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The advancement of energy technology has led to a notable increase in the contribution from
renewable energy sources to the global energy supply and consumption landscape. Nevertheless,
although inexhaustible and clean, the intermittency and instability of these energy sources present
significant challenges to their wider deployment, necessitating the development of robust energy
storage systems. Also, it is historical that the demand for power supply also varies significantly between
day and night, and between different time zones, requesting large scale storage capacity for not
only load levelling but also power supply security. In this article, salt caverns, which offer a sealable and
unmatched large space and are currently employed for storage of compressed energy gases, are
proposed for construction of giga- to tera-watt-hour scale supercapacitors and supercapatteries as an
effective storage solution to renewable energy farms and national and international power grids.
Following an introduction to salt caverns and their uses for storage of compressed air, natural gas,
hydrogen and carbon dioxide, the potential is explored for construction of supercapacitors and
supercapatteries in salt caverns. The discussion is specially focused on aqueous electrolytes that can be

Received 20th November 2024, formed by utilising the salty water or brine from the construction of the salt cavern, and the respective

Accepted 21st May 2025 electrode materials suitable for such aqueous electrolytes. Furthermore, calculations and analyses are
DOI: 10.1039/d4cc06169a given on the prospects of construction and application of giga- to tera-watt-hour supercapacitors and
supercapatteries in salt caverns. Last, but not least, foreseeable challenges of such unprecedented ultra-
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1. Introduction: energy storage in
salt caverns

1.1. Basics of salt caverns

As society and the economy develop and progress, so do the
demands on energy supply and storage. At the same time, there
is an urgent need to mitigate the environmental impact caused
by the use of fossil fuels. Many countries have set targets to
reduce carbon emissions and achieve carbon neutrality." The
supply and use of renewable energy from, for example, wind
and sunlight, have seen rapid development and application
in recent years, and the share of renewable energy in the
total energy market is increasing and will continue to increase
significantly. For example, electricity generation from renewables
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large scale electrochemical energy storage devices are discussed with possible solutions.

in the UK was 33 terawatt-hour (TW h) in the second quarter of
2024, accounting for 51.6% of the total electricity generation in the
same period and 19.0% increase from the second quarter of the
previous year.”

However, both wind and solar power have the limitations of
intermittency and instability, which would hinder the direct
power supply to the grid. Similarly, the demand for energy
supply also varies significantly with time and regions. Such
mismatches between the supply and user sides make it impera-
tive and necessary to match the large storage capacity of energy
with the peak and valley shifting of renewable resources and
market variation.® Currently, energy storage technologies
include pumped hydro, flywheel,* hydrogen, compressed gas
(air),>® and (flow) batteries.””® As the earliest used and most
mature energy storage system, pumped hydro energy storage
has a long history, but is limited by geology and water
resources.’ Hydrogen storage has attracted much attention in
recent decades due to its high energy storage density (com-
pared with other gases), long-term storage, and its ease of
converting into different forms of energy.'®'' However, there
are some unresolved issues regarding production costs, effi-
ciency and safety. Compressed air storage has the advantages of
large scale, fast response and low cost and is believed to be a

This journal is © The Royal Society of Chemistry 2025
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promising candidate.">"? In addition, there are emerging novel
energy storage technologies."®'® For example, batteries and
their derivations with or without redox active electrolytes that
may also be flowing can offer electricity storage with high
energy efficiency, great power capability, and wide scalability
because of their modular nature. On the other hand, salt
caverns, a type of cave or space formed in the underground
salt rock, can be widely used in a variety of energy storage
fields.'®"

Salt rocks belong to the class of sedimentary rocks, which
often consist of NaCl as the main mineral component, and
polyhalite and argillaceous rock as secondary mineral compo-
nents. Salt rock is widely distributed on the Earth, including
two types: the lacustrine and marine sedimentaries. These two
types of salt rock can be formed into (1) the fault basin
structure, which usually consists of various organic impurities
with many thin or interlayered salt layers, and (2) the bottom-
splitting salt dome structure, which has large layer thickness,
high salt rock purity and few interlayered parts.'® Both types of
salt rock reserve rich oil and gas resources, especially the salt
dome from marine sedimentary.

Based on the salt rock, the construction of salt caverns can
lead to a large underground space for various storage applica-
tions. For example, in the salt dome structure, a salt cavern of
1 mile in diameter and 30 000 feet in height (~1.83 x 10'® m?)
can be formed. However, the fault basins or salt beds have
usually wide, shallow, thin geological features with the salt
layer thickness being less than 1000 ft (<300 m). Such hori-
zontally extended salt rock layers are generally considered
unsuitable for construction of salt caverns for storage of
pressurised gases in comparison with vertically structured
caverns."

Although with different thicknesses, the walls of salt caverns
always have excellent plasticity, good mechanical stability and
self-healing capability under complex conditions, which are all
desirable for construction. More importantly, the walls have
low porosity and therefore low permeability which translates
into high air tightness compared with other underground spaces,
and low chemical reaction activity with other substances.**"
Based on these characteristics, salt caverns are ideally suitable
for various applications in the field of energy storage.

1.2. Formation of salt caverns

In general, there are three types of existing salt caverns: natural
formations resulting from the dissolution of salt rock and the
flow of groundwater; abandoned cavities after oil and gas
extraction, and artificial constructions using a series of techni-
ques, which will be discussed below. The depleted oil and
gas reservoirs usually show the porous storage form, while
artificially created caverns are commonly a single space with
gas tight walls for storage of energy gases.>*

Leaching, or solution mining, is the primary construction
technique for most salt caverns. The salt rock, which consists
mainly of NaCl, is highly soluble in water. By using the water
leaching method, the underground salt rock can be easily
removed without damaging the surrounding cavern rock.
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Generally, there are several steps involved in creating a salt
cavern by water leaching. First, boreholes are designed and
drilled in the location surfaces where salt rocks are present,
and a pipe string system is built. High-pressure water is then
injected to fracture the salt rock and dissolve some of the salt,
creating a cavity. The brine formed in the course of drilling is
then pumped up to the surface though pipes. By repeating
these processes, as the water is injected and the salt rock
dissolves continuously, a cavern of a designated shape and
volume is created, which becomes the desired salt cavern. The
rate of dissolution is the main parameter influencing the
construction of the salt cavern, which is different in the top,
lateral, and bottom layers of the salt rock. The introduction of
low-density media, such as diesel oil or nitrogen gas could help
to prevent the over-dissolution of the upper layer of the salt
cavern and control the final cavern to be in the desired
geometry.”>>* The discharged brine can be treated or reused
in three ways:

Pumping into the sea, salt production, and as a raw material
for the chemical industry.>”

To date, most of the construction of salt caverns around the
world has been based on the single-well cavern construction
method.”” There is only one group of concentric inner, inter-
mediate, and outer pipes. The injection of fresh water, the
extraction of brine and the introduction of protective media can
all be achieved though these concentric pipes. The salt cavern
created by this method is usually cylindrical and elongated
vertically. However, there are some drawbacks to this method,
including high cost, long time for the cavern formation, and
inappropriateness for complex geological environments such
as the lacustrine sedimentary.

Therefore, the horizontal multi-stage leaching method
to form a horizontal cavern with two vertical wells has been
developed and demonstrated.*>*® The construction process
differs from that of the single well cavern. First, two vertical
wells are drilled and then a horizontal tunnel is drilled to be
connected to one of the vertical wells (the first) at the bottom of
the target salt rock layer. Pipes with or without the concentric
structure are then installed in both the vertical wells and the
connected horizontal tunnel through which fresh water is
injected to dissolve the salt rock, ie. solution mining. The
resulting brine is extracted from the second vertical well, which
means the solution mining can be operated continuously.
Obviously, if concentric pipes are used, both vertical wells
can be used for water injection and brine extraction. The cavern
construction is completed by repeating or continuing these
processes until the salt cavern is formed with a designated
shape, e.g. similar cross-sectional dimensions in the horizontal
direction. In addition, diesel (or pressurised gas, e.g. nitrogen)
is injected from the annulus between the outer and intermedi-
ate casing to form an oil blanket. This isolation layer sup-
presses roof dissolution and controls lateral leaching for
controlled cavern geometry.'" A schematic illustration of the
horizontal cavern with two vertical wells is shown in Fig. 1a for
the purpose of oil storage. The two-well horizontal cavern
formation method has the advantage of quicker injection and
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Fig. 1 Schematic illustrations of (a) two well horizontal salt cavern con-
structions, reproduced from ref. 25 with permission from Taylor & Francis,
copyright 2020 and (b) compressed air energy storage in salt caverns,
reproduced from ref. 26 with permission from Elsevier, copyright 2021.

extraction to form the salt cavern with larger sizes. In addition,
the shape of the salt cavern can be controlled more flexibly.
This method is more suitable for bedded salt rocks with a
stratified structure, for example in China and the UK.

1.3. Fluids storage in salt caverns for energy purposes

Due to their distinctive characteristics such as self-healing,
high tightness and hence low permeability, salt caverns have
great significance in large-scale energy storage technologies
that involve a fluid such as energy gases and liquid fuels, which
are different from those energy stores relying on solid materi-
als, e.g. flywheel and springs. In addition, because of their vast
storage capacity, salt cavern energy storage can serve as an
integral component of larger energy regulators for renewable
energy plants and the power grid. In commercial practices, salt
caverns have already been utilised for the storage of oil, natural
gas, hydrogen, compassed air, as well as CO, for the reduction
of carbon emissions. The principle, dis-/advantages, and appli-
cations of storage of fluids in salt caverns are summarized in
Table 1 and more details can be found in Section S1 of the ESIL.{

Fig. 1b illustrates compressed air energy storage (CAES) in
salt caverns. As one of the most established technologies, CAES
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uses off-peak electricity to compress air in caverns and releases
it to drive the turbine for electricity generation during peak
demand, enhancing grid stability and integrating with renew-
ables. CAES in caverns has been commercialized in Germany,
the USA and China. Natural gas storage, widely deployed, offers
strategic peak-shaving capacity but conflicts with decarboniza-
tion goals due to its fossil fuel nature. Hydrogen storage
exhibits high potentials, but faces barriers such as high
electrolysis costs and hydrogen embrittlement risks. CO,
sequestration contributes to emission reductions through
supercritical state storage but capture costs are high. Generally,
salt caverns must balance technological maturity (gas/oil),
sustainability (H,/CO,), and economics to help the energy
transition.

Currently, salt caverns in China are distributed in more than
150 mining areas with depths of 100-4000 metres, divided into
the shallow, medium, deep and ultra-deep categories. Typical
examples include Yunying in Hubei (shallow, natural gas
storage), Jintan in Jiangsu (medium depth, CAES) and Chuzhou
in Jiangsu (deep, natural gas storage).”* UK salt caverns include
Teesside (hydrogen storage), East Yorkshire (>1600 m, natural
gas storage), Cheshire Basin and Wessex Basin.>® Based on
the geological exploration information, modelling simulations
can be developed to derive information on the construction
process, energy storage performances, and long-term stability
of fluid filled salt caverns (Table 1)."3°3>

Although salt caverns are already playing an important role
in the field of energy storage and utilisation, there are addi-
tional potential applications that warrant further investigation.
As discussed later, we propose to use salt caverns for construc-
tion of large scale aqueous supercapacitors and supercapat-
teries with the salty water or brine from solution mining as the
electrolyte with or without modification. The current status of
salt cavern energy storage indicates some obstacles to be over-
come in terms of its promotion and application.

