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Abstract
The conversion of byproduct fly ash into beneficial materials has garnered significant attention over the years. Due to its 
unique properties, fly ash is widely utilized to modify the surface of carbon materials, enhancing porosity, conductivity, 
surface area, lithium storage capacity, cycling stability, and providing additional redox activity. It is also employed in elec-
trocatalytic reactions (e.g., HER and ORR), galvanization, electrocoagulation of heavy metal pollutants, and as a composite 
cement filler. Recent findings suggest fly ash-integrated materials and surfaces significantly improve early-age mechanical 
strength and delay deformation. However, there are only a few reports explaining this aspect. This review discusses the elec-
trochemical and physicochemical properties of fly ash and its role as a surface-modifying substance on an industrial scale.
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Introduction

Fly ash is a fine, powdery residue left over from burning 
pulverized coal in power plants. It is carried out of the 
boiler with flue gases and collected using electrostatic 
precipitators or bag filters before being released into the 
atmosphere [1, 2]. Fly ash consists primarily of inorganic 
minerals and is known for its pozzolanic properties, making 
it useful in various applications, including construction, 
environmental management, and electrochemical devices. 
It primarily consists of oxides of silicon, iron, calcium, and 
aluminum, along with smaller amounts of other elements 
such as magnesium, potassium, sodium, and sulfur [3–6]. 
The exact composition can vary depending on the type of 
coal burned. Fly ash exhibits variable electrical conductivity, 
meaning its ability to conduct electricity can differ based 
on several factors. The specific elements present in the 
fly ash, particularly the number of conductive oxides like 
iron oxides, influence conductivity. Smaller and more 

spherical particles tend to offer better conductivity due to 
increased contact points between particles [7–9]. Fly ash 
readily absorbs moisture, and water conducts electricity. 
So, the amount of moisture content can significantly impact 
conductivity [11–16]. Fly ash with some degree of sintering 
might exhibit higher conductivity due to improved particle 
connections [17–20].

Bibliometric analysis reveals that studies on the 
sustainable mitigation of fly ash as a surface modifier have 
grown steadily since 1990, with an average annual growth 
rate of 10.5% [21–23]. The number of related articles rose 
from 9 in 1989 to 135 in 2023, non-linearly. In the last decade 
(2010–2019), 1400 articles were published, constituting 
69.01% of the total publications on fly ash applications 
during 2000–2019. This number of articles indicates the 
rapid expansion of fly ash mitigation research after 2010 
(Fig.  1). The percentage contribution of publications 
per year is also shown in Fig. 1. The average number of 
publications over 20 years is 54 articles per year. The annual 
publication rate has increased consistently over the last 
10 years (2014–2023), demonstrating high recent activity in 
fly ash alleviation research [21–23]. The retrieved literature 
shows successful applications of fly ash as a surface-
modifying agent in various material science applications, 
including efficient battery and supercapacitor materials and 
electrochemical sensors. This review discusses the detailed 
properties of fly ash and its practical electrochemical 
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utilization. Additionally, the systematic review approach 
includes discussion on the environmental impact associated 
with fly ash and the importance of mitigation, quantitative 

assessment of sustainable improvements and major 
findings, technological advancements, and challenges in 
electrochemical usage.

Fig. 1  A Distribution of topic wise research in fly ash field using VOS viewer. B Growth of literature related to electrochemical mitigation of fly 
ash studies, 1990–2024
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Environmental impact of fly ash 
and the importance of mitigation

This byproduct has several harmful environmental impacts 
if not properly managed [24–29]. Major concerns include 
air and water pollution, soil contamination, wildlife and 
ecosystem damage, human health risks, and visual impacts. 
Fly ash can become airborne as particulate matter, contrib-
uting to air pollution. Inhalation of fine particles can cause 
respiratory problems, cardiovascular diseases, and other 
health issues. Fly ash may contain harmful substances like 
heavy metals (e.g., lead, arsenic, and mercury) and radio-
active elements, which can be released into the air, posing 
significant health risks. Water bodies are polluted with 
fly ash through leaching and surface water contamination. 
When fly ash is disposed of in landfills or storage ponds, 
heavy metals and other toxic substances can leach into 
groundwater, contaminating drinking water sources and 
affecting aquatic life [24–26].

