market adoption requires strategic alignment with
application-specific needs, cost competitiveness, and the devel-
opment of supportive ecosystems. The versatility of SICs makes
them suitable for a wide range of applications, including
renewable energy storage, electric mobility, and portable
electronics. Their ability to stabilize renewable energy systems
and provide peak shaving or voltage support makes them
valuable for grid applications. In electric vehicles, SICs can serve
as auxiliary power units or energy buffers in hybrid systems. For
portable devices, the balance of energy and power densities
positions SICs as strong candidates for next-generation elec-
tronics. However, market adoption relies on SICs achieving cost
parity with competing technologies. While economies of scale
will help, their manufacturing costs must be addressed.

8. Conclusions

The development of sodium-ion capacitors presents both
challenges and opportunities. By addressing material and
manufacturing barriers, optimizing performance, and embed-
ding sustainability into the design process, SICs can emerge as
a transformative energy storage solution. Collaborative efforts
among researchers, industry leaders, and policymakers will be
critical to realizing the potential of SICs. Through continued
innovation and strategic alignment with global sustainability
goals, SICs can achieve widespread adoption, serving as a vital
component of the transition to cleaner, more sustainable
energy systems. As a hybrid solution bridging the strengths of
batteries and supercapacitors, SICs have the potential to meet
the demands of diverse energy storage applications while
fostering a more sustainable future.
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REVIEW

Sodium-ion capacitors (SICs) bridge
the energy-power gap between
batteries and supercapacitors, offering
sustainable and scalable energy
storage solutions. This review
provides a 360-degree perspective on
SIC technology, covering material
choices, presodiation strategies, man-
ufacturing challenges, applications
and life cycle assessment to ensure
economic, social, and environmental
sustainability. The path toward com-
mercial viability and large-scale de-
ployment is critically analyzed.
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