First, from the perspective of salt cavern construction, while
techniques such as the two-well horizontal cavern formation
method have been gradually developed, there remain technical
challenges in the construction of salt caverns that are fast,
efficient, and safe. The construction of salt caverns, especially
those of a large scale, should overcome the variable and
complex geological conditions that they are built in. Previous
multiple theoretical analyses and simulations may provide a
basis for the construction process.

Second, reliable supporting facilities are required to align
with the salt cavern energy storage systems during the utilisa-
tion process. These include gas injection, extraction, and
transportation methods and equipment.

Third, it is of great importance to pay close attention to the
safety and stability aspects when storing certain gases, such as
natural gas and hydrogen. Meanwhile, contamination and
purification of these gases represent a significant challenge
that has not yet been fully addressed in the context of more
widely used compressed air salt cavern storage systems.

Fourth, despite the high air tightness of salt caverns, there is
a residual risk of leakage over extended periods of storage. The

This journal is © The Royal Society of Chemistry 2025
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potential environmental impact and hazards associated with
such leakage should be rigorously analysed, monitored and
controlled.

Finally, it is notable that the cost of salt cavern energy
storage, particularly in relation to hydrogen storage, is consid-
erably less than that of alternative storage solutions. However,
construction and operational costs can vary significantly across
different geographical regions, which also needs careful and
thorough considerations.

1.4. Potential of electrochemical energy storage in salt
caverns

The aforementioned energy storage applications of salt caverns
are primarily utilised as a means of storing gases of which the
so-called green hydrogen gas has been considered widely as the
promising option because it can be produced by water electro-
lysis utilising renewable energy. There are four commercial or
commercial-ready options, namely alkaline water electrolysis
(industrial), polymer electrolyte membrane (PEM) electrolysis
(commercial), alkaline electrolyte membrane (AEM) electrolysis
(commercial-ready) and solid oxide membrane (SOM) electro-
lysis (laboratory, 700-850 °C).***° Of these, AEM electrolysis is
perhaps the most cost-effective approach because it requires no
or less precious metal catalysts, uses cheaper electrolyte mem-
branes and offers higher energy efficiency and longer service
life."* It is worth noting that the catalysts used in these
conventional methods may be incorporated into the recently
proposed half-electrolysis*"**> to further improve process
efficiency.

Fig. S1a and b (ESI{) show schematically a single cell AEM
electrolyser which is structurally similar to a single cell PEM
electrolyser, and the bipolarly connected stack of multiple AEM
cells in a representive workflow diagram. In alkaline electro-
lysis, two moles of water are reduced at the cathode, producing
one mole of hydrogen gas and two moles of hydroxide ions
(H,O + 2e = H, + 20H"). The evolved H, diffuses from the
cathode surface, while the remaining OH™ ions migrate
through a porous separator to the anode under the applied
electrical potential. At the anode, these OH™ ions are subse-
quently oxidised, generating 0.5 moles of oxygen gas and one
mole of water (20H™ = 1/20, + H,O + 2e). The multiple AEM
system consists of the water/gas loop systems, heating system,
and control system.*® The working cell voltage of AEM electro-
lysis ranges from 1.4 to 2.0 V (lower than 1.6 to 2.2 V for PEM
electrolysis),>® which means the voltage efficiency (equivalent to
the energy efficiency at the same current density) is 70 to 21%.
Energy output from the hydrogen gas is more efficient using the
H,-0, fuel cells whose optimal efficiency for hydrogen to power
conversion is between 60 to 40%. Therefore, the overall energy
efficiency from water electrolysis to power generation is
between 42 and 8%. In comparison, the energy efficiencies of
Li-ion batteries and supercapacitors are typically higher than
70% and 90%, respectively. Such large differences in energy
efficiency make green hydrogen production and storage far less
favourable than direct electrochemical energy storage.

Chem. Commun., 2025, 61,10252-10272 | 10255
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Based on a salt cavern volume of 10° m® proposed by
the EWE company in 2016, a novel concept involving the
construction of salt caverns as containers for the fabrication
of large-scale redox flow batteries (RFBs) has been put forth.**
As a typical example of electrochemical energy storage techni-
ques, RFBs can offer the advantages of long cycle life, and high
safety.*””> These attributes have led to the consideration of their
potential for use in large-scale energy storage. The feasibility of
this approach has been demonstrated in laboratory settings,
with specific electrolytes and electrodes validated for use in
large-scale salt caverns.

In recent years, electrochemical energy storage (EES) has
attracted considerable attention, in particular metal ion bat-
teries and supercapacitors, which have emerged as promising
energy storage technologies due to their high energy or power
densities and favourable cycle stabilities. The advantages of salt
caverns, including their vast underground space and stable
mechanical properties, make them ideal for use as electrolyte
and electrode containers for metal ion batteries or supercapa-
citors, and offers a promising strategy for developing large-scale
salt cavern EES batteries.

Another unique but rarely explored prospect is to use the
brine from solution mining of salt caverns as the electrolyte for
EES devices, which should offer a great economic advantage.
This prospect coincides well with past and ongoing research of
the authors in terms of electrode materials and device design
strategies particularly in relation to aqueous electrolytes. Whilst
more discussion is given later, it is worth mentioning here that
one of the authors (G. Z. C.) consulted on the technical
feasibility of developing giant batteries in deep salt caverns
between 2009 and 2010.*° In the view of the authors, the
potential application of combining salt caverns with EES tech-
niques represents an important direction for large-scale power
plant development at the GW to TW levels and will be the
primary focus of the following discussions.

2. Electrode materials and aqueous
electrolytes

In recent years, the objective of reducing carbon emissions and
the policies of many countries have driven the rapid develop-
ment of EES. As the technologies mature and the costs
decrease, its applications and potential applications are
expanding, which has been utilised or is predicted to be utilised
in electronic devices, electric vehicles, and power stations.
Materials and technologies based on electrochemical reactions,
which are typically represented by metal-ion batteries with high
energy density and supercapacitors with high power perfor-
mances, excellent energy efficiencies and long cycle lives, are
receiving more attention and recognition.

Nevertheless, the deployment of EES in the field of large-
scale energy storage is still facing improvement demands. For
example, lithium-ion batteries (LIBs) are the commercial cham-
pions for EES purposes but their large scale applications are not
yet ideal because of two primary factors: the voltage loss due to

10256 | Chem. Commun., 2025, 61,10252-10272
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internal factors such as the inefficient electron and ion transfer
and transport, and safety concerns associated with the flamm-
ability and toxicity of the raw materials, particularly the organic
and flammable electrolytes.*”*® These two unfavourable factors
are basically minimal in supercapacitors (and some recharge-
able batteries) with aqueous electrolytes. Furthermore, the
considerable potentials of supercapacitors, in conjunction with
those that integrate rechargeable batteries and supercapacitors,
e.g. supercapatteries, to supplement or even replace batteries in
the future have been widely investigated. In the course of their
development, supercapacitors and supercapatteries have
shown the predicted capability to deliver high power output
in a safe and stable manner with an extended operational
lifespan. Although their demonstrated energy densities are still
lower than those of LIBs, supercapacitors and supercapatteries
can be shown to possess a much greater potential for combi-
nation with salt caverns, representing great promise for future
large-scale EES plants.

2.1. Basic principles

Fig. 2a shows a schematic of the generic EES device
configuration.**>* Supercapacitors bridge the high power char-
acteristics of conventional capacitors with the high energy
capacity of rechargeable batteries, among which electrochemi-
cal (or electrical) double-layer (EDL) capacitors are most pre-
valent. Their operation relies on reversible electrostatic
adsorption of electrolyte ions at the porous electrode-electro-
Iyte interface (both the positive and negative electrodes (posi-
trode and negatrode) for anions and cations, respectively).*’
Because adsorption of anions occurs at a much more positive
potential than that of cations, electrical energy is thus stored in
the EDL capacitor.

While general views consider EDL capacitor energy storage
to be physical in nature (ad-/desorption of ions without invok-
ing chemical reactions),"* the de-/solvation of ions adsorbed on
the surface induces chemical bonding changes, indicating a
non-exclusively physical process.>°

The classical Helmholtz bilayer model was initially
employed to account for the EDL capacitor, which was later
extended by the diffuse bilayer model incorporating an ion
distribution gradient into the electrolyte. Currently, EDLs actu-
ally possess multilayered structures with compact and diffused
layers.’® Despite limited specific capacity, EDL capacitors
enable rapid dis-/charging. In general, the larger the specific
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Fig. 2 Schematic illustrations of (a) the structure of a generic EES device
(cell) and (b) charging three different EES devices as indicated.
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Fig. 3 Illustration of CVs of electrodes and GCD profiles of two-electrode

cells of a battery, supercapacitor and supercapattery (redrawn from
ref. 50).

surface area and the higher the porosity of the electrode
material, the greater the number of sites that can undergo
bilayer adsorption, and the higher the amount of charges that
can be stored in the corresponding material. Activated carbon
is the most common EDL active material.>>>* The dis-/charging
processes of batteries, supercapacitors and supercapatteries
(¢f. Fig. 2) are characterised by different features on cyclic
voltammograms (CVs) as well as linear galvanostatic
(constant-current) charging and discharging curves (GCDs), as
shown in Fig. 3.

Unlike EDL capacitance, charge storage can also be achieved
via reduction and oxidation (redox) reactions in the electrode
that break and reform chemical bonds, leading to chemical
energy storage. Such reactions always involve the transfer of
electrons across an interface such as that between electrode
and electrolyte (solid|liquid), or between the current collector
and active material (solid|solid) and are called Faradaic
processes.”® It is proposed that, depending on the chemical
bonding, the Faradaic process can proceed in two different ways.

The first is Nernstian. Consider the oxidation of a species in
the reduced state, Re, to its oxidised state, Ox, as shown
in reaction (1), on a positrode upon the application of a
potential, E..

Re == Ox + ne (1)
If reaction (1) obeys the following Nernst eqn (2) which

includes an equilibrium potential, E,°, that is both theoretically
and experimentally characteristic of reaction (1),

RT dox
E. =E"+—1 2
o= B pin(22) @)
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where R is the gas constant, F the Faraday constant, T the
temperature, and aox and ag. are the activities of Ox and Re,
respectively. Similarly, on a negatrode, an equilibrium
potential, £_°, can also be established for a reduction reaction.