Runoff from fly ash disposal sites can carry pollutants 
into nearby rivers, lakes, and streams, leading to the con-
tamination of surface water bodies [27–29]. Soil strata 
can be polluted by fly ash disposal, leading to the accu-
mulation of toxic elements in the soil. These elements 
can be absorbed by plants, entering the food chain and 
affecting ecosystems. Fly ash can alter soil pH and struc-
ture, potentially affecting soil fertility and plant health. 
Fly ash disposal sites can disrupt natural habitats, affect-
ing wildlife and plant species. Contaminated water and 
soil can harm terrestrial and aquatic ecosystems. Toxic 
substances from fly ash can bioaccumulate in organisms, 
leading to higher concentrations of these toxins in preda-
tors and posing long-term ecological risks. Exposure to fly 
ash dust can cause respiratory problems, including asthma, 
bronchitis, and other chronic lung diseases [27–29]. Long-
term exposure to heavy metals found in fly ash can lead to 
severe health issues, including neurological damage, kid-
ney failure, and cancer. Fly ash can contain trace amounts 
of radioactive elements, posing radiation risks to humans 
and animals. Fly ash disposal sites can be unsightly, affect-
ing the visual landscape and reducing the aesthetic value 
of an area. Fly ash can also generate unpleasant odors and 
dust, causing discomfort and health issues for nearby com-
munities [27].

Finding beneficial uses for fly ash is of paramount 
importance due to its significant environmental, eco-
nomic, and societal benefits [30–35]. By repurposing this 
byproduct, industries can reduce waste, conserve natural 
resources, lower costs, and promote sustainability. Moreo-
ver, utilizing fly ash in construction and other applica-
tions can enhance material properties and contribute to 
infrastructure development, supporting overall economic 

growth [30–32]. Major environmental benefits include 
waste reduction and resource conservation. Fly ash can 
minimize landfill use, conserving valuable landfill space 
and mitigating associated environmental issues such as 
leaching and groundwater contamination. This process 
can lower the release of injurious substances into the 
air, water, and soil, thereby protecting ecosystems and 
human health. Using fly ash in place of natural materials 
(e.g., sand, gravel, and cement) can conserve these finite 
resources and reduce the environmental impact of their 
extraction and processing. Economic benefits, such as cost 
savings and market development, ensure the availability of 
cost-effective raw material alternatives for various indus-
trial applications. Companies can reduce costs associated 
with waste disposal and landfilling. Innovative uses of 
fly ash can lead to the development of new products and 
markets, creating economic opportunities and fostering 
industrial growth [30–35]. The recycling and processing 
of fly ash can also create jobs in manufacturing, construc-
tion, and environmental management sectors. Utilizing 
fly ash supports sustainable development goals through 
reducing environmental impacts, conserving resources, 
and promoting economic growth. As a construction mate-
rial, fly ash enhances the properties of concrete, such as 
increasing its strength, durability, and workability. This 
results in longer-lasting structures and reduced mainte-
nance costs. Fly ash can be used in various construction 
materials, including bricks, blocks, and tiles, providing 
versatile and high-performance building solutions. The use 
of fly ash in construction projects can lower material costs 
and improve project affordability, aiding in infrastructure 
development, particularly in developing regions. Using fly 
ash in environmentally beneficial ways helps industries 
comply with environmental regulations and standards, 
avoiding potential fines and penalties. Research into new 
uses for fly ash can lead to innovative applications and 
technologies, driving scientific and technological advance-
ments [34–37].

Quantitative assessment of sustainable 
improvement

Several techniques are employed to optimize the perfor-
mance of fly ash as a surface modifier. Fly ash-based modi-
fication typically occurs through physical and chemical path-
ways. Physical methods such as grinding reduce particle size 
to enhance surface area and reactivity, while the calcination 
process involves heating fly ash to modify its material prop-
erties [35–39]. Chemical procedures involve treatment with 
acid and alkaline solutions to remove impurities, increase 
reactivity, and enhance pozzolanic activity. Treatment with 
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coupling agents improves compatibility between fly ash and 
the polymer matrix. Recent studies indicate that using fly 
ash as a surface modification material can mitigate its harm-
ful environmental effects. The degree of sustainability can 
be evaluated through processes such as Life Cycle Assess-
ment (LCA), assessing resource depletion, energy consump-
tion, and greenhouse gas emissions. A detailed quantitative 
assessment of potential sustainability improvements associ-
ated with using fly ash involves evaluating its environmental, 
economic, and social impacts.

