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Abstract: Redox Flow Batteries (RFBs) offer a promising solution for energy storage due to their
scalability and long lifespan, making them particularly attractive for integrating renewable energy
sources with fluctuating power output. This study investigates the performance of a prototype Zinc-
Chlorine Flow Battery (ZCFB) designed for low-cost and readily available electrolytes. The ZCFB
utilizes a saltwater electrolyte containing ZnCl2 and NaCl, paired with a mineral spirits catholyte.
The electrolyte consists of a 4 M ZnCl2 and a 2 M NaCl solution, both with a pH of 4.55. The anode
was a zinc metal electrode, while the cathode comprised a porous carbon electrode on a titanium
grid current collector. The cell volume was approximately 4.0 mL, with separate reservoirs for the
NaCl/H2O and mineral spirits electrolytes. Experiments were conducted under constant current
conditions, with a 0.2 A charging current and a 5 mA discharge current chosen for optimal cell
voltage. The study analyzed the relationship between voltage, current, power, and capacity during
both charging and discharging cycles. Results from multiple charge/discharge cycles found that the
current density of the battery is around 62.658 mA/cm2 with an energy capacity average of 1.2 Wh.
These findings can contribute to the development of more efficient and practical ZCFBs, particularly
for applications requiring low-cost and readily available electrolytes.

Keywords: renewable energy; membrane less redox flow battery; electrochemical energy storage;
zinc-chlorine flow battery; electrolyte flow rate; large scale energy storage

1. Introduction

Energy is one of the most important human needs for socioeconomic development.
In the 21st century, addressing energy concerns is paramount due to depleting fossil
fuels and environmental issues [1]. As fossil fuels become scarcer, alternative energy
sources like wind and solar power are becoming more and more popular. Increased carbon
emissions as a result of economic and technical expansion and population growth are
what causes climate change and global warming [2,3]. Renewables like solar and wind
are leading the charge against climate change and resource depletion. However, their
dependence on the weather makes them unreliable. Nevertheless, solar and wind power
are fundamentally remittent sources of energy with continuous and uncontrolled power
output. It is challenging to implement the electricity generated from renewable sources
properly into the existing power system [4].

Energy storage helps integrate renewable energy sources (RES) and distributed gener-
ation onto the grid. While RES reduces reliance on fossil fuels, their intermittent nature can
compromise power quality and stability. Storage systems address this by offering backup
power and smoothing out fluctuations, boosting energy independence for consumers [5].
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Apart from the variable supply of renewable energy, storage plays an essential part in
electrical power and voltage stabilizing [6]. For this reason, a variety of technologies are
being developed, including some latest technologies like lithium-ion batteries, sodium
sulfur batteries, vanadium redox flow batteries, super-capacitors, and superconducting
magnetic energy [7].

Energy storage has become crucial for the modern grid due to the growing need for
short-term power boosts. These systems act as power sources or perform functions like
smoothing power fluctuations and improving overall grid stability [8]. Energy storage
plays a crucial role in this transition, offering a bridge to cleaner and more efficient energy
usage. From ancient methods like firewood to modern innovations, energy storage has
evolved significantly. As global energy demand surges, efficient and adaptable energy
storage solutions are vital for sustainable energy utilization across industries. Efficient
energy storage revolutionizes the power industry by enabling widespread use of renewable
sources like wind and solar. It enhances system reliability and stabilizes power dynamics as
well as contributes to reducing harmful emissions. By leveling peak loads and improving
efficiency, it lowers electricity costs. Moreover, it defers infrastructure upgrades, reduces
transmission losses, and promotes distributed generation.

The electrochemical storage system (ECSS) consists of various types of batteries, which
store electrical energy in the form of chemical energy [9]. Rechargeable batteries are an
effective way to store energy. Lithium-ion, nickel-metal hydride (Ni-MH), lead acid, re-
dox flow, and sodium-sulfur (Na-S), sodium-ion batteries are among the options [10,11].
Rechargeable aqueous aluminum ion electrochemistry offers high energy density, environ-
mental friendliness, safety, and abundant resources, making it an ideal alternative energy
storage system [12]. A novel aluminum-graphite dual-ion battery (AGDIB) in an ethyl-
methyl carbonate (EMC) electrolyte is extremely reversible and energy-dense. In addition to
offering a wide voltage window for a full battery, calcium-ion batteries (CIBs) are attractive
choices for energy storage because Ca2+ has a low polarization and reduction potential that
is comparable to Li+’s [13,14]. NiS2/NG, with its strong connection between conductive
and active components, offers excellent structural integrity, high conductivity, and robust
polysulfide adsorption capacity, ensuring quick reaction kinetics and energetically stable
performance [15,16].