The above discussion refers to both Re and Ox being in the
liquid electrolyte. This means that no direct interactions occur
between the same or different types of redox active species. If
they are anchored on the electrode and do not interfere with
each other, the Nernst equation can still be valid. Mainly
because of E,° or E_°, a Nernstian process exhibits distinct
peak-shaped cyclic voltammograms (CVs) and non-linear gal-
vanostatic charging-discharging plots (GCDs) often with a
potential plateau. The Nernstian process can also cause phase
transition in the electrode material. The combination of a
Nernstian positrode and a Nernstian negatrode is responsible
for the charge storage in conventional rechargeable batteries
with E,°—E_° being the theoretical cell voltage.

It should be pointed out that in an electrochemical cell, the
electrode with a reduction reaction is named as the cathode,
while that with an oxidation reaction as the anode. In an
electrolysis cell, the cathode is the negatrode and the anode
the positrode. However, in a rechargeable battery, charging is
the same as electrolysis, but discharging will have oxidation on
the negatrode and reduction on the positrode. Therefore, the
terms anode and cathode should not be used to name the
electrodes in any rechargeable electrochemical cell, such as
battery, redox flow battery, supercapacitor or supercapattery.

Another Faradaic process is widely known as pseudo-
capacitance.">*® It may result from reaction (2) if Ox and Re
are both on the electrode and these redox active species can
electronically interact with each other. This situation is com-
monplace amongst semiconducting redox active materials,
such as RuO, and MnO, and also polypyrrole, in which the
electrons or more accurately valence electrons are delocalised
to a certain zone or range in the electrode. It is worth mention-
ing that, unfortunately, pseudocapacitance was used for at
least two different electrochemical processes in the literature,
resulting in confusions and misleading claims.’**>"” To avoid
confusion, Faradaic capacitance or linear pseudocapacitance
has been proposed.” In the following discussion, Faradaic
capacitance is used in place of pseudocapacitance that was
used broadly and also confusingly in the respective literatures.

The phenomenon of Faradaic capacitance was first observed
in Ru0,.>* Other transition metal oxides (TMOs) and intrinsi-
cally and electronically conducting polymers have also been
shown to store charge in a capacitive way, which is in accor-
dance with the concept of Faradaic capacitance.”®*® Never-
theless, this category of capacitive energy storage processes,
despite following the Faraday reaction rule, do not align with
the Nernst equation.®® This is because, experimentally, rectan-
gular CVs and linear GCDs are also commonly observed in
materials with Faradaic capacitance. In comparison with mate-
rials of EDL capacitance, Faradaic capacitive materials can offer
higher specific capacitance, but slower kinetics because of the
relatively slow transport of charges (mainly ions) that is also
well known in Nernstian or battery materials. It is worth noting
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that it is impossible to differentiate between EDL and Faradaic
capacitances by electrochemical means only, but the electron
transfer reactions of Faradaic capacitance can often be detected
by spectroscopic analyses, such as electron spin resonance
(ESR) spectroscopy.>

Accordingly, in terms of electrode materials, rechargeable
batteries use Nernstian materials, whilst supercapacitors have
their two electrodes being either EDL or Faradaic capacitive
(symmetrical) or both (asymmetrical). Symmetrical supercapa-
citors are devices comprising identical positive and negative
electrode materials, with the same charge storage mechanism
but the opposite ion movements or reactions in, for example,
the carbon-based EDL capacitor. Asymmetrical supercapacitors
are those with different positrode and negatrode materials but
both are capable of capacitive charge storage, or with different
positrode and negatrode energy storage mechanisms, or with
the same materials in both electrodes but different mass
loadings. A third configuration, known as a supercapattery (=
supercapacitor + battery) comes naturally from combing a
Nernstian (or battery-type) electrode with either an EDL or
Faradaic capacitive electrode. Electrochemical characteristics
of these three configurations are illustrated in Fig. 3.

Terminology-wise, a supercapattery is an asymmetrical or
hybrid device, but it should not be called a ‘“hybrid super-
capacitor” (which is in fact the same as an asymmetrical
supercapacitor). In terms of energy storage, supercapatteries
are expected to combine the merits of EDL or Faradaic capaci-
tive electrode materials and battery-type or Nernstian materials
to provide both high specific capacity and high multiplicity
performance, although it may not always be so in reality,
making it crucially important to pair the electrode materials
with matching properties and to design the electrodes and cell
for optimal performances.

The construction of large EES devices including super-
capacitors and supercapatteries utilising salt caverns necessi-
tates the use of stable electrode materials and electrolytes.
Electrode materials and aqueous electrolytes for salt cavern
energy storage will be discussed in the following sub-sections,
respectively.

2.2. Electrode materials

The electrochemical performance, cycling and storage stabilities,
and manufacturing costs of supercapacitors are all significantly
influenced by the choice of electrode materials. In recent decades,
a variety of electrode materials, including carbon-based
materials,®>®® transition metal oxides,>*>*%* hydroxides,®* sul-
fides, phosphides, and nitrides,* and various electronically
conducting polymers®>®® have been extensively investigated
and employed in EES technologies. Typically, electrode materials
for supercapacitors should offer high specific capacitance, a broad
potential window, good conductivity and high electrochemical
stability, and a large specific surface area, while also low resource
and manufacturing costs.

Carbon-based materials have been the subject of extensive
investigation and concern in the field of supercapacitors due to
their highly controllable porosity, good electrical conductivity
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and chemical stability, rich resources, and relatively low or
affordable costs. Over the past decades, a range of carbon
materials have been prepared and utilised as electrode materials,
including activated carbon (AC), carbon nanotubes (CNTs), gra-
phene, and carbon nano fibres (CNFs).*® In particular, they work
very well for capacitive charge storage in various aqueous electro-
Iytes with or without additives that, for example, improve water
wettability on carbon surfaces.®” These attributes, particularly the
affordable cost and high stability, offer promising potential for
their application in salt cavern EES.

Among the various carbon-based charge storage materials,
AC is the most widely used due to its favourable materials and
performance characteristics as mentioned above. Limited by
specific surface area, and electrolyte selection, the real capaci-
tance can only reach 200-300 F g~ " due to the low efficiency of
ions accessing the available active sites in the porous structure,
which is mainly composed of microporous regions. The main
focus of AC research is on the rational design of porous
structures to achieve a higher specific surface area, whilst
in most studies and capacitive storage applications, AC based
symmetrical or asymmetrical supercapacitors use aqueous
electrolytes.

It is well known that electric conductivity varies inversely
against, but specific capacitance increases with, material porosity.
In order to address the issues of lower electrical conductivity and
specific capacitance associated with AC, a number of potential
solutions have been put forth, including the utilisation of carbon
materials with enhanced electrical conductivity or distinctive
structural characteristics. Promising candidates include carbon
nanotubes and graphene. The special hollow structure of CNTs
could help the creation of a large number of charge transfer
pathways, which would result in an enhanced energy or power
density.®® Graphene, a representative 2D material, is known to be
a very promising charge storage material in supercapacitors due
to its excellent conductive and mechanical properties, and high
specific surface area.’>®® Graphene could exhibit a very high
specific capacitance because of its intrinsic double layer capacitive
nature, and long cycling stability which may be attributed to its
high flexibility. After modifying graphene by doping with other
atoms such as boron, nitrogen and phosphorus, the charge storage
performance of graphene can be improved because of the intro-
duction of additional active reaction sites.

In addition to their use as EDL electrode materials, carbon-
based materials have been widely used as a support to form
composites with other electrochemically active materials. This
approach can deliver significantly enhanced energy storage
capacities and power capability due to the synergistic effect
of, for example, structure and redox activity changes.”®”*

Various candidates from the TMO group have been applied
as the Faradaic capacitive electrodes in supercapacitors or as
Nernstian (or battery type) electrodes in rechargeable batteries.
As one of the earliest discovered metal oxides with excellent
capacitive properties, RuO, has been shown to produce rectan-
gular CVs with typical Faradaic capacitive characteristics due to
its stable structure, high conductivity, large specific capacitance
and great reversibility during the dis-/charging processes.’*

This journal is © The Royal Society of Chemistry 2025
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The unique nanostructures and redox activity of RuO, enable
highly reversible dis-/charging processes with a large specific
capacitance in acidic aqueous electrolytes. Also, nanostruc-
tured RuO, offers large specific surface areas and high con-
ductivity to both electrons and protons. The measured high
capacitance must have both Faradaic and EDL contributions.
However, the construction of EES devices in salt caverns would
be technically meaningful and more economical if neutral
aqueous electrolytes are employed. In addition, the cost of
RuO, electrodes is too high for large scale applications.

The relatively inexpensive metal oxide, MnO,, has also
attracted much attention due to its high theoretical specific
capacitance (= nF/(AEM) = 1 x 96485/(1 x 87) = 1109 F g *
where M is the formular mass), wide electrochemical window
(AE = 1.0 V), and morphology tunability.”> MnO, exhibits
Faradaic capacitance with a rectangular CV due to reversible
changes between the valances of Mn(wv) and Mn(m). The
reduction of Mn(m) to Mn(u) is only partially reversible and
should be avoided in capacitive charge storage. However, the
inherently low to medium conductivity and the dis-/charging
induced agglomeration of nanoparticles may impede the fast
charge storage and stability of MnO, as an electrode material.”®
Recently, by growing MnO, nanoparticles on mesoporous bowl-
like carbon (MnO,/MBC),”* additional electroactive sites were
introduced and the mechanical strength of MnO, particles was
enhanced. The asymmetrical supercapacitor assembled with a
MnO,/MBC positrode and an AC negatrode in a water-in-salt
(WIS) electrolyte could deliver a fairly high specific energy and
power of 70.2 W h kg™" and 700 W kg™ " with a high operational
cell voltage of 2.8 V.

In addition, considerable research has been conducted into
other metal oxides. For example, V,0s,”> which exhibits multi-
ple oxidation valences (V, IV, III and II) with a layered crystal
structure, could deliver optimal energy storage performance in
aqueous electrolytes by constructing a unique structure to
overcome the instability and low electron conductivity asso-
ciated with conventional materials. Another TMO example is
the low cost Fe,03,”® which has a theoretical specific capaci-
tance of 1208 F g~ " (= 2 x 96485/(1 x 159.7)) for the reduction
of Fe(m) to Fe(u) between 0 and —1.0 V vs. Ag/AgCL. It is a
suitable negatrode material in supercapacitors after nanostruc-
ture design and compositing with conductive additives to
achieve a high capacitance and long cycle life. In the literature,
reported specific capacitances ranged from 100 to over 1000 F g~ *
depending on structures.