Key metrics have been explored, including the substi-
tution of fly ash for Portland cement in concrete to sig-
nificantly reduce  CO2 emissions. For every ton of cement 
replaced by fly ash, approximately 0.8 tons of  CO2 emissions 
can be avoided [35–38]. Quantitatively, if 100 million tons 
of fly ash are used annually,  CO2 emissions could be reduced 
by 80 million tons. Second, using fly ash in supercapacitors 
and battery electrodes reduces the need for energy-intensive 
raw materials like graphite and silicon. Mathematically, 
replacing 10% of electrode materials with fly ash can reduce 
overall material production energy by approximately 5–10%, 
leading to a corresponding reduction in  CO2 emissions. 
Third, utilizing fly ash reduces the burden on landfills and 
associated environmental hazards. Globally, approximately 
750 million tons of fly ash are generated annually. If 50% of 
this production is utilized in various applications, 375 mil-
lion tons of waste could be diverted from landfills annually. 
Fourth, considering economic impacts such as cost savings 
on construction materials and energy storage options, fly 
ash is often cheaper than traditional materials like Portland 
cement ($30 per ton versus $100 per ton). Substituting 50 
million tons of cement with fly ash could save $3.5 billion 
annually. In addition, fly ash-based electrodes can be less 
expensive than conventional materials, potentially saving the 
industry millions of dollars annually based on production 
scale. Fifth, using fly ash reduces the need for quarrying and 
processing raw materials, which can decrease air and water 
pollution and have positive social impacts. A 10% reduc-
tion in particulate emissions in regions with heavy construc-
tion activity could potentially lower respiratory diseases by 
approximately 5% [38, 39].

Important case studies suggest that replacing 25% of 
cement with fly ash in the construction of a 1 million cubic 
meter dam saved 200,000 tons of  CO2. Research has shown 
that using fly ash in electrodes reduced material produc-
tion energy by 8%, resulting in significant energy and cost 
savings in large-scale production. Additionally, fly ash-
based anticorrosive coatings increased the lifespan of steel 
structures by 20%, reducing maintenance costs and material 
usage over time.

Ashfaq and Moghal estimated costs and carbon footprint 
analysis in two scenarios, particularly (I) FA-based embank-
ment and (II) pavement that was constructed using FA as a 

sub-base material [38]. They observed that carbon emissions 
at the procurement stage were greater than at other stages, 
close to 77% and 74% share in total emissions at I and II. 
The carbon emission coefficient was insignificant < 1% for 
the site of operation in both scenarios. The haulage stage 
caused the maximum emissions for both I and II, as shown 
in Fig. 2A, B. The emissions at this stage were analyzed in 
terms of the type of vehicle (pickup truck and dumper), as 
mentioned in Fig. 2C, D. Tosti et al. investigated the techni-
cal properties and environmental functionality of blended 
cement mortar containing different replacement ratios of 
biomass fly ash. Three different types of FAs were taken for 
the study, with particle size < 1 mm. In Fig. 3, the release 
of the batch tests was provided for L/S 10 expressed as a 
percentage of the limit value of the SQD (open application) 
for all of the crushed mortars as well as the associated pure 
fly ash samples [39].

Physicochemical properties of fly ash 
as a modifier

Particle size and surface area

These are among the most fundamental parameters that 
significantly influence the properties and suitability of fly 
ash for various applications, including its use as a surface 
modifier in electrochemical systems. Fly ash particles have 
a broad size range, typically from below one micrometer 
to tens of micrometers [40–46]. Factors such as the type 
of coal, combustion conditions, and collection methods 
(including post-collection modifications) regulate the fly 
ash particle size distribution. Fly ash generally consists 
of both coarse and fine particles, with finer particles often 
dominating the overall distribution. Finer particles, typically 
those smaller than 100 microns, contribute significantly to 
the overall surface area of fly ash due to their high specific 
surface area. These fine particles are often more reactive and 
accessible, making them desirable for various applications 
where surface interactions, such as adsorption or cataly-
sis, are critical. Coarser particles, with sizes greater than 
100 microns, also affect the properties of fly ash (Fig. 4). 
While they contribute less to the overall surface area, they 
can influence factors such as porosity, packing density, and 
the mechanical characteristics of fly ash-based materials 
[40–46].

Chemical composition

When discussing the chemical composition of fly ash as 
a modifier in electrochemical applications, it is essential 
to consider how its composition affects its performance 
and interactions within these systems. While the exact 
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composition can vary based on factors such as the source of 
coal and combustion conditions, certain components play a 
crucial role in influencing its behavior as a modifier [48–52]. 
Understanding the chemical composition associated with fly 
ash is critical to tailoring its properties and optimizing its 
performance in electrochemical applications. Silica  (SiO2) 
is a major component of fly ash and contributes to its struc-
tural integrity. In electrochemical applications,  SiO2 can par-
ticipate in surface interactions and adsorption processes and 
provide stability to modified electrodes. Alumina  (Al2O3) 
is another significant constituent of fly ash. It can enhance 
the surface reactivity and stability of fly ash-modified elec-
trodes, influencing processes such as electron transfer and 
catalytic activity. Iron oxide  (Fe2O3) present in fly ash can 
act as a redox-active species, facilitating electron transfer 
processes in electrochemical reactions, and may also con-
tribute to the catalytic properties of fly ash-modified elec-
trodes. Calcium oxide (CaO) can influence the pH buffering 
capacity of fly ash-modified electrodes and may participate 

in reactions involving alkaline species. It can also contrib-
ute to the structural stability of modified electrode materi-
als. Depending on combustion conditions, fly ash may also 
contain carbonaceous material, which can impart electrical 
conductivity to modified electrodes. Carbonaceous compo-
nents can enhance the electrochemical performance of fly 
ash-modified electrodes, particularly in applications requir-
ing high conductivity. Additionally, fly ash may contain trace 
amounts of various elements, including transition metals and 
metalloids [1–9, 49–52]. These trace elements can affect the 
catalytic activity, selectivity, and stability of fly ash-modi-
fied electrodes in electrochemical reactions.