Battery storage systems are a promising solution, offering fast response, consistent
power, and location flexibility. A critical challenge is finding the optimal battery size to
balance the benefits (improved grid performance) with the added cost [17–19]. A Battery
Energy Storage System (BESS) combines batteries with a control system and infrastructure.
Batteries, evolving constantly, convert chemical energy into electricity through stacked
cells connected for desired voltage and current. BESS design typically ties energy storage
capacity to power output. Key factors include efficiency, lifespan, operating temperature,
and discharge depth. Battery technology is advancing, with deep cycle batteries, like
those in electric vehicles, commonly used in power systems, offering energy capacities
of 17 to 40 MWh and efficiencies of 70–80% [20]. BESS offers quick, reliable power with
environmental benefits and flexible placement [21]. Recent research interest in batteries
has been driven by the diverse possibilities offered by different battery chemistries and cell
designs, leading to a wide range of energy and power densities achievable.

A flow battery is an enhanced aqueous electrolytic battery that combines traditional
fuel cells with batteries. The flow battery design is occasionally known as regenerative
fuel cells or redox flow systems [10,22]. Flow batteries differ from traditional batteries by
storing electrolytes in separate tanks and pumping them through electrode compartments,
known as stacks, comprising multiple cells [23]. Flow batteries stand out for their ease
of scalability. Unlike conventional batteries, adding more electrolytes or raising their
concentration directly improves energy storage. Power is increased simply by adding cells
to the stack. Because of the independence of power and energy capacity, a single system
may be adjusted to meet different needs by modifying these components, making flow
batteries very flexible for a wide range of applications [24,25]. They commonly utilize



Processes 2024, 12, 1461 3 of 18

two sets of electrolytes, with one passing by the positive electrode and the other by the
negative electrode, each pumped through distinct loops. Within the cells, an ion-conducting
membrane or micro-porous separator divides these electrolytes [23]. Unlike secondary
batteries, one or more electro-active species dissolve in the electrolyte and store energy.
This energy passes through the power core, which converts chemical energy into electricity.
Additional electrolyte is kept in exterior tanks and pumped into the reactor [9,26]. Flow
batteries are categorized into two types based on their electro-active components: redox
flow batteries and hybrid flow batteries [27]. Challenges include resource constraints, safety
concerns, and competition with established chemistries. Solutions involve developing
sustainable, cost-effective electrolytes while maintaining performance standards [28,29].
Flow batteries face barriers such as overcharge-resistant electrodes, membrane degradation,
electrolyte stability, and optimization challenges that need addressing for full economic
potential in mobile and grid-scale systems [30]. Optimizing electrolyte flow rates will
enhance energy efficiency by reducing energy pumping needs [30–33].

Hybrid flow batteries utilizing zinc present a compelling solution for medium to
large-scale energy storage, boasting cost-effectiveness, favorable cell voltage, and enhanced
energy density. Notably, several of these systems have progressed to commercialization,
representing a significant advancement in flow battery technology. In these zinc-based
configurations, the negative electrode reaction involves zinc electrode position within flow-
ing fluids, paired with diverse organic or inorganic positive active species in solid, liquid,
or gaseous states. Customized cell designs further optimize these processes for specific
operational requirements [34]. Zinc-bromine batteries (ZBBs) are popular for distributed
energy storage owing to their high theoretical energy density and cost-effectiveness.

The growing demand for renewable energy is driving the development of cost-effective
energy storage technologies, such as redox flow batteries (RFBs). RFBs are the most common
type of flow battery, containing electroactive chemicals in a liquid electrolyte. They create
electricity through oxidation and reduction reactions and come in various electroactive
materials like vanadium, vanadium-polyhalide, bromine-polysulphide, iron-chromium,
and hydrogen-bromium [35]. RFBs have a novel design that includes a stack cell, energy
storage tanks, and a flow mechanism. These batteries use active species dissolved in liquid
electrolytes, which are stored separately from the electrodes. The catholyte and anolyte
fluids circulate through the cells via a pump, allowing chemical energy to be converted
into electrical energy [36]. RFBs are versatile flow batteries that can independently scale
energy and power, making them suitable for various applications. Their unique design
allows for separate storage for liquid electrolytes and electrochemical cells, enhancing
their flexibility. Recent advancements in RFB technology show promise, offering design
flexibility, improved safety, and high power density without the limitations of solid active
materials [37].