In addition to oxides, metal sulphides, phosphides and
nitrides are also being investigated as supercapacitor electrode
materials because of their metal-like electrical conductivity and
interesting redox properties.”” *° It is worth pointing out that
not all redox active metal compounds, particularly oxides and
sulphides, can offer Faradaic capacitance, but studies on such
materials often report misleadingly high specific capacitances.
For example, a high value of 1095 F g at 3 A ¢~ ' was claimed for
a composite of Fe,Oj/graphene, but the electrochemical
features as reported were all Nernstian in nature, i.e. current
peaks on CVs and potential plateaus on GCDs.**
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Electronically conducting polymers (ECPs) are another
important category of Faradaic capacitive materials, offering
enhanced suitability for next generation flexible and wearable
energy storage devices.®®®* For instance, polyaniline (PANi),
polypyrrole (PPy), polythiophene (PTh), and their derivatives
have been investigated as charge storage materials through
Faradaic capacitance and de-/doping of ions. For capacitive
storage, ECPs and their composites with EDL or other Faradaic
capacitive materials can offer multiple advantages, including
low density, good processability, low cost, and large charge
capacity via reversible redox reactions. ECPs can be doped by
oxidation or reduction processes, allowing for the control of
conductivity through the manipulation of doping levels. Repre-
sentative ECPs such as PANi and PPy, are capable of operating
in aqueous electrolytes and exhibit high specific capacitances
(200-500 F g~ 1).8%8 Additionally, ECPs have been composited
with other polymers or inorganic materials to improve their
charge storage performance.®*

It is interesting to note that the concept of and commercial
interests in supercapacitors appeared earlier in the literature
than lithium-ion batteries (LIBs) but the latter gained more
research attention and commercial development in the past
three decades.®’*® The reasons are mainly due to LIBs having a
much greater energy density or specific energy which is deter-
mined by two main factors: cell voltage and electrode charge
capacity. In theory, the cell voltage of supercapacitors can be
the same as the electrochemical stability windows (ESWs) of the
electrolytes. However, the cell voltages of LIBs are limited by the
potential differences between the positive and negative electro-
des which are usually narrower than the ESWs of the electro-
Iytes. This understanding has invoked early research efforts in
searching for supercapacitor electrode materials with large
specific charge capacities. Fast growing research followed par-
ticularly the discovery of RuO, being capable of dis-/charging in
a capacitive manner,> leading to the development of a large
family of unique redox active materials, i.e. Faradaic capacitive
materials such as TMOs and ECPs. Such materials offer rever-
sible electrochemical capacitive performances, differing from
that of battery electrodes in accordance with Nernst’s law.

It should be pointed out that the specific charge capacities
of both Faradaic capacitive and Nernstian materials are very
much comparable because of their redox origins and are much
higher than those of carbonaceous materials that store charges
in their EDLs. However, when used alone at a relatively high
loading (e.g. >10 mg cm™?), redox active materials become
more resistive to both the electron and ion conductions.
Particularly, the ingression or egression of ions in the redox
material become diffusion controlled, limiting the dis-/char-
ging rates and hence the power capability.

A pioneering effort to enhance electron and ion conduction
inside electrode materials is to distribute the redox active
materials as a thin coating on individual carbon nanotubes
(CNTs).”%7187-89 A5 shown in Fig. 4a-c, individually coated
CNTs with polypyrrole (PPy) or MnO, were successfully pre-
pared. These CNTs not only functioned as pathways for electron
conduction, but also enabled the formation of micro and macro
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Fig. 4 TEM images of carbon nanotubes (CNTs) coated with (a) poly-
pyrrole (CNT-PPy), reproduced from ref. 71 with permission from John
Wiley and Sons, copyright 2000, and (b) manganese dioxide (CNT-MnO,),
reproduced from ref. 70 with permission from John Wiley and Sons,
copyright 2007. The HRTEM image in (c)”* confirms the enclosure of
individual CNTs by uniform PPy coatings. Cyclic voltammograms were
obtained from (d) pure PPy and CNT-PPy of the same deposition charge in
aqueous 0.5 mol L™ KCL,8 and (e) CNT-MnO, in aqueous 2.0 mol L™t KCL
at different overall loadings which are translated to the respective areal
loadings in (f).”° Reproduced from ref. 71 with permission from John Wiley
and Sons, copyright 2000, from ref. 88 with permission from Elsevier,
copyright 2007, and from ref. 70 with permission from John Wiley and
Sons, copyright 2007.

pores for ion transport. Electrochemical analyses in aqueous
chloride electrolytes revealed significantly enhanced charge
storage capacities of these composites in comparison with their
parent components as exemplified in Fig. 4d. Furthermore,
these CNT based composites present consistent dis-/charging
performances at increasing areal loadings beyond 30 mg cm >
without invoking diffusion control as evidenced in Fig. 4e and
£.7° A record areal capacitance (>5 F cm™2) was claimed for the
CNT-65 wt% MnO, composite in aqueous KCl (2 mol L™%),
whilst the loss in capacitance after 1000 dis-/charging cycles
was less than 5%.

A key step in making composites with well dispersed CNTs is
to firstly disperse the highly entangled CNTs (commercial
products from the chemical vapour deposition method) in
aqueous solutions. It was most effectively achieved in the
laboratory via partial oxidation of the commercial CNTs in
strong sulfonitric acids (mixture of concentrated H,SO, and
HNOj;).”"*7%8 partial oxidation of CNTs results in the formation
of oxygen containing groups (OCGs) on the surface of CNTs that
become anionic in neutral aqueous solutions. Therefore, such a
suspension of CNTs was directly used in electro-deposition of
ECPs without any additional electrolyte salt. However, this
sulfonitric process emits nitrogen oxides (NO,) and is not
suitable for commercial scale-up. In a recent study, by replacing
nitric acid with hydrogen peroxide (H,0,), a novel mechano-
Fenton-Piranha oxidation process was demonstrated, capable
of dispersing commercial CNTs in water without any emission
of NO,. Such produced CNTs were dispersed well in water
for making CNT-PPy composites without compromising the
desirable specific capacitance.
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Fig. 5 SEM images of electro-deposited CNT-PEDOT films from a CNT-
assisted metastable emulsion, showing (a) interconnected craters of
various sizes with enlarged views of (b) the base and (c) the bank of the
crater. Reproduced from ref. 91 with permission from Royal Society of
Chemistry, copyright 2006. (d) Cyclic voltammograms of pure PEDOT and
CNT-PEODY of the same deposition charge in aqueous 0.5 mol L™ KCL
Reproduced from ref. 88 with permission from Elsevier, copyright 2007.

Not all monomers can dissolve in water to a sufficiently high
concentration for polymerisation. A good example is poly-
[3,4-ethylene-dioxythiophene] (PEDOT) whose monomer can
be electro-polymerised into stable films of high performance
on various electrode surfaces, e.g. graphite and platinum, in an
acetonitrile solution of 0.5 mol L™" LiClO,, for example.
An attempt® to mix the acetonitrile solution of the monomer
with an aqueous suspension of well dispersed CNTs led to an
organoaqueous emulsion that remained stable for hours.
This metastability enabled successful electro-deposition of
the CNT-PEDOT composites whose surface morphology showed
interesting crater-like features as shown in Fig. 5a-c, apparently
resulting from the drying of the emulsion. Fig. 5c¢ further
reveals that the CNTs were assembled in the banks of craters,
implying their function as the stabiliser (similar to surfactant)
of the emulsion at the interfaces between the organic and
aqueous phases. Again, at the same deposition charge, the
CNT-PEDOT outperformed the PEDOT in charge storage capa-
city, although both exhibited comparable cycling stabilities.®

The electro-co-deposition method discussed above is effec-
tive in operation and control of product quality, but it requires
the dispersion of the CNTs in the electrolyte which is not
aways convenient and cost effective. Alternatively, it is possible
to firstly anchor the CNTs or other high surface area and
conducting materials such as activated carbon and graphenes
that are capable of forming a suitable porous structure on the
electrode surface. Then, the redox material is electro-deposited
onto the modified electrode surface.”*® Fig. 6 shows an
example of direct electro-deposition of PPy onto an array of

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) SEM images of vertically aligned CNTs coated with PPy via direct
electro-deposition (deposition charge: 40 C cm™2). The inset is an enlarged
view showing the uncoated portions of the CNTSs. (b) A single CNT with the left
portion being coated with PPy and the right portion being naked. (c) Areal
capacitance of PPy coated vertically aligned CNTs (triangles) and that of pure
PPy (diamonds) as a function of deposition charge. Reproduced from ref. 92
with permission from John Wiley and Sons, copyright 2002.

vertically aligned CNTs which were grown onto a quartz plate
via chemical vapour deposition and then transferred to the
surface of gold-coated Mylar foil with the aid of silver paint.**
It can be seen that the PPy coating was uniform on individual
CNTs, as evidenced by the insert showing a naked portion of
the CNT. Clearly, both SEM (inset in Fig. 6a) and TEM (Fig. 6b)
studies demonstrated the PPy coating was much thicker than
that revealed in Fig. 4c. This is not surprising because the direct
electro-deposition on the vertically aligned CNTs proceeded
until a deposition charge of 40 C cm 2. Under similar condi-
tions, directly deposited pure PPy on the electrode showed a
capacitance plateau at deposition charges larger than 10 C
cm %, suggesting the deposit was becoming resistive to con-
duction of either or both ions and electrons. However, when the
deposition charge was further increased beyond 40 C cm ™2, the
channels between the CNTs were blocked by the overgrown PPy.
It is worth mentioning that the examples discussed above
have been selected for their excellent performances in aqueous
electrolytes. Accordingly, in the construction of EES in salt
caverns, it is possible to select conventional carbon-based
materials or metal oxides or conductive polymers as electrode
materials. However, it is essential to give more comprehensive
consideration to the electrolyte and the cost implications.

2.3. Electrolytes

2.3.1. Aqueous electrolytes. The performance of EES is
significantly influenced by electrolyte properties, where factors

This journal is © The Royal Society of Chemistry 2025
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such as potential window (i.e. ESW) and ionic conductivity are
of great importance. The ionic type, size, concentration, as well
as the solvent, the interaction with electrode materials and the
purity have a significant impact on the energy density, power
density and cycle life of supercapacitors and supercapatteries,
as well as battery-based energy stores.’® So far, aqueous,””
organic,”® ionic liquid,”® and solid-state electrolytes'®® have
all been studied and employed in a range of commercial EES
devices, including supercapacitors. Among these, organic and
ionic liquid electrolytes are capable of achieving wider potential
windows. However, organic electrolytes suffer from several
disadvantages, including flammability, toxicity, volatility, high
cost, and low ionic conductivity. Similarly, ionic liquids suffer
from high viscosity, high cost, and low ionic conductivity. Solid
electrolytes promise a significant advantage in terms of safety
but their technical potentials are compromised by poor ionic
conductivity. In the context of salt cavern EES, the large-scale
adoption of organic electrolytes or ionic liquids is costly.
Consequently, aqueous electrolytes represent the optimal
choice for salt cavern EES, offering a combination of safety,
low cost, high ionic conductivity, and ease of operation and
realisation.'®"

It is widely overinterpreted that the thermodynamic decom-
position voltage of water (1.23 V at room temperature) is a
limiting factor of the cell voltage of aqueous EES devices and
hence results in a low energy density. An exemplar fact against
this overinterpretation is that the very common lead-acid
battery operates at a cell voltage over 2.1 V without invoking
any problematic water decomposition. In more general prac-
tices, there are several strategies that can be employed to
expand the electrochemical window of aqueous electrolytes.
Firstly, an extra overpotential is required on the electrodes
(e.g. carbon and lead) against the oxygen/hydrogen evolution
reactions. Secondly, the interaction between the solvent and
solute ions can also be enhanced, such as in the case of water-
in-salt, so that there is little or no free water molecules in the
electrolyte to undertake electrode reactions, impeding effectively
water decomposition. Last, but not least, it has been demonstrated
that with an ion conducting membrane (separator), the electrolyte
on the negatrode side can be made highly alkaline to minimise
hydrogen evolution, whilst using a strong acidic electrolyte on the
positrode side to push the oxygen reaction to more positive
potentials. Consequently, by using electrodes with high overpo-
tentials for the HER and OER, separating the HER and OER with
an ion conducting membrane, and regulating the aqueous electro-
lyte on concentration, pH value, or additives, high voltage (>2.0 V)
aqueous EES devices can be achieved to assist applications in salt
caverns.