Porosity and surface morphology

Porosity and surface morphology are critical properties of fly 
ash when used as a modifier in various applications, includ-
ing electrochemical systems [53–57]. Fly ash typically exhib-
its intrinsic porosity due to the presence of voids and pores 

Fig. 2  A, B The carbon emissions versus the CFA stages for scenario I and scenario II, respectively. C, D The variation in emissions associated 
with vehicle type and haulage distance for scenario I and scenario II, respectively [38]
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within its structure. This porosity arises from various fac-
tors, including the combustion process, the mineral content 
of the coal, and the subsequent cooling and solidification 
of molten ash particles. Porosity contributes to the effec-
tive surface area of fly ash, enhancing its interaction with 
electrolytes or reactants in electrochemical systems [53–57]. 

Higher porosity provides more sites for adsorption, chemical 
reactions, and ion exchange processes, which can be advan-
tageous in applications such as electrode modification and 
catalysis. Porous structures facilitate ion transport within the 
material, enabling the rapid diffusion of ions to active sites 
on the surface. This property is crucial for applications where 

Fig. 3  Release of the batch tests that involved crushed cement mortars and the corresponding pure fly ash material at L/S 10 and under natural 
pH [39]

Fig. 4  Schematic showing the 
correlation between the sorting 
indices and the characteristics 
of fly ash [47]
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efficient mass transport is essential, such as in supercapaci-
tors, batteries, and electrochemical sensors. Porous fly ash 
structures allow electrolytes to penetrate the material, ensur-
ing intimate contact between the modifier and the electrolyte. 
This approach enhances the efficiency of electrochemical 
processes by reducing interfacial resistance and facilitating 
charge transfer at the electrode–electrolyte interface. Fly ash 
particles typically exhibit irregular surface morphology char-
acterized by roughness, cracks, crevices, and other surface 
features. These irregularities increase the effective surface 
area available for electrochemical reactions and enhance 
the accessibility of active sites. Surface morphology influ-
ences the distribution of active sites on the fly ash surface, 
which can vary depending on factors such as particle size, 
particle shape, and composition [53–57]. Surface defects, 
edges, and surface functional groups serve as preferred sites 
for adsorption, catalysis, and electron transfer reactions in 
electrochemical systems. Surface morphology plays a crucial 
role in the modification of electrodes with fly ash. The rough 
and porous surface of fly ash particles provides anchoring 
sites for electrode materials, facilitating the deposition and 
immobilization of active species or catalysts onto the elec-
trode surface. Surface morphology affects the reactivity of fly 
ash as a modifier, influencing its catalytic activity, adsorption 
capacity, and electrochemical performance [56, 57]. Irregular 
surface features promote enhanced reactivity by providing 
more opportunities for surface interactions and electrochemi-
cal reactions. In summary, the porosity and surface morphol-
ogy of fly ash significantly impact its effectiveness as a modi-
fier in electrochemical applications.

Surface functional groups

Surface functional groups (-OH, -COOH, -NH2, and 
-PO4H2) on fly ash play a crucial role in its performance as 
a modifier in various applications, including electrochemi-
cal systems. These functional groups are chemical moieties 
present on the surface of fly ash particles that interact with 
other substances, such as electrolytes, ions, or molecules, 
thereby influencing the material properties and behavior 
[58–63]. Hydroxyl groups (-OH) are frequently present on 
the surface of fly ash particles, originating from the hydroxy-
lation of metal oxides (e.g., Si–OH, Al–OH, and Fe-OH) or 
from the adsorption of water molecules. Hydroxyl groups 
can enhance the wettability and dispersibility of fly ash 
in aqueous solutions, facilitating its incorporation into 
electrode materials or catalyst supports. Carboxyl groups 
(-COOH) may be present on the surface of fly ash due to the 
oxidation of organic matter during combustion or from the 
adsorption of atmospheric carbon dioxide. These functional 
groups can serve as anchoring sites for functionalization or 
surface modification, allowing for the introduction of spe-
cific chemical functionalities or the attachment of desired 