Early redox flow battery research focused on using metal ions paired with halogen ions,
particularly bromine and iodine. These halogens were chosen because their electron transfer
properties (redox potentials) fall within a suitable range for water electrolysis, making
them compatible with the battery system. Recent advancements in aqueous RFBs have
seen a diversification of redox couples, going beyond halogens [36]. An electrochemical
oxidation-reduction reaction converts the chemical energy in active materials into electrical
energy [38]. The anode and cathode, two electrodes with opposing charges, make up a
battery cell. These electrodes are submerged in an electrolyte, which might be viscous,
liquid, or solid [27]. A small membrane separates electrolytes, allowing only a limited
number of ions to pass through, facilitating oxidation and reduction events within a reactor,
thereby generating energy [39].

Researchers are improving RFBs for large-scale energy storage by addressing chal-
lenges like storing large volumes of electrolyte solutions and their high costs. They are also
conducting real-world tests and developing cost-optimizing models to make RFBs a strong
contender in the future [37]. Currently, different types of vanadium redox flow batteries
(VRFB) are considered promising and economically feasible flow batteries for storing inter-
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mittent renewable energy since they use the same element for both anolyte and catholyte.
VRFBs, a low parasitic loss, high-efficiency battery with a life cycle of over 10,000 cycles
and 90% efficiency at low loads, are a viable option for stationary energy storage. These
batteries maintain a constant voltage under all conditions and can be quickly recharged
by refilling the electrolyte. VRFB stores energy using vanadium redox couples, a common
electrolyte dissolved in sulfuric acid, and a polymer membrane blocking H2SO4

− ions
passage during charging and discharging [9,26]. Despite several demonstrations, VRFB
stacks still encounter obstacles in the commercialization process because of their high cost,
especially the membrane component, which makes up about 41% of the total cost [40].
VRFB electrode development has seen significant progress through the deposition of var-
ious metal oxides (MnO2, Mn3O4, PbO2, WO3, etc.) onto carbon felt via a hydrothermal
process. This approach has resulted in improved performance metrics, such as increased
peak currents, decreased cyclic voltammetry peak separation, and lower charge transfer
resistance. These findings suggest enhanced electrocatalytic activity and faster reaction
kinetics. Positive electrodes appear to benefit the most, with some studies reporting stable
energy efficiency across multiple charge/discharge cycles [41]. During the charging and
discharging procedures, current is applied or withdrawn using current collectors in RFBs.
In order to electrochemically convert ZnCl2 + NaCl ions, current collectors receive and
transmit current from an external power source to the electrodes during charging. The
current collector plates, which are employed by external load resistance, receive the cur-
rent produced by electrochemical processes during discharging. Therefore, the system’s
charging or discharging mode determines the direction of the current flow. Good electrical
conductivity and non-corrosiveness in an acidic environment are requirements for the
materials used in RFB current collectors. Carbon/Graphite [42], Au, Cu [43], Pt, or Ti [44]
are common materials for current collectors.

Zinc-cerium redox flow batteries (ZCBs) are emerging as a highly promising tech-
nology, offering the potential to store large amounts of energy cost-effectively and effi-
ciently. This is due to their possessing the highest thermodynamic open-circuit cell voltage
among currently researched aqueous redox flow batteries. The ZCB utilizes Zn/Zn2+ and
Ce3+/Ce4+ redox couples, achieving a maximum theoretical cell voltage of 2.50 V, which
surpasses the typical 1.26 V found in all-vanadium redox flow batteries. This heightened
cell voltage, particularly under specific electrolyte concentrations, can result in increased
cell capacity and power [45].

Polysulfide-polybromide (PSB) batteries are redox flow batteries that use sulfur as
an active ingredient and bromine as a main component. When combined with sulfide
and bromide salts, they produce complexes like polysulfide and polybromide, which are
soluble in aqueous solutions [46,47]. Sulfur has a large theoretical capacity, is non-toxic,
and is inexpensive. The aqueous PSB battery arrangement uses a Na2S anolyte and a NaBr
catholyte, both abundant and inexpensive [36].