Another thermodynamic prediction of water electrolysis is
that variation of the pH of an aqueous electrolyte does not
affect the water decomposition voltage. In accordance with the
Nernst equation, the pH value of the electrolyte exerts a
modulating influence on the potentials of the negatrode for
the hydrogen evolution reaction (HER) and positrode for the
oxygen evolution reaction (OER). The thermodynamic poten-
tials of the OER and HER can be calculated according to eqn (3)
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and (4).'°>7'** Because the decomposition (or cell) voltage is the
difference between the OER potential and HER potential, the
PH influence is cancelled.

Porr = 1.23 — 0.0591 pH

(3)
(4)

However, the kinetics for the HER and OER are very different,
which can be further distorted by using electrode materials that
favour differently towards the HER and OER at different pH values,
leading to kinetically increased water decomposition voltage.

Indeed, it has been demonstrated that a considerable
number of electrochemical reactions or processes in aqueous
electrolytes are markedly affected by the pH value of the
electrolyte, including water electrolysis.’®>'® The stable
potential window of an EDL capacitive carbon-based electrode,
for example, is usually 0.8 V in acidic or alkaline electrolytes,
while it can be extended to more than 1.4 V in neutral
electrolytes.'®

An interesting and useful observation of water reduction on
an AC electrode is that when the potential reaches at or slightly
beyond the overpotential for the HER, e.g. —1.23 V vs. H'/H,,
the local water molecules at the carbon]|electrolyte interface
undergo partial reduction and form nascent hydrogen atoms

PHER — —0.0591 pH
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which are then trapped inside the micropores of the AC
material, partly assisted by electrochemical adsorption. If there
was sufficient activation energy, the adsorbed hydrogen atoms
would further react to form hydrogen molecules. Because the
trapped hydrogen atoms can be re-oxidised at more positive
potentials, by controlling the potential, it is possible to utilise
the nascent hydrogen atoms for additional charge storage.

Given that HER and OER processes in neutral electrolyte
result in low concentrations of H and OH ™, the local reduction
of water molecules to free OH™ causes a local pH increase,
thereby shifting the hydrogen generation potential further in
the negative direction. Consequently, a higher applied voltage
is required to drive the HER, and this difference is referred to as
the overpotential. As a result, the generated hydrogen binds
more readily to the porous carbon surface rather than hydrogen
evolution. Therefore, the electrochemical window of the
aqueous electrolyte is expanded.

Abbas et al.'® investigated the HER response of AC electro-
des by studying the HER in aqueous electrolytes of 1 M Li,SO,
(pH = 6.5) and 1 M BeSO, (pH = 2.1), as illustrated in Fig. 7a.
It was found that in the neutral electrolyte, due to water
reduction, a small amount of OH™~ was produced, and thus a
local pH value increase resulted in a higher overpotential for
dihydrogen formation. Subsequently, the current oscillation
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Fig.7 (a) CVsof ACat2mV s tin 1M Li,SO4 with pH = 6.5 (left) and in 1 M BeSO,4 with pH = 2.1 (right). Reproduced from ref. 106 with permission from
IOP Publishing, copyright 2015. (b) The HER and OER potentials and electrochemical window of WIS electrolytes. (c) Illustration of the Li* solvation
sheath in diluted and water-in-salt solutions. Reproduced from ref. 108 with permission from Springer Nature, copyright 2013. (d) Schematic of the
capacitive and Faradaic charge storage processes with the redox couple in the electrolyte. (e) Reduction potentials of the indicated redox couples (BV,
benzyl viologen; EV, ethyl viologen; HV, heptyl viologen; MV, methyl viologen). Reproduced from ref. 114 with permission from Springer Nature,

copyright 2015.
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initiated by hydrogen evolution started from —0.8 V vs. SHE.
In contrast, the process had no such impact in the acidic
electrolyte, where the hydrogen generation occurred at —0.3 V
vs. SHE, which is close to the thermodynamic reduction
potential of water. Consequently, there is a notable distinc-
tion in the overpotentials in acidic and neutral aqueous
electrolytes.

Furthermore, the utilisation of a cation exchange membrane
serves to segregate the positrode and negatrode, thereby
extending the operational voltage range.'®” However, this
approach is more complex. In the context of salt caverns,
neutral electrolytes are more likely to exist stably, thereby
enabling the achievement of an extended working voltage.
On the one hand, the comprehensive regulation of the electro-
lyte concentration and composition is essential to ensure the
stability of the electrochemical energy storage process and
more importantly to prevent the secondary dissolution of the
rock salt on the walls of the salt cavern if it is used directly to
contain the aqueous electrolyte. The latter will be further
discussed in later sections.

2.3.2. Water-in-salt electrolytes. Another way to widen the
electrochemical window of aqueous electrolytes is to utilise the
so-called water-in-salt (WIS) electrolytes. In 2013, Suo et al.**®
proposed a novel electrolyte for lithium metal batteries,
whereby organic lithium salts with low lattice energy were
dissolved to the greatest extent possible into an organic solvent,
resulting in a highly concentrated organic electrolyte in which
the electrolyte salts exceeded the organic solvent in terms of
both volume and mass. Apparently, such a solution shows
actual solvent being dispersed into the salt solute, and is thus
called “solvent in salt”. Inspired by this concept, Suo et al.®’
proposed and demonstrated an ultra-high concentration salt
solution as the electrolyte for aqueous lithium-ion batteries in
2015, naming it “water-in-salt” (WIS). It is created by dissolving
a large quantity of the organic salt, lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI), in water with a molar concen-
tration of 21 M. This solution exhibited an electrochemical
window as wide as 3.0 V, which is significantly higher than the
thermodynamic decomposition voltage of water, as illustrated
in Fig. 7b. In this type of electrolyte, the ultra-high concen-
tration of the electrolyte salt results in a significant reduction in
water activity. According to the Nernst equation, this leads to an
increase in both the OER and HER overpotentials, and hence a
wider decomposition voltage of water.

In addition, the ultra-high Li" ion concentration leads to the
formation of an anion-containing solvation sheath, which
results in strong coordination between water molecules and
Li" ions (see Fig. 7c). Consequently, the majority of water
molecules in the electrolyte are constrained around the Li"
ion solvent layer, and thereby are markedly reduced in their
electrochemical activity. Furthermore, the reduction potential
of TFSI™ is more positive than that of hydrogen generation,
according to the density functional theory. Therefore, TFSI™
will be reduced prior to the occurrence of hydrogen evolution,
resulting in the formation of a LiF passivation layer on the
electrode surface. This phenomenon leads to a more negative

This journal is © The Royal Society of Chemistry 2025
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potential for HER. Subsequently, this electrolyte was employed
to construct an aqueous lithium-ion full battery, in conjunction
with MogSg as the negatrode and LiMn,O, as the positrode,
which demonstrated a voltage of 2.3 V and exhibited a stable
capacity for 1000 cycles.'*®

Subsequently, WIS electrolytes were also employed exten-
sively in supercapacitors, which could enhance the voltage and
energy density of the devices. For example, symmetrical super-
capacitors comprising AC electrodes and LiTFSI as the electro-
lyte offered a wide voltage window of 2.4 V and a high specific
energy of 24 W h kg™ "."*° In light of the considerably expensive
LiTFSI salt, water-in-salt electrolytes with alternative salts also
begin to emerge. For instance, Bu et al. developed a water-in-
salt electrolyte of 17 M NaClO, and designed supercapacitors
capable of operating at 2.3 V and delivering a specific energy of
23.7 W h kg™, which further reduced the cost of the water-in-
salt electrolyte."'" Subsequently, the research group also
proposed NaNO; as the salt with a concentration of 12 M to
widen the electrochemical window to 2.56 V, demonstrating
improved energy storage characteristics in symmetrical super-
capacitors based on commercial AC.""?

In order to further reduce the free water content in WIS,
researchers have proposed the utilisation of water-in-salt elec-
trolytes with bimetallic salts to broaden the electrochemical
window. For example, a new ultra-high concentration water-in-
salt electrolyte consisting of LiTFSI (21 M) and additional
lithium trifluoromethane sulfonate (LiTOf, 7 M) demonstrated
an electrochemical window of up to 3.1 V as a result of
the further reduction of reaction activity of water and a more
compact and efficient LiF layer.'"?

However, water-in-salt electrolytes also possess certain
intrinsic drawbacks, including high viscosity and low conduc-
tivity, due to the strong coordination between anions and
cations. These characteristics affect the electrochemical stability
and multiplicity performance of supercapacitors. In addition,
solute precipitation occurs at low temperatures, which is a sig-
nificant concern when the electrolyte is applied in salt caverns,
where temperature varies in the huge space and the concentration
of the salt in WIS may be challenging to stabilise over time.

Researchers discovered that by incorporating a modest
quantity of organic solvents into the WIS electrolyte as a co-
solvent, they could leverage the characteristics of organic
solvents such as a low freezing point and low viscosity, to
improve the conductivity and low-temperature stability, and
further broaden the electrochemical window of the mixed
electrolyte.’*>'*® One example is the addition of acetonitrile
to the WIS solution of LiTFSI (21 M), which can reduce the
interactions between anions and cations and promote the ion
transport."*® The hybrid WIS electrolyte could improve the
cycling performance of the supercapacitor to 14 000 cycles at
the operation volage of 2.2 V. Furthermore, the electrochemical
window of acetonitrile containing WIS of NaClO, (8 M) can be
extended to 3.16 V.'"7

Although water-in-salt electrolytes can significantly address
the issue of the limited potential window of water-based
electrolytes, their high costs, low temperature instability, and
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low conductivity present significant challenges which must be
overcome to further develop their application in the construc-
tion of large-scale EES devices in salt caverns. As ion transport
efficiency is an important factor influencing the energy storage
characteristics of large-scale EES devices, any measure that can
increase ion transport efficiency is worth investigation. If the
electrolyte may underperform against design and expectation,
further consideration of device structure optimisation is neces-
sary. Additionally, the potential impact of filling up salt caverns
with the WIS electrolyte on the environment requires further
evaluation.