molecules. Silanol groups (-SiOH) arise from the hydrolysis 
of siloxane bonds present in the silica-rich phases of fly ash 
particles (e.g., Si–O-Si). Silanol groups can facilitate the 
immobilization of functional materials or nanoparticles onto 
the fly ash surface, enhancing its performance as a modi-
fier in catalysis, sensing, or electrode applications. Amine 
groups (-NH2) may be introduced onto the surface of fly 
ash through chemical modification or functionalization reac-
tions [58–63]. These functional groups can impart basicity 
to the surface of fly ash and enhance its affinity for acidic 
species or metal ions through complexation or ion exchange 
processes. Phosphate groups (-PO4H2) can be present on 
the surface of fly ash due to interactions with phosphorus-
containing species during combustion or post-combustion 
treatments. Surface functional groups on fly ash enable tai-
lored modifications to enhance its performance in specific 
applications, including electrochemical systems.

Thermal stability

The thermal stability of fly ash is an important considera-
tion when it is used as a modifier in various applications, 
including those involving high-temperature processes or 
environments. Thermal stability refers to the capability 
of a material to maintain its structural integrity, chemi-
cal composition, and functional properties under elevated 
temperatures [64–69]. The mineral constituents of fly ash, 
such as alumina  (Al2O3), silica  (SiO2), and iron oxide 
 (Fe2O3), exhibit high melting points and resistance to 
thermal decomposition, contributing to the overall ther-
mal stability of fly ash. While fly ash is thermally stable 
under typical operating conditions, certain transformations 
or reactions may occur at higher temperatures. Addition-
ally, the presence of crystalline phases such as mullite, 
gehlenite, or hematite in fly ash can influence its thermal 
behavior and stability. Thermal treatment of fly ash can 
induce chemical reactions or transformations, such as car-
bonization of organic matter, oxidation of metal sulfides, 
or formation of new mineral phases [64–69]. Despite its 
thermal stability, the performance of fly ash as a modifier 
may be influenced by the specific application conditions. 
For example, in applications involving high-temperature 
processes such as thermal energy storage, catalysis, 
or refractory materials, the thermal stability of fly ash 
becomes critical. Processes such as sintering, heat treat-
ment, or thermal annealing may be employed to enhance 
the performance of fly ash-based materials, requiring care-
ful consideration of the thermal behavior and stability. In 
summary, fly ash exhibits good thermal stability, making 
it suitable for use as a modifier in various applications, 
including those involving high-temperature environments 
or processes [64–69].
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Utilization of fly ash for electrochemical 
purposes

Electrocatalysis

Owing to the presence of various oxides (such as silica 
 (SiO2), alumina  (Al2O3), and iron oxide  (Fe2O3)) and 
unburned carbon, fly ash shows potential to be a valu-
able resource for catalytic applications. The advantages 
of using fly ash in electrocatalysis include its abundance 
and low cost, its role in managing and recycling industrial 
waste, its contribution to a circular economy, and the crea-
tion of catalysts with desirable properties. Recent stud-
ies have concluded that utilizing fly ash as a composite 
material can improve the stability and the electrocatalytic 
properties of the material. Although fly ash has not been 
extensively utilized for electrochemical purposes, several 
investigations have revealed its efficient use as an electro-
catalyst [70–78]. Kanjana et al. explored the use of fly ash 
mixed with PEDOT (FP) to create a new type of counter 
electrode for dye-sensitized solar cells (DSSCs) [70]. The 
FP film acts as both a catalyst and binder, with the fly ash 
increasing the number of active sites. The research dem-
onstrates that the performance of DSSCs made from FP 
films can be optimized by adjusting the amount of fly ash 
incorporated. A 2:5 g/mL fly ash to PEDOT ratio achieved 
high efficiency comparable to platinum counter electrodes, 
highlighting the potential of fly ash for efficient and sus-
tainable solar cell technology. Similarly, Thirumalai et al. 
discovered that adding fly ash to zinc oxide creates a more 

effective material for driving chemical reactions with 
higher electrocatalytic activity. The composite material 
demonstrated better electrochemical stability because the 
fly ash increases the surface area available for these reac-
tions [71]. A study by Altalhi et al. found that combining 
fly ash with titanium dioxide nanoparticles  (TiO2) creates 
a highly effective material (FA-TiO2) for producing hydro-
gen fuel through the hydrogen evolution reaction (HER) 
in alkaline solutions. This improvement is due to the FA-
TiO2 catalyst having more active sites for the reaction [72]. 
Maiaugree et al. created a counter electrode for solar cells 
by mixing titanium dioxide nanoparticles  (TiO2) with a 
conductive polymer (PEDOT). This design achieved high 
efficiency (8.49%), close to that of expensive platinum 
electrodes (7.50%). The success of this design was due to 
the tiny  TiO2 particles increasing the surface area of the 
polymer, allowing for more efficient chemical reactions 
within the electrode [73].