Commercial redox flow batteries currently face a significant limitation in their energy
density, primarily due to the restricted solubility of electroactive materials in the elec-
trolyte. A proposed solution involves utilizing solid electroactive materials instead of those
that dissolve, potentially enhancing energy density while reducing costs and expanding
application possibilities. Traditional RFBs typically employ porous carbon electrodes to
increase surface area and improve battery performance [48]. Redox flow batteries can
improve energy density by adding more solid particles to the electrolyte. However, this
increases pressure, requires expensive separators, and reduces efficiency. There is a need
for a balancing act between density and performance [48].

Reducing capital and cycle life costs is vital for energy storage adoption. The research
aims to replace expensive ionic exchange membranes in vanadium redox batteries. Skyllas-
Kazacos et al. [49] introduced a perfluorinated membrane substrate costing one-third less
than Nafion, making it suitable for various applications. Developing new membrane
materials for energy storage must meet various requirements beyond cost, including high
conductivity, low vanadium ion permeability, chemical stability, oxidation resistance, and
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fouling resistance. Water transfer behavior is crucial, particularly in VRFBs with Nafion
membranes, which swell excessively and lead to pore opening and water transfer issues
during cycling [50]. Nafion membranes offer stability in electrolytes but are costly, so
alternative anion exchange membranes are used in VRB demonstration systems. These
membranes, while cheaper, require high-purity vanadium electrolytes, increasing costs.
Developing inexpensive, chemically stable membranes resistant to electrolyte impurities
could lower stack costs and enable the use of lower-purity vanadium oxide, reducing
overall system costs.

Several research gaps need to be addressed for the successful implementation of RFBs.

• Identification of suitable, low-cost, and sustainable electrode materials: existing RFBs
often rely on expensive or environmentally concerning electrode materials like vana-
dium or cobalt, which are expensive and not readily available. Identifying abundant,
low-cost, and environment-friendly alternatives suitable for Bangladesh’s context is
crucial.

• Optimizing performance of membrane-less saltwater RFBs: membrane-less RFBs offer
a simpler design at a lower cost, but they face challenges due to electrolyte crossover.
Research is needed to optimize electrode design, electrolyte composition, and flow
rates to minimize crossover while maintaining good RFB performance.

• Saltwater electrolytes can introduce corrosion issues and degradation mechanisms not
observed in traditional aqueous electrolytes. Research is needed to evaluate the long-
term durability of electrode materials and cell components in saltwater environments.

• Techno-economic assessment: while focusing on low-cost materials, a techno-economic
assessment is necessary to evaluate the overall economic feasibility of implementing
these RFBs. This should consider factors like manufacturing costs, required energy
storage capacity, and grid integration costs.

By addressing these research gaps, the study aims to develop an optimized redox
flow battery design using the most available materials to reduce the cost of energy storage
systems and to investigate the performance and durability of low-cost and sustainable redox
flow batteries for renewable energy integration to promote sustainable energy development.

2. Materials and Methods
2.1. Materials

In this study, Ti material was used for current collectors. A saltwater electrolyte
containing a 4 M ZnCl2 and a 2 M NaCl solution paired with a mineral spirits catholyte was
utilized. For this purpose, ZnCl2 and NaCl salts were purchased from Merck, Göttingen,
Germany. The mineral spirit was purchased from the local market. The physiochemical
information of zinc chloride was a pH value of 5, density of 2.93 g/cm3, and solubility
of 851 g/L. It was stored under 30 °C ± 2 °C. Similarly, sodium chloride with pH 7 has a
density of 2.17 g/cm3 and solubility 358 g/L. Then, the solution was prepared in the lab. To
make 1 L of the 4 M ZnCl2 solution, 545.12 g of ZnCl2 powder and 116.88 g of NaCl powder
of the 2 M NaCl solution were dissolved in distilled water. When these two solutions
are combined, the resulting mixture has a measured pH of 4.55. The prototype utilizes a
zinc metal electrode as the anode, with a silver (Ag) reference electrode. A porous carbon
electrode serves as the cathode, with a current collector made of a titanium grid positioned
on the cathode side. Mineral spirits, with a total volume of 800 mL, are employed as the
storage medium. The tube containing the mineral spirits and the porous carbon working
electrode has an inner diameter of 2.54 mm. The working electrode itself has a thickness
of 2.1 mm, while the distance separating the working and counter electrodes is 3.0 mm.
The counter electrode has a thickness of 0.8 mm. The cell has a height of 4.0 cm and an
approximate volume capacity of 4.0 mL. The total volumes of the mineral spirits reservoir
and the NaCl/H2O reservoir are 4.1 mL and 80 mL, respectively. The flow rates of the
NaCl/H2O solution (Qaq) and the mineral spirits (Qorg) are measured at 0.0333 mL/s and
0.0033 mL/s, respectively.
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2.2. Equipment

A brief information on the equipment used in this study is listed in Table 1.