The introduction of redox-active additives into the electro-
lyte enables the generation of supplement Faradaic capacitance
or capacity and an enhancement of the charge storage capacity
of the supercapacitor."**"'®'2% [n addition, the selection of
additives with redox potentials in proximity to the HER
and OER potentials can also effectively protect water from
decomposition, while simultaneously widen the potential
window to a certain extent. The selected redox-active additives
are typically highly soluble, ensuring the Faradaic contribu-
tions. They can undergo oxidation and reduction at the
positrode and negatrode, respectively. It is also important to
ensure that the respective redox potentials should reach the
limit of the OER and HER in order to circumvent the shuttle
effect and self-discharge, as shown in Fig. 7d. Reduction
potentials of various redox couples considered relative to the
thermodynamic stability window of water at neutral pH can be
seen in Fig. 7e. For example, by adding 0.1 M Fe(CN)s*>~/
Fe(CN)s*~ to a 1 M Na,SO, electrolyte, a wide operating
potential of 2 V was achieved for symmetrical supercapacitors
based on AC."*

2.3.3. Non-aqueous electrolytes. Because of their wide elec-
trochemical stability windows (ESW), liquid non-aqueous elec-
trolytes, including salt solutions in organic solvents and liquid
salts (e.g. ionic liquids and molten salts),"**'** are more
favourable for high density EES. They may also become satis-
factorily flame retardant with suitable additives.'** In the
context of salt caverns, non-aqueous electrolytes are usually
associated with higher costs and therefore not expected as a
choice in the early stage of development. However, for strategic
purposes, the wide ESW and hence high energy density result-
ing from using a non-aqueous electrolyte can be a favourable
driver. Furthermore, their inertness towards the walls of salt
caverns, which are already proven for storage of crude and
refined oils,">>"*® may offer greater financial feasibility, parti-
cularly in smaller caverns.

In conclusion, although there is a vast array of potential
electrolytes, aqueous electrolytes are most suitable for large-
scale EES in salt caverns. Furthermore, a neutral electrolyte is
preferable as it can remain stable when in contact with the salt-
cavern walls. In order to achieve higher operating voltages and
hence energy densities of EES, it is necessary to modulate and
modify the aqueous electrolyte by utilising WIS, tuning the
pH value, and using redox-active additives in conjunction
with electrode materials with high overpotentials for the HER
and OER.

10264 | Chem. Commun., 2025, 61,10252-10272

View Article Online

Feature Article

3. Perspective: salt cavern
supercapacitors and supercapatteries

3.1. Advantages of supercapacitors and supercapatteries in
salt caverns

It is anticipated that salt caverns can be employed as liquid
electrolyte containers for supercapacitors and supercapatteries,
given their distinctive physicochemical attributes. These
include favourable rheological properties, low porosity, low
permeability, self-healing capability and plasticity. Salt caverns
are typically of considerable magnitude in terms of size, with
depths extending from hundreds to thousands of metres and
volumes reaching beyond 1 x 10" L (10 tera-litres)."® This
huge volume can be translated to an overall energy capacity of
10" W h = 100 TW h (terawatt-hour) and power capability of
10" kW = 100 PW (petawatt) based on the very moderate energy
density (ca. 10 W h L™ ") and power density (ca. 10 kW L") of AC
(activated carbon) based symmetrical supercapacitors with
aqueous electrolytes (AC||AC).">”

A drawback of AC||AC supercapacitors is their vulnerability
to self-discharging that impacts the shelf-life of the stored
charge (or charge retention capability). This problem can be
much improved in supercapatteries. For example, a superca-
pattery consisting of a zinc metal negatrode and an AC posi-
trode (Zn|AC), which is also known as a zinc ion capacitor,'*®
was tested in different aqueous electrolytes. The specific energy
and power were around 100 W h kg™' and 1000 W kg *.'*°
These values correspond to energy and power densities of
120 W h L™" and 1200 W L', respectively, assuming an
apparent density of 1.2 kg L™ for the aqueous device. More
importantly, the charge retention was highly satisfactory in a
test time of 500 h. Therefore, using this Zn|AC supercapattery
can lead to at least a ten-fold increase in energy density without
compromising the power density too much.

Although the AC|AC supercapacitor may remain favourable,
considering that repeated electro-deposition and -dissolution
of Zn metal still suffer from dendrite formation,'*® there has
been continuous research studies looking for solutions to self-
discharging in supercapacitors such as using an ion conducting
but solvent impermeable membrane to separate the positrode
and negatrode.”" The impact of the dendritic deposition of Zn
may also be effectively minimised by using, for example, a
properly structured porous carbon negatrode substrate."*°

Nevertheless, the above simple but promising estimations
and the technical issues with EES in salt caverns warrant
further considerations, such as materials and engineering,
before more efforts toward feasibility verification and demon-
stration, and also commercial and environmental gains. Also
bearing in mind that because of their ultra large volumes, salt
caverns are well-suited to either accommodate substantial
quantities of electrolyte and/or facilitate the construction of
large-scale electrochemical cells that can be stacked via bipolar
plates.”**"** Furthermore, the confinement and structural sta-
bility of salt caverns provide the foundation for their long-term
reliability for EES. The extensive geographic distribution of salt
caverns enables the construction of salt caverns for EES in
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proximity to large-scale renewable energy power plants, such
as on and off shore photovoltaic or wind power farms, for
the storage of the energy generated from these intermittent
renewable sources and to balance the power grid at peak and
valley times.

In the following sections, two potential scenarios will be
described, analysed and discussed: (1) utilisation of the
brine water from solution mining, after necessary processing
(cleaning), as the electrolyte, and (2) using electrolytes that have
zero or insignificant interaction with the wall of the salt cavern
to build the EES devices inside the salt cavern. Apparently,
scenario (1) would be low cost but also have a low energy
density, and be suitable for large scale energy storage at GW h
to TW h levels, whilst scenario (2) would be more expensive
with high energy density and could be applied to geological
conditions that do not allow for the construction of stable and
ultra large salt caverns, but the high energy density should still
enable energy storage to the MWh levels.

3.2. Electrolyte selection

Preliminary experimental studies that have been conducted
thus far have focused on the design and construction of redox
flow batteries (RFBs) connected to salt caverns.™* Similarly, the
construction of supercapacitors and supercapatteries in salt
caverns can be carried out in a series of device designs by
combining the special properties of salt caverns.

It is recommended that an aqueous electrolyte should be
used to construct supercapacitors and supercapatteries in salt
caverns. Utilisation of the brine from solution mining as the
electrolyte is an attractive low cost and environment benign
approach. The composition of salt rocks is dominated by NaCl
(>95 wt%) resulting originally from natural drying of seawater,
including that from inland salty lakes. The other ionic
impurities include Mg>*, Ca®>", K" and Li* (cations) and SO4>~
and Br~ (anions). These ions, except for Br~, are electrochemi-
cally inert in water and hence should benefit EDL capacitive
charge storage. The Br™ anion can undergo reversible oxidation
to form the tribromide ion, Br’~. Both Br~ and Br’~ can be
electro-adsorbed onto the internal walls of a porous AC posi-
trode, and hence contribute to both capacitive and Faradaic
charge storage.”*> Unfortunately, because the content of Br~ is
about 3 orders of magnitude smaller than that of Cl7, its
influence is likely negligible."*® Another point about the
extracted brine is its concentration. It is unlikely that the brine
as extracted is always saturated and hence should not be used
directly as the electrolyte can attack (dissolve) the walls of salt
cavern. Thus, further processing of the brine, such as removal
of unwanted components and additions of NaCl to the satura-
tion concentration and other functional agent, is necessary
before injection to the supercapacitor or supercapattery.

The solubility of NaCl in water is about 5.41 M (360 g L™ ') at
room temperature which is not high enough to form a WIS
solution, but is sufficiently high for supercapacitor application.
It was reported that AC electrodes behaved in a highly capaci-
tive way in neutral aqueous electrolytes of alkali chlorides (3 M),
giving rise to a potential window wider than 1.8 V."*’
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Interestingly, such a wide potential window was not achieved
in conventional symmetrical supercapacitors, but when the
positrode to negatrode capacitance ratio was increased, the cell
voltage could reach 1.8 V and beyond.®*?”

In order to obtain a wider voltage window, apart from
organic electrolytes and ionic liquids, WIS represents a favour-
able alternative. The construction of symmetrical supercapaci-
tors utilising WIS as the electrolyte in AC||AC supercapacitors
offers a straightforward and convenient approach to the devel-
opment of salt cavern supercapacitors. As mentioned above,
because NaCl is unable to form a WIS solution, another salt
has to be used, such as LiTFSI. Although WIS solutions have
ultrahigh concentrations, in the absence of Na" and CI~ ions,
they could highly likely interact with the walls of the salt cavern
until they become saturated with NaCl. Such interactions may
be avoided or minimised if the WIS solution is pre-saturated
with NaCl before injection into the supercapacitor. This strat-
egy may be applied to other non-aqueous electrolytes. There-
fore, the saturated NaCl solution with other conceivable
additives could be applied in salt caverns for long time running.
Besides, periodic addition of NaCl to the electrolyte may also be
effective in extending the stability and service life of salt caverns.
Combining stability and cost considerations, saturated NaCl
solution is the most suitable electrolyte for salt caverns. Through
co-salt and/or co-solvent strategies, low-cost NaCl-based electro-
Iytes could be designed with widened voltage windows and high
stability in the salt cavern environment.

Considering the elevated cost of most WIS electrolytes,
the selection of low-cost salts, such as sodium acetate
(CH3COONa), sodium nitrate (NaNOj3) and sodium perchlorate
(NaClo,),' 117138139 can be considered as electrolyte salts for
WIS. In addition, the temperature in the salt caverns is typically
different from the room temperature, and the potential nega-
tive effects of high viscosity and low conductivity of WIS should
be taken into account. Similar considerations may be applied to
those non-aqueous electrolytes. It should also be pointed out
that using WIS and non-aqueous electrolytes requires careful
and effective measures on all potential hazards against health,
safety and environment.

3.3. Device design

Unlike the storage of gases or liquids, the construction of a
large scale supercapacitor or other EES devices in a salt cavern
likely requires machines and even humans to work inside the
cavern and also the necessary transport of materials and
engineering parts for assembly and installation purposes. This
means at least one of the vertical wells used for solution mining
needs to be widened for such access. Because salt cavern
construction is beyond the scope of this article, the following
discussion will be focused on the electrochemical aspects.

A basic and common technical feature of supercapacitors
and supercapatteries is that they can be fully discharged to zero
volt, at least for analytical purposes. This would be destructive
to rechargeable batteries whose minimum working voltage is
determined by the Nernstian reactions on the two electrodes.
This is largely because capacitive electrodes, either EDL or
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Faradaic, are capable of storing charge in a much wider
potential range than a Nernstian electrode. Furthermore, the
capacitive potential range (CPR) of the positrode can overlap, at
least partly, with that of the negatrode and vice versa. In
principle, the amount of charge (and also the current) must
be the same between the positrode and negatrode in any
electrochemical cell. For a capacitive electrode whose capaci-
tance is C, its charge capacity, Q, is proportional to the potential
range, U, i.e. Q = CU (U < CPR)."*7140141

Thus, supercapacitors and supercapatteries can maximise
their cell voltage via unequalisation of the capacitance or mass
of positrode to negatrode. Combining with the overpotentials
of the hydrogen evolution reaction (HER) and/or oxygen evolu-
tion reaction (OER) on some electrode materials, such as
carbon, lead and zinc, the cell voltage of an aqueous super-
capacitor and supercapattery can be extended well beyond the
thermodynamic decomposition voltage of water.