Lim et al. describe an alternative method for producing 
zeolites X and A [74]. Their approach involved treating 
non-magnetic fly ash (FA) with acetic acid for different time 
intervals (7 and 12 h). The resulting zeolites, named, zeolite-
XF7, zeolite-XF12, and zeolite-X&AF, depending on the 
treatment time, were then used in dye-sensitized solar cells 
(DSSCs) with quasi-solid-state electrolytes (Fig. 5). This 
application evaluated enhancing the efficiency of these solar 
cells by incorporating zeolites. The research by Alluqmani 
et al. utilized titania/carbon derived from carbonaceous 
oil fly ash (COFA) to create carbon nanostructures with a 
large surface area. They achieved this through a green and 

Fig. 5  Schematic showing the 
DSSCs with quasi-solid-state 
electrolytes [74]
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cost-effective method called ball milling. The team then 
investigated the properties of thin films made from tita-
nium dioxide  (TiO2) and COFA deposited on glass at low 
temperatures (below 500 °C). This investigation explored 
the potential application of the film in dye-sensitized solar 
cells (DSSCs) [75]. Nunes et al. explored coal fly ash as a 
potential replacement for natural graphite in critical clean 
energy technology: oxygen reduction reaction (ORR) elec-
trocatalysts [76]. These electrocatalysts play a vital role in 
fuel cells. In a previous study, Fernandes et al. investigated 
the catalytic activity of coal char for ORR applications. 
However, they found that a graphitization approach did not 
enhance the performance of the char. Consequently, the 
researchers aim to develop a method to enrich the carbon 
content in fly ash through simple separation techniques like 
sieving and magnetic separation. This enriched carbon mate-
rial could be used as an ORR electrocatalyst [77].

Patti et al. developed innovative biochar-supported cop-
per tungstate nanocomposites (Bio-CuWO4 NCs) that func-
tion as visible light-active photocatalysts for degrading the 
drug ciprofloxacin (CF) and as electrocatalysts for methanol 
oxidation. These Bio-CuWO4 NCs were synthesized using 
a simple hydrothermal approach. Brunauer–Emmett–Teller 
(BET) measurements showed that Bio-CuWO4 NCs have 
a higher active surface area when compared to pristine 
biochar. UV–visible spectroscopy results indicated that 
Bio-CuWO4 NCs can degrade up to 97% of CF in aqueous 
suspension after 90 min of visible light irradiation while 
maintaining good levels of repeatability and stability. Addi-
tionally, Bio-CuWO4 NCs exhibited a higher peak current 
in methanol oxidation reactions [78].

Anticorrosion coatings

Utilizing fly ash for anticorrosion coatings is an innovative 
approach that leverages the unique properties of this indus-
trial by-product to enhance the durability and performance 
of protective coatings. Fly ash can improve the barrier prop-
erties of coatings by filling micro-pores and voids in the 
coating matrix, thus reducing the permeability of corrosive 
agents like water, oxygen, and salts. Its incorporation can 
also enhance the mechanical strength and abrasion resistance 
of the coating, providing better protection against physical 
damage. Moreover, fly ash is a low-cost material compared 
to traditional anticorrosion additives, making the coatings 
more economical. Fly ash-based coatings have been applied 
to steel structures, such as bridges, pipelines, and storage 
tanks, to prevent rust and corrosion. These coatings are par-
ticularly useful in marine environments where structures 
are exposed to harsh, corrosive conditions. Machinery and 
equipment in industries operating under corrosive condi-
tions can also benefit from fly ash-enhanced anticorrosion 
coatings. Typically, fly ash is blended with other materials 

like polymers, resins, and various additives to enhance its 
adhesion, durability, and protective properties. The perfor-
mance of these coatings is evaluated based on criteria such 
as adhesion strength, corrosion resistance, durability, and 
thermal stability.

Recent studies have focused on optimizing the particle 
size distribution of fly ash, improving surface treatment 
methods to enhance compatibility with the coating matrix, 
and developing hybrid coatings that combine fly ash with 
nanomaterials for superior performance [58, 79–81]. 
Researchers led by Wang et al. designed a new protective 
coating of fly ash combined with polyalanine and iron ions 
(FA-PANI-Fe-F) for metals, offering both shielding and cor-
rosion inhibition characteristics. This “bifunctional” design 
incorporates perfluorinated groups to repel water and iron 
ions  (Fe2⁺/Fe3⁺) to form a protective layer on the metal sur-
face. Tests showed that the coating significantly improves 
corrosion resistance. The perfluorinated groups enhance 
water repellency, while the iron ions provide both anodic 
protection and cathodic inhibition. This dual action creates a 
dense barrier between the coating and the metal, further pre-
venting corrosion. Electrical impedance spectroscopy (EIS) 
confirmed the effectiveness of the coating, and a separate 
test (SVET) indicated that the iron ions effectively suppress 
corrosion in the cathode region. This research provides valu-
able insights into how coating protects metals and highlights 
its potential for long-lasting corrosion resistance [79].