Table 1. List of the equipment used in this research.

Equipment Manufacturer Model City Country Purpose Accuracy

Semi-Micro
Balance

Sartorius Lab
Instruments GmbH &

Co. KG

QUINTIX
125D-1S Göttingen Germany Weight

measurement ±0.01 mg

High-Capacity
Balance

Sartorius Lab
Instruments GmbH &

Co. KG
QUINTIX 5101-1S Göttingen Germany Weight

measurement ±100 mg

pH Meter Lutron Electronic
Enterprise Co. Ltd. PH-208 Taipei Taiwan pH measurement ±(0.02pH + 2d)

Stirrer
Nanjing Ronghua

Scientific Equipment
Co. Ltd.

MS-H280-Pro Nanjing China Electrode/Solution
Preparation

±1 ◦C (<100 ◦C)
±1 ◦C (>100 ◦C)

3D Printer Anycubic I3 mega s Shenzhen China Cell Structure
preparation --

Hot Box Oven Gallenkamp OHG097.XX2.5 Nottingham England Drying Positive
Electrode --

SEM Analyzer Hitachi High-Tech SU-1510 Tokyo Japan Morphology
Analysis --

Battery Tester Chroma ATE Inc.
17208M-6-30 8

Channel Battery
cell Tester

Taoyuan Taiwan Charge/Discharge
measurement ±0.02% of F.S.

Pumps are the only moving device of the RFB, and they are linked to the battery’s
positive and negative sides. They provide the cell stack with electrolytes from the storage
tanks. The best options to accomplish this on a large scale and in a laboratory setting,
respectively, are centrifugal and peristaltic pumps. Pipes are constructed of PTFE, PVDF,
PET polyester, or PVC for RFB [51]. In this experiment, two centrifugal pumps were used.
The additional information about this pump are voltage range of 2.5–6v D.C. power of
0.4–1.5 watts, a head of 40–110 cm, and a flow of 80–120 L/h.

The morphology of a porous carbon positive electrode and the zinc plate negative
electrode were characterized by a scanning electron microscope (SEM) (Hitachi SU1510,
Tokyo, Japan) operating at 10 kV. With a beam energy range spanning from 300 eV to 30 keV,
it boasts a resolution of 4 nm in variable pressure scanning electron microscope (VP-SEM)
mode. Magnification of up to 5000× is achievable, and a special Quad-Bias function is
incorporated to enhance the signal-to-noise ratio at lower beam energies.

2.3. Methodology

Every electrochemical device, where anodic and cathodic processes take place, is
powered by its electrode. It facilitates the exchange of electrons during reactions in RFBs
with electrolytes. While it offers ZnCl2 and NaCl reaction sites, it does not directly take part
in the electrochemical process itself. Because of the high porosity of the carbon electrodes,
ZnCl2 and NaCl ions may be electrochemically converted at homogeneous reaction sites.
They have a three-dimensional network, are inexpensive and light, do not corrode when
exposed to acids, and have a very high electronic conductivity. A kind of cross-sectional
view of the internal configuration is shown in Figure 1.
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Figure 1. Internal Configuration of the System.

In this experiment, the single cell consists of a positive electrode, negative electrode,
references electrode, and current collector. Porous carbon is good for the positive electrode.
Polyvinyl alcohol (PVA) was used as an additive to bond the porous carbon to the titanium
current collector. Positive electrodes were prepared using porous carbon, carbon black,
PVA, and quantitatively distilled water. Then the mixture was stirred at 80 degrees Celsius
and 1200 RPM for one and a half hours. Then it was heated for 14 h in a closed oven. Then
the final cell setup was prepared as shown in Figure 2.
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Figure 2. Preparation of cell assembly, (a) Titanium mesh, (b) Current collector, (c) 3D printed
structure, (d) Porous carbon, (e) Positive electrode with a current collector and porous carbon,
(f) Zinc plate, (g) Cylindrical shape of the zinc plate, (h) Negative electrode mounted with polypropy-
lene structure, (i) Outer structure made of polypropylene, (j) Final cell.