Obviously, this approach should also increase the energy
capacity of the cell. For example, as shown in Fig. 8, application
of this unequalisation principle to an aqueous supercapacitor
of “(+) polyaniline/carbon nanotubes|/carbon (—)” led to an
37 Also, at the positrode to
negatrode capacitance (mass) ratio of 4:3, the voltage of a
“carbon|/carbon” supercapacitor was extended beyond 1.9 V in
aqueous K,SO,, accompanied by an increase of 38% in energy
capacity.®" It is worth noting that this unequalisation principle
requires no change in materials selection and hence incurs zero or
low additional cost, which should be applicable to the construction
of both aqueous and non-aqueous supercapacitors and super-
capatteries. Because Nernstian reactions occur in relatively narrow
potential ranges, this unequalisation principle should have a little

over 80% increase in specific energy.

or limited influence on rechargeable battery.
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Fig. 8 (a) CVsand (b) the specific energy of the cell of “polyaniline/carbon
nanotubes|1.0 M HCl|carbon” at the indicated positrode to negatrode
capacitance ratios. Reproduced from ref. 137 with permission from RSC
Publishing, copyright 2010.
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Although salt caverns have been proposed for EES with the
RFB design, the caverns are only used as containers for separate
storage of the charged and discharged redox electrolytes. The
electrochemical cells are built above the ground. Salt cavern
EES is in principle capable of approaching the GW h to TW h
levels, and the working voltage of individual electrochemical
cells is still too small for electrical engineering. The conven-
tional solution to serially stack multiple cells is to achieve a
high overall voltage. While external serial connection of indivi-
dual cells is widely used in the range from kW h to MW h,
internal stacking via bipolar plates (electrodes) can be advanta-
geous. For example, when stacking 1000 cells, for external
connection, the number of electrodes is 2000, but for bipolar
connection, only 1001 electrodes are needed. Furthermore, the
external connection requires additional connectors (cables)
whose total weight and resistance are not negligible, in addition
to the cost of connectors and assembling operation.

Laboratory attempts were successful in stacking asymmetri-
cal supercapacitor cells of “AC|3 M KCI|PPy-CNTs” with tita-
nium bipolar plates.”*® For building stacked supercapacitors
with bipolar plates and cleaned brine as the electrolyte, it is
necessary to utilise the walls of the salt cavern as the container
to seal every individual cell serially connected via the bipolar
plates.

Fig. 9 shows schematically the design of a laboratory simu-
lation of the salt cavern supercapattery, including five bipolarly
connected (—) Zn|brine + ZnCl,|AC (+) cells, utilising the brine
from solution mining of the salt cavern as the electrolyte. The
brine as produced may need necessary cleaning to remove the
undesirable components. The positrode is made from AC with
necessary additives such as binder and conductive agents. The
negatrode could use appropriately structured cloth (e.g. woven
carbon fibres) to offer a sufficiently high specific area that is
completely or mostly accessible for electro-deposition of Zn
so that dendrite formation is avoided. The separator can be a
porous membrane such as a glass-fibre felt or a Celgard
product,'*?
those Na* ion conducting Nafion materials.

In Fig. 9, the design sketches of a simulated salt cavern are
presented. In the laboratory, this can be prepared by melting
and solidifying NaCl in a stainless steel container with or
without an alumina liner (coating) on the internal walls of
the container, and then using a water jet to make the central

or an ion conducting membrane such as one of
143

space. Also, holes and spaces are provided above and asides the
stacked cells for electrolyte spill or overflow because charging
and discharging of supercapacitors and supercapatteries
involve ingression and egression of hydrated ions, leading to
variation in electrolyte volume. The vertical pipes for brine
addition and extraction are for regular electrolyte cleaning and
replacement. The bottom plate is used to hold the bipolar
assembly in place during installation, and also to ensure good
physical contacts between neighbouring bipolar assemblies in
operation.

Assuming the working voltage range of each cell to be 0.5 to
1.5V, to output a voltage of, for example, 115 kV for connection
to the grid, 77000 cells are needed (or slightly more to

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc06169a

Open Access Article. Published on 28 May 2025. Downloaded on 2/1/2026 10:25:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Feature Article ChemComm
Excess Clean brine Excess
brine brine
T Brine spill T
holes

Simulated

salt cavern
A

eon
[ |

e

v

Separator "y
(e.g. Celgard Brine + Zn + C (=)
membrane) (e.g. woven

carbon fibres)

LRI

i, Bipolarplate End plate (=)«

7
Brine + AC (+
rine + AC (+) (e.g. Fe-Ti alloy)

(a)

1
Bottom plate -
(e.g. HDPE)
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Fig. 9 Laboratory simulated salt cavern supercapattery stack with bipolarly connected 5 Zn|AC cells. (a) Cross section view of the repeating bipolar plate
(electrode) assembly in the bipolar stack. (b) Cross section and (c) top views of the bipolar stack (HDPE: High density polyethylene).

counterbalance the voltage loss due to internal resistance, i.e.
the equivalent serial resistance (ESR). Obviously, for supply
security against accidentally malfunctioning individual cells, it
is unwise to connect these many cells directly via bipolar plates.
Instead, properly designed external serial and parallel connec-
tions of a certain number of smaller stacks or modules would
be a better engineering and more secured option.

Obviously, it is also possible to use a power electronic
converter to interface between the low DC voltage of the salt
cavern supercapattery and the ultrahigh AC voltage of the
power grid. Thus, internal parallel connection of individual
cells remains an option which is also easier for engineering and
installation because there is no need to seal individual cells
from each other. Fig. 10 shows a laboratory simulation of a salt
cavern supercapattery stack of five cells in parallel connection.
Both bipolar and parallel stacks of the same number of cells
should in principle offer the same energy storage capacity, but
there are three main differences between them.

e @ Clean

Brine + AC (+)
T A

Simulated

salt cavern
A
1

v

Brine + Zn + C (=) Separator
(e.g. woven carbon| (e.g. Celgard
fibres) merAnbrane)

TR R BRI R R PR R

L_, Positrode End plate (-)«--
substrate (e.g.

Fe-Ti alloy)

(a)

Negatrode (_.5
substrate (e.g.
Fe-Ti alloy)

i
v TS TS LSS LIS S i

Bottom plate -
(e.g. HDPE)

Firstly, the maximum working voltage of the bipolar stack is
five times that of the parallel stack, whilst the latter can output
a maximum current five times greater than the former. Also, all
individual cells must be physically sealed from each other in
the bipolar stack, but the cells are all open and share the same
electrolyte in the parallel stack. Last, but may not be the least,
installation of the parallel stack needs minimal work on the
walls of the salt cavern, whilst the bipolar stack as shown in Fig. 9
requires careful engineering procedures to ensure the close match
between the bipolar plates and the salt cavern walls.

To obtain an overall working voltage reasonably higher than
that of a single cell, e.g. 110 V vs. 1.8 V, it is necessary to apply
serial connections externally to multiple parallel stacks. One
option is to construct 65 (instead of 62 considering voltage loss
through external connections) small salt caverns with each
accommodating one 1.8 V parallel stack. Alternatively, the 65
parallel stacks can be all installed in a large salt cavern in which
65 pools are formed in the floor to immerse a parallel stack in

AL DO
[[LERLERTTELELEELTEELELLEEY,

“>End plate (+)

(c)

(b)

Fig. 10 Laboratory simulated salt cavern supercapattery stack with 5 Zn||AC cells in parallel connection. (a) Cross section view of the repeating parallel
plates (electrodes) assembly. (b) Cross section and (c) top views of the parallel stack. HDPE: High density polyethylene.

This journal is © The Royal Society of Chemistry 2025

Chem. Commun., 2025, 61,10252-10272 | 10267


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc06169a

Open Access Article. Published on 28 May 2025. Downloaded on 2/1/2026 10:25:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

each pool. Obviously, the latter option requires humans working in
the large salt cavern in the course of construction and installation.
This may be advantageous for maintenance and repair.

3.4. Other considerations

The construction of asymmetrical supercapacitors, such as EDL
combined with Faradaic capacitive electrodes, can optimise
the positrode and negatrode matching, thereby effectively
improving the specific capacity of supercapacitors. Alternatively,
capacitive electrodes can be paired with battery electrodes to
construct a hybrid energy storage device, namely supercapattery,
which can demonstrate both the improved power capability and
energy capacity. Nevertheless, when selecting electrodes, particu-
lar attention needs to be paid to matching the potential ranges of
the positrode with those of the negatrode, and the capacitance or
weight ratio of the two electrodes. Additionally, due to the large-
scale characteristics of salt cavern energy storage, it is also
necessary to consider the cost of electrode materials, and the
issues associated with the preparation of large-scale electrode
materials.

A further crucial aspect of the construction of supercapaci-
tors and supercapatteries utilising salt caverns is the optimisa-
tion of electrode material design and the matching of these
materials with electrolytes. The structural design of electrode
materials, including nano and porous materials can enhance
the number of active sites and improve charge storage effi-
ciency. Additionally, interface engineering and elemental dop-
ing can further optimise the charge storage properties of
electrode materials. It is recommended that different optimisa-
tion designs or composite designs be carried out for different
types of electrode materials. For example, carbon-based materi-
als have a relatively wide range of electrolyte matching, whereas
battery-type electrode materials have more specific require-
ments for electrolytes. This necessitates a comprehensive eva-
luation of several aspects, including the choice of a wide voltage
window and electrode material matching. In line with this
consideration, it is worth considering using organic electrolytes
and ionic liquids in salt cavern EES devices, such as that shown
in Fig. 9. This thought is derived from the fact that, as
mentioned at the end of Section 1.3.5, salt caverns are already
used for storage of crude oil and petroleum, which means a
great stability of the salt cavern walls towards the interactions
with hydrocarbons. It is acknowledged that organic solvent
molecules for electrolyte making are mostly polar to assist
dissolution of salts. Although the solubility of NaCl in such
solvents is expected to be insignificant, it is still worth saturat-
ing the organic electrolytes with NaCl before injecting them
into the salt cavern supercapattery or supercapacitor.

The volume of the salt cavern is considerably greater than
that of the supercapacitor and supercapattery in the conven-
tional sense. Consequently, the adaption of either a bipolar or
parallel stack in a single large cavern or multiple smaller ones
needs great efforts in planning and designing. The optimal
configuration and parameters must be selected and adjusted
according to the specific site conditions. Additionally, given the
need for a separator membrane between the positrode and
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negatrode, the incorporation of some functionalities into the
separator may also be a viable option, which could enable
electrode reactions that may not occur directly in aqueous
electrolytes, and further expand the voltage window of the
electrolyte and enhance the energy storage capacity.