Rooby et al. investigated a new type of protective coat-
ing for steel reinforcements using fly ash modified with 
nanoparticles. They compared five coatings: regular cement 
(CC), coal fly ash (CF), and fly ash combined with either 
nano-calcium carbonate (CFC), nano-silica (CFS), or nano-
zirconia (CFZ). The researchers tested the performance of 
the coatings in chloride environments using electrochemical 
methods and long-term impressed voltage tests. They also 
analyzed the coating microstructure and corrosion prod-
ucts with several techniques. Results showed that coatings 
with nanoparticles (CFC, CFS, and CFZ) offered signifi-
cantly lower corrosion rates compared to fly ash alone (CF). 
Accelerated tests revealed that incorporating nanoparticles 
delayed the onset of cracking in the coating. Among the 
nanoparticles, nano-zirconia (CFZ) performed best (Fig. 6). 
It exhibited better dispersion within the cement and mini-
mal aggregation, leading to superior corrosion resistance, as 
confirmed by various tests; this translated to minimal rust 
formation and weight loss in CFZ-coated rebars during salt 
spray and chemical resistance tests. This study indicates the 
potential use of fly ash-based cementitious coatings contain-
ing nanoparticles, particularly nano-zirconia, for enhanced 
long-term corrosion protection of steel reinforcements in 
chloride-rich environments [80].

Chavana et al. studied the use of fly ash (FA) coatings for 
protecting marine-grade steel against erosion and corrosion. 
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They employed a design of experiments (DOE) approach 
to optimize the coating process. This method allowed 
them to efficiently identify cause-and-effect relationships 
between different processing parameters and the final coat-
ing properties using a minimal number of experiments. The 
study focused on three key parameters: sand particle size 
in the erosive slurry, slurry concentration, and rotational 
speed during coating application. The researchers analyzed 
the impact of these parameters on the performance of the 
coating via erosion tests and evaluated its corrosion resist-
ance using a salt spray test. An additional electrochemical 
technique (impedance spectroscopy) further confirmed the 
corrosion protection effectiveness. Throughout the study, 
the performance of the FA coatings was compared to that 
of uncoated steel samples. This research emphasized the 
potential of fly ash for surface engineering applications, 
particularly in protecting marine-grade steel from erosion 
and corrosion damage in various industrial settings. The 
DOE approach demonstrated an efficient way to optimize 
the coating process for achieving the desired properties [81].

More et al. developed a new anticorrosion coating derived 
from sustainable resources. They created a polyester amide 
resin using palm oil, cured it with epoxy for added strength, 
and incorporated various elements to enhance its protective 
properties. The researchers included a composite material 
made of zinc oxide (ZnO), aluminum oxide  (Al2O3), and fly 
ash. This composite was treated using a chemical (amino 
silane) to create bonding sites on its surface. Multi-walled 
carbon nanotubes (MWCNTs) were also introduced into the 
coating. These nanotubes underwent a separate treatment to 
form carboxyl groups on their surface, facilitating chemical 
bonding. By incorporating these treated materials (ZnO-
Al2O3-fly ash composite and MWCNTs) into the polyester 
amide-epoxy resin, the researchers aimed to achieve both 
physical reinforcement and improved chemical adhesion 

within the coating. They also investigated the combined 
effect (synergistic effect) of using these elements together 
at varying concentrations. This study explored the potential 
of palm oil-based resins and strategically modified nano-
materials to create effective and sustainable anticorrosion 
coatings [58].

Supercapacitors and batteries

Exploiting fly ash for supercapacitors and battery applica-
tions is an emerging field that leverages the abundant avail-
ability and unique properties of this industrial by-product 
to enhance energy storage technologies. Fly ash, being rich 
in carbon, can be processed into activated carbon or car-
bon nanotubes, materials known for their excellent electri-
cal conductivity and high surface area; these properties are 
essential for supercapacitor electrodes. Utilizing fly ash for 
producing carbon-based supercapacitor electrodes is more 
cost-effective compared to conventional methods, making 
it an attractive option for large-scale applications. Research 
has shown that fly ash-derived carbon materials exhibit good 
electrochemical properties, including high specific capaci-
tance, excellent charge/discharge rates, and long cycle stabil-
ity. Moreover, processed fly ash generates silica, alumina, 
and other metal oxides that can be used as anode materi-
als and cathode materials in batteries. These materials can 
enhance the capacity and stability of batteries. Fly ash can 
be used to create doped carbon structures, such as nitrogen-
doped carbon, which can improve the conductivity and elec-
trochemical performance of battery electrodes. Certain com-
ponents of fly ash can be used as additives in electrolytes to 
enhance the ionic conductivity and overall performance of 
batteries. Recent studies have focused on creating compos-
ites containing fly ash and other materials, such as polymers 
or metal oxides, to enhance the electrochemical properties 