The carbon materials were tested in a three-electrode cell setup consisting of porous
carbon as the working electrode, titanium references electrode, and zinc plate counter
electrode as shown in Figure 3. Precise measurements in electrochemistry rely on the three-
electrode setup. The working electrode, typically glassy carbon, initiates reactions with
specialized materials addressing specific needs. The reference electrode ensures accuracy
by maintaining a stable redox couple. Non-aqueous environments commonly utilize the
Ag/Ag+ electrode, while aqueous solutions might employ Saturated Calomel Electrodes or
Ag/AgCl electrodes. The counter electrode mirrors, the opposite process of the working
electrodes, usually made of platinum wires. Assembly involves fitting electrodes with
O-rings into a glass cell and connecting the leads accordingly. For the non-aqueous Ag/Ag+

electrode, a silver wire in a Teflon housing is paired with a glass capillary containing a
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Vycor tip. This capillary is then filled with reference electrode solution and nicely fitted. The
concept of the three-electrode setup is originated by Hou et al. [52]. In-depth explanations
of this topic are available in ref. [53].
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Figure 4 illustrates a schematic of the experimental setup for RFBs, which includes
positive and negative electrolyte tanks, a single-cell active area of 10 cm2, two centrifugal
pumps, a redox flow battery test station, and a computer. The tanks are filled with the
appropriate electrolyte solutions, which are circulated throughout the cell via connecting
pipelines and centrifugal pumps. The working and counter electrode clips link the cell to
the test station, allowing current to be applied or withdrawn.

Battery performance was evaluated through a Chroma 17208M-6-30 programmable
charge and discharge tester via a two-step process: hardware setup and software configura-
tion. In the hardware setup, the tester is ensured to be correctly connected and powered,
followed by the battery to be tested being connected to one of its channels, with proper
polarity being ensured to prevent damage. Software configuration is achieved through
the Chroma 17011 (Ver. 1.12) Battery Pro program, where the battery type is specified,
and charging and discharging currents are then set within safe ranges. Voltage cut-offs
for both charging and discharging cycles are defined based on the battery’s datasheet.
The test duration or number of cycles is then determined, and data logging is enabled to
record voltage, current, and other relevant parameters for later analysis. After the battery
is securely connected to the tester and the software parameters are set, the test is initiated.
The software takes control, automatically cycling the battery through the charging and
discharging phases.

The charge test is initiated, during which controlled current and voltage are supplied
by the tester until the battery reaches the desired charge level or cutoff voltage. Follow-
ing this, switching to discharge mode allows current to be drawn from the battery at a
controlled rate until it reaches the cutoff voltage or specified endpoint. Throughout the
test, parameters like voltage, current, and capacity are monitored, ensuring they remain
within safe limits. Once complete, the data collected by the tester is analyzed for any
anomalies or deviations from expected performance, such as capacity loss or irregular
charging/discharging behavior. The test results and observations are documented for
further analysis. The loss of capacity during discharge compared to charge is expressed as
a percentage.
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3. Results and Discussion
3.1. Morphology Analysis

The SEM images of the porous carbon are shown in Figure 5. Figure 5a,b shows SEM
images of the positive electrode morphologies. Figure 5a represents the untreated electrode,
which shows some holes were created. The fibrous structures are densely packed, forming
a network that likely contributes to the material’s mechanical properties. Several small
pores, approximately 10–20 µm in diameter, are visible throughout the image, suggesting
potential sites for fluid infiltration. Figure 5b represents the electrode conditions after
the test. Comparing Figure 5b with the untreated sample (Figure 5a), it is evident that
the treatment process has significantly increased the porosity and altered the surface
texture. Figure 5 shows that the porous carbon was successfully loaded with carbon sheets,
enhancing the wettability of the electrode for its distinctive structure. The electrolyte flow’s
conductivity was improved by the presence of carbon sheets, diverse diffusion pathways
were created, and the local flow velocity was increased. Some other literature showed SEM
images of different types of carbon electrodes [55,56].
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Figure 5. SEM images of the positive electrode (a) before and (b) after the electrodeposition treatment.