3.5. Construction process

In the construction of supercapacitors and supercapatteries
within salt caverns, the initial and crucial step is the selection
of an appropriate site. In view of the uniformity of the electro-
Iyte, the charge transfer efficiency of the electrode materials
and the difficulty of fabrication, it is recommended that salt
caverns of small to medium sizes should be selected, and that
the nearby geological conditions should be subjected to close
examination. In contrast to storing compressed air or natural gas
in salt caverns, the liquid electrolyte may interact with and erode
the salt cavern walls. Consequently, there are specific require-
ments for mechanical properties of the salt cavern. Furthermore,
as previously discussed, large-scale electrochemical storage in salt
caverns is more suitable for low population densities and closer
proximity to other new energy power plants.

In light of the structural characteristics of supercapacitors
and supercapatteries, the two-well horizontal cavern method is
the more optimal approach for the construction of salt caverns
for EES. This method allows for the creation of larger internal
dimensions within the resulting salt caverns, facilitating the
installation of the positrode and negatrode at the position of
two wells. Additionally, it enables the establishment of a
connection to the external power supply upon the completion
of the well construction. According to the current technology of
salt cavern construction, the assembly of EES devices may be
achieved in two ways. After precise exploration of the shape and
size of the salt cavern, the design of the EES module is
confirmed. Then, the module can be assembled overground
before being transported and placed inside the salt cavern,
followed by injection of the electrolyte into the salt cavern via
pipes. This method requires a sufficiently large size of the
channel connecting the salt cavern to the ground. The second
plan is to assemble the EES devices underground in the salt
cavern. Unit cells can be transported underground through the
salt cavern mining channel and then assembled in the salt
cavern. To realize this approach, engineering technology and
personal experience in underground coal mining can be used.
Alternatively, it can be considered to combine with an intelli-
gent robot to complete the operation.

In addition, there are specific requirements for sealing the
gaps at different connections. In the bipolar plate connected
cells in the stack of Fig. 9, the individual cells should be
separated from each other without electrolyte flowing between
them. The separation can be realized by conventional rubber
models, or by the salt wall itself which can be shaped during
the salt cave manufacturing process. It is thought that in the
saturated electrolyte, the possibly present gaps between the
bipolar plates and the salt cavern walls should make it difficult
or inefficient for local convection, which may promote salt
crystallisation or deposition in and hence help seal the gap.

This journal is © The Royal Society of Chemistry 2025
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3.6. Challenges

Salt cavern EES has the potential to become a highly promising
large-scale energy storage technology. It offers advantages in
terms of scalability, storage capacity, and power performance,
which could make it a valuable support for intermittent renew-
able energy power stations in the future. However, there are
still challenges to be addressed before this technology can be
realised.

The current salt cavern energy storage technologies primar-
ily utilise the large volume capacity to store energy gas or
compressed air, thereby fulfilling the function of energy
reserves and peak shifting. If the salt caverns are to be used
as a supercapacitor and supercapattery container, they must be
injected with electrolyte and accommodate electrodes to form
the electrochemical energy storage devices. This would intro-
duce new requirements with regard to the stability and safety of
the salt caverns. Therefore, the location and construction of salt
caverns should be reconsidered in terms of mechanical stability
and sealing, especially in the case of long-term filling of the
liquid electrolyte. The potential for environmental hazards to
be introduced to the surrounding environment, both under and
above ground, must be weighed against the benefits of the
proposed energy storage solution.

The issue of cost is a significant factor to be considered.
In addition to the common cost components, i.e. the manu-
facturing cost of the salt caverns, it is also necessary to involve
the cost of the supercapacitor or supercapattery compared to
gas storage in salt caverns in terms of materials, manufacture,
underground installation, maintenance and repair, and decom-
mission. Specifically, the costs of electrode materials and
electrolytes are likely the highest in terms of investment.
Therefore, the application of brine can significantly reduce
electrolyte costs while being compatible with current aqueous
supercapacitors and supercapatteries. Furthermore, the brine
electrolyte should be highly conductive and tuneable. The cost
assessment should therefore be based on the generic rule that
the larger the amounts of energy input and output, the greater
the quantity of electrode materials and the more optimised the
electrode properties. The current supercapacitor and super-
capattery technologies are based on the modular construction
strategy, and are mainly to suit utilisation in portable electric
devices or electric vehicles. For salt cavern applications, it is
worth exploring the possibility of scaling up the individual
modular supercapacitors and supercapatteries.

Due to the large scale of EES in salt caverns, the overall cost
for design, materials, manufacturing and installation can reach
a very high level. Although a comprehensive analysis is not yet
possible, it is still interesting to have an estimate according to
the cost of the Zn|AC supercapattery designed in Fig. 9. Cur-
rently, the cost of commercial lithium-ion batteries is about
$$100-150 per kW h, mainly due to the high costs of lithium
metal or compounds (lithium carbonate: $$14 000 per ton)'**
and organic electrolytes ($$1000-7000 per ton, depending on the
type of LIBs)."*® In comparison, zinc metal ($$2800 per ton)"*°
as well as aqueous electrolytes (e.g. the cleaned brine from salt
caverns) are much cheaper. Because the specific energy of

This journal is © The Royal Society of Chemistry 2025

View Article Online

ChemComm

Zn-based supercapatteries is approaching the level of LIBs, e.g.
269 W h kg™','® the cost of the Zn|AC supercapattery may be
about or less than $50 per kW h. Thus, the cost of a 500 GW h EES
in the salt cavern can be up to $25 billion.

The preparation of electrode materials suitable for large
supercapacitors and supercapatteries remains an unresolved
issue. The comprehensive cost of aqueous electrolyte is con-
tingent upon the electrolyte salt. In order to widen the voltage
window and enhance the stability, the electrolyte stored in the
salt cavern should be of higher concentrations, comprising a
greater proportion of electrolyte salt. The incorporation of a
substantial quantity of electrolyte, coupled with the inclusion
of supplementary additives or stabilisers in the electrolyte, will
inevitably result in an increase in cost.

Operating temperatures of EES in salt caverns also represent
a significant challenge. The majority of EESs currently in use
operate at ambient or atmospheric temperatures. The stability
of electrolyte and electrode materials and the charge transfer
efficiency which may influence the cycling and rate perfor-
mance of EES devices all rely on temperature. However, the
temperature within salt caverns can vary considerably, depend-
ing on depth. Furthermore, the temperature gradient increases
with depth, where the temperature rises as the distance from
the surface increases. Therefore, it is essential to select salt
caverns with appropriate geological situations, for example,
locations within 1000 metres in depth, to maintain the tem-
perature to be near room temperature.

To ensure highly efficient and uniform charge transfer
processes in large-scale EES cells is expected to be a significant
challenge. The volume of a single salt cavern can range from
10" to 10° m?, depending on the geological conditions and
formation method. Similarly, the apparent overall working area
of a single electrode within the cavern may vary from 10 to
10° m® To make a single electrode (plate) of such a large
surface area is not impossible, but it would be more realistic to
use the parallel plates design as shown in Fig. 10. Verification
of such designs should begin with computer modelling before
experimental testing at the pilot scale.

Long stability of EES in salt cavern is a very important
parameter for real applications. Due to the inherent plasticity
and self-healing capability of salt cavern walls (i.e. salt rock),
macroscopic cracking is almost unlikely to happen, but there is
the possibility of long-term surface changes when the wall is in
contact with the saturated electrolyte. For example, there are
small but expected differences in temperature, solubility, and
convection current in different regions due to the huge span of
the salt cavern, leading to a slow transfer of mass (mostly salt).
Therefore, the salt cavern EES works in a long-term dynamic
equilibrium and the following aspects should be considered to
maintain long-term stability. Firstly, enough thickness of the
salt cavern wall should be reserved to minimise the impact
from possible mass movement on the wall due to the dynamic
nature of the equilibrium between the wall and the saturated
electrolyte. The design and manufacturing process should
be carried out after precise calculation in view of various
perturbation factors to ensure the stability of the salt cavern.

Chem. Commun., 2025, 61,10252-10272 | 10269


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc06169a

Open Access Article. Published on 28 May 2025. Downloaded on 2/1/2026 10:25:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

Secondly, the concentration changes of electrolyte during the
dis-/charging process should be controlled to a minimal range
(e.g. £0.1%) through the power design of EES. Last, the internal
convection current of the electrolyte in the salt cavern can be
reduced through rational design of suitable barriers between
supercapattery stacks and salt cavern walls. These strategies are
expected to help maintain the stability of the salt cavern walls
over a longer period (e.g. 10-20 years) before periodic evacuation
and cleaning of the electrolyte, inspection and check, mainte-
nance, repair and replacement.

4. End remarks

Salt caverns, particularly manmade, are based on a rich natural
underground resource of deposited thick, wide and dense
layers of salt rock, and offer great realities and perspectives
for energy storage technologies. They possess ideal physical
and mechanical properties, such as non-permeability and self-
healing capability, and chemical inertness towards organic
substances, and are traditionally utilised for safe and stable
storage of fossil gases and oils, particularly natural gas, crude
oil and petroleum. The capacity of energy storage is propor-
tional to the volume of the salt cavern, ranging typically from
gigawatt-hour to terawatt-hour levels. With the development of
more advanced and cleaner energy technologies, salt caverns
are being considered and tested for storage of the hydrogen gas
and compressed air in relation with renewable energy sources.

The utilisation of salt caverns for electrochemical energy
storage is rarely reported and a recent proposal was to use salt
caverns as the separate stores for the charged and discharged
electrolytes of redox flow batteries. This approach is in fact
similar to hydrogen and compressed air storage in that the salt
caverns are used in a passive manner with the actual power
generation occurring aboveground. The active use of salt
caverns for large scale electrochemical energy storage is
proposed in this report based on the conventional develop-
ments of electrode materials and electrolytes for supercapaci-
tors and supercapatteries. The unique prospect is to reuse the
cleaned brine from the solution mining of the salt caverns as
the electrolytes in the supercapacitor or supercapattery.

A basic estimation has shown that salt cavern supercapaci-
tors and supercapatteries with aqueous electrolytes can offer
energy storage capacities to a comparable level as energy gases
storage, ie. up to terawatt-hours. On the technical aspects,
aqueous electrolytes, particularly the cleaned brine from
solution mining of the salt cavern are recommended for low
cost and large scale installation, whilst the more expensive
water in salt and organic electrolytes are also considered for
higher voltage storage in smaller carvens. Electrode materials
are considered on their charge storage mechanisms, namely
Nernstian (battery-like), electric double layer and Faradaic
capacitive dis-/charging processes. The well established zinc||
carbon supercapattery (i.e. zinc ion capacitor) is used as an
exemplar single cell for the design and analysis of stacks of
multiple cells connected in series via bipolar plates (high voltage)
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or in parallel using parallel plates (high current). The analysis
suggests a better match between the bipolar plates stack and
aqueous electrolytes, whilst the parallel plate stack can be coupled
with WIS or organic electrolytes. Although there are still various
challenges on the engineering aspects, salt cavern supercapacitors
and supercapatteries are promising and highly feasible large scale
energy storage approaches for mitigating the impacts of the
intermittency of renewable energy sources and the peak-valley
nature of power grids.
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