In this experiment, pure zinc was used as the negative electrode. The SEM images of
the zinc plate were performed before and after electrodeposition at different magnification
scales. Figure 6a–f shows the surface morphology of the zinc plate at three different scale
bars representing 1 mm, 300 µm, and 500 µm. SEM analysis revealed significant differences
before and after treatment. Figure 6a–c shows that the initial zinc plate was not smooth
enough, whereas Figure 6d–f shows visible corrosion evident on the surface because of the
treatment. Similar types of corrosion trends were observed in [57].
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Figure 6. (a–c) morphologies of the negative electrode before electrodeposition, and (d–f) after
electrodeposition.
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3.2. Charging/Discharging Analysis

In this study, an investigation was conducted to evaluate the Cl2/Cl− redox reaction
within a ZnCl2–NaCl aqueous solution for application in a Zn/Cl2–mineral spirits flow bat-
tery. A concentric cell was utilized, featuring a working electrode comprised of RuO2–TiO2
coated carbon foam, a zinc counter electrode, and an Ag/AgCl reference electrode. This
design deviates from traditional flow batteries by separating the Cl2–mineral spirits and
ZnCl2–NaCl/H2O streams, capitalizing on their immiscibility to eliminate the requirement
for an ion-permeable membrane. During charging, Cl2 is generated by oxidizing Cl− ions
within the RuO2–TiO2 coated carbon electrode. The reaction shows a constant potential
at 3.3 V vs. Ag/AgCl. The Cl2 is then stored in the mineral spirits. The Cl2–mineral
spirits exhibit low and stable viscosity, even with increasing Cl2 concentration, reducing
pumping losses and maintaining consistent solution flow throughout the cell. When 6.0 mL
mineral spirits were used, the maximum reversible capacity for Cl2/Cl− conversion was
600 mAh, rendering the capacity of 97 Ah/L for the Cl2–mineral spirits. During discharge,
the Cl2 in mineral spirits was reduced to Cl− in the working electrode and entered the
ZnCl2–NaCl/H2O [52].

Cathode reaction:
2Cl2 + 2e− ↔ 2Cl− E◦ = 3.3 V (versus Ag/AgCl)
Anode reaction:
Zn ↔ Zn2+ + 2e− E◦ = −1.2 V (versus Ag/AgCl)
Overall reaction:
Zn + Cl2 ↔ ZnCl2, 4.5 V
While the overpotentials enhanced as the current density increased, the discharge

capacities did not vary, which could be attributed to the large reaction surface area endowed
by the wetting between the carbon electrode and Cl2–mineral spirits. It is worth noting
that polarizations for discharge are more significant than those for discharge. In the Chlo-
rine Flow Battery (CFB), overpotentials are caused by redox reactions and concentration
gradient [52]. Charging and discharging starting and ending times are shown in Table 2.

Table 2. Charge/Discharge data with time.

Charge/Discharge Number Starting Time Ending Time Time
Duration

Charge 01 13:30 14:20 50 min

Discharge 01 14:20 14:40 20 min

Charge 02 20:08 20:20 12 min

Discharge 02 20:30 22:30 120 min

The analysis of the cells charging and discharging behavior is presented in Figure 7.
It expresses voltage, current, power, and capacity curves over time for charging and
discharging. An increasing trend of voltage during charging is observed in Figure 7a. A
decreasing trend of the voltage curve was observed during discharging (can be seen in
Figure 7a). Again, the increasing voltages were observed during the second charging profile
of Figure 7a. Also, a decrease in voltages is observed during the second discharging in
Figure 7a. Figure 7e is brought here to compare the performance of Figure 7a (present study)
with that of [58]. RFBs. Their performance during two charge-discharge cycles is illustrated
in Figure 7a,e, revealing that the charging and discharging times were almost similar.
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Constant current conditions were employed throughout the experiments. A constant
current of 0.2 A was used during the charging phases (Figure 7b), while discharge currents
were meticulously chosen to ensure sufficient cell voltage remained. A discharge current of
5 mA was determined to be optimal for the system.

During charging No. 1, a voltage of up to 4.5 volts was achieved using the aforemen-
tioned 0.2 A charge current. Subsequently, the voltage was observed to be 0.6 volts after
20 min of discharging during the first step. Following the same procedure, charging No. 2
achieved a voltage of up to 6 volts while utilizing the 0.2 A charge current. Discharging
No. 2 exhibited a voltage decrease to 0.246 volts after the second step. Figure 7c contains
additional details such as power curves over time. The power curve reflects the combined
voltage and current behaviors. Furthermore, capacity curves (Figure 7d) demonstrate
energy storage and delivery trends. This analysis offers valuable insights into efficiency,
energy storage capacity, and discharge rates for researchers.

In certain cases, electrolyte crossing can be reduced, allowing the use of outstanding
cell components such as porous carbon and carbon black, as well as higher-grade binding
materials and electrodes. Electrode optimization depends on electrode treatment that has a
significant impact on reaction kinetics, which subsequently in consequence affects current
density. Furthermore, screening more efficient materials for use as bipolar plates may result
in decreased ohmic losses as well as reduced production costs because of the reduction in
corrosion of titanium and zinc electrodes.

Figure 8a shows the performance of Zn/Cl2–mineral spirits flow battery in the case of
1 L of the 4 M ZnCl2 solution, and NaCl powder from the 2 M NaCl solution. The columbic
efficiency of a battery is determined as the percentage ratio between the (discharging
capacity and charging capacity) × 100 [59]. Here, porous carbon are positive electrode and
Zn is a negative electrode. From Figure 8a, the columbic efficiency was found to be 21%
when using ZnCl2–NaCl as buffer solution by comparing with the columbic efficiency (91%)
as shown in Figure 8b [60]. Wang et al. [61] have shown comparatively better efficiency by
implementing natural graphene (NG) and found an initial charge-discharge efficiency of
just 28.6% and a high discharge capacity at a modest current density of 0.1 A. In addition,
a clear charge-discharge initial Coulombic efficiency of 50.6% is observed by utilizing
multilayer graphene (MLG) [61].
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4. Conclusions

• In this study, an investigation was conducted to evaluate the Cl2/Cl− redox reaction
within a ZnCl2–NaCl aqueous solution for application in a Zn/Cl2–mineral spirits
flow battery. A concentric cell was utilized, featuring a working electrode comprised
of RuO2-TiO2 coated carbon foam, a zinc counter electrode, and an Ag/AgCl refer-
ence electrode.

• A total of two cycles (charging-discharging) were analyzed because the developed
battery cell was very small. It took about 50 min during the first time to complete the
full charging, while discharging took only about 20 min. However, during the second
charging, it took only 12 min to charge the cell and discharge continued until 120 min,
which proved a promising aspect.

• During charging No. 1, a voltage of up to 4.5 volts was achieved using 0.2 A charge
current. Subsequently, the voltage was observed to decrease by 0.6 volts over 20 min
during discharging No. 1. Following the same procedure, charging No. 2 achieved a
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voltage of up to 6 volts while utilizing the 0.2 A charge current. Discharging No. 2
exhibited a voltage decrease of 0.9 volts over a 120-min timeframe.

• To address RFB as an environmentally friendly technology, a specific emphasis must be
placed on the use of harmful chemicals and materials, the prevention of electrolyte leak-
age in large-scale systems, and the use of renewable resources in the structural stack.

• This study did not identify RFB power connections with environmental compatibility
and material sustainability.

• Furthermore, material degradation and corrosion in electrodes and other cells or stacks
were not considered.

• One of the key elements in assessing a redox flow battery’s overall efficiency is the
assessment of pressure loss. Electrolyte flows through the channels, penetrates the
porous electrode, and spreads over it for electrochemical reactions with the assistance
of the pressure drop across the battery. Pumping expenses rise in response to pressure
loss, which lowers system efficiency as a whole. In order to promote electrolyte flow,
future studies are necessary to predict the pressure drop.

• The RFB’s hybrid flow channel designs could be considered for use. Since the negative
electrolyte’s stated kinetics are quicker than those of the positive electrolyte; therefore,
a thinner electrode can be employed on the negative side. As a consequence, channels
could be utilized to minimize the pressure drop. It is also possible to change the flow
directions from co-flow to counter-flow. These will assist in lowering the battery’s
volumetric density and maximizing its performance.

• In addition, inexpensive materials could be used to obtain higher power densities to
minimize the cost per kilowatt. For example, by balancing the electrolyte motion, it is
possible to achieve a reduced pressure drop, resulting in a smaller amount of pump
losses and greater back-and-forth performance.

• An additional field for the researchers could be to further study how to scale up. In
order to meet the criterion, future efforts might focus on utilizing these channels,
which are intended for broader regions. As the channel is scaled up, its performance
may vary, but it is still modifiable. Cell stacks can use these channels if the input and
output ports are positioned correctly.
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