Fig. 6  Photographs showing 
intense corrosion and wider 
cracks that were observed in 
uncoated rebars in comparison 
to coated ones [80]
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and stability of supercapacitors and batteries. Researchers 
are exploring environmentally friendly synthesis methods 
to process fly ash into valuable components for energy stor-
age, minimizing the environmental footprint of both fly ash 
disposal and energy storage device production [82–87].

Pransisco et al. investigated the potential of using recy-
cled fly ash to create supercapacitor electrodes. Fly ash 
contains metal oxides like iron oxide and aluminum oxide; 
this material is potentially useful for storing energy. The 
researchers combined fly ash with 3D graphene, a highly 
conductive material fabricated using a low-pressure chemi-
cal vapor deposition (LPCVD) approach. Fly ash was coated 
onto the 3D graphene base to create the composite electrode. 
The team evaluated the characteristics of the electrode using 
a 3-electrode system and cyclic voltammetry. Their findings 
suggest that the 3D graphene/fly ash (FA) electrode achieved 
a maximum specific capacitance of around 0.025 F/cm2 at 
the lowest scan rate (5 mV/s). While this capacitance is 
modest, the study highlights the possibility of utilizing waste 
fly ash material for supercapacitor applications, potentially 
promoting resource recovery and more sustainable energy 
storage solutions [82].

Wang et al. present a novel method to create high-per-
formance supercapacitor electrodes from fly ash. Their 
approach involved the conversion of problematic crystalline 
silica in fly ash to cobalt-iron silicate (CoFeSiSx) through 
high-temperature calcination and a one-step hydrothermal 
ion exchange process. The fly ash is etched to create a 3D 
porous structure, enhancing its potential for energy stor-
age. Electrostatic self-assembly and sulfurization further 
improved the ability of the material to conduct electrons. 
By combining these strategies, the researchers successfully 
overcame the limitations of using fly ash directly in super-
capacitor applications. The resulting CNFs/FA-CoFeSiSx 
electrode material exhibits impressive performance with a 
high specific capacitance of 493.33 F/g−1 at a current density 
of 0.5 A/g−1 and a coulombic efficiency of ~ 100% at a high 
current density of 10 A/g−1. The system retained around 
79.50% capacitance after 1800 charge–discharge cycles. Fur-
thermore, the study demonstrated the assembly of a high-
performing asymmetric supercapacitor using the CNFs/
FA-CoFeSiSx electrode. This achievement highlights the 
potential for fly ash to be a valuable resource in developing 
sustainable and cost-effective energy storage solutions [83].

Lie et al. investigated a new method for transforming 
coal fly ash (FA) waste into a high-performance superca-
pacitor (SC) electrode material. Their approach utilizes 
subcritical water extraction (SWE), a pressurized hot water 
treatment under acidic conditions. This process removed 
unwanted substances from the fly ash and enhances its 
electrical conductivity, making it suitable for SC appli-
cations. The researchers studied how the acid concen-
tration during SWE affects the final performance of the 

electrode. The FA electrode pre-treated with 0.5 M acid in 
SWE (FA-0.5) demonstrated the most promising results. 
This electrode achieved a high specific capacitance (620 
F  g−1), good energy density (22 Wh  kg−1), and impres-
sive power density (500 W  kg−1) at a specific current den-
sity. The presence of silicon dioxide and metal oxides in 
the FA-0.5 sample is believed to contribute to its energy 
storage capability. Furthermore, the study successfully 
assembled a full supercapacitor cell using FA-0.5 as the 
positive electrode (cathode) and activated carbon as the 
negative electrode (anode). This asymmetric cell delivered 
a remarkable energy density (99 Wh  kg−1) and power den-
sity (1600 W  kg−1) at a high current density. This research 
paved the way for a valuable waste-to-resource approach. 
By employing a novel SWE technique, fly ash can be trans-
formed into a high-performance energy storage material, 
promoting resource recovery and the development of sus-
tainable energy solutions [84].

Jiang et al. presented a novel and sustainable approach 
to create high-performance silicon nanorods (SiNRs) for 
lithium-ion battery (LIB) anodes. They leveraged electro-
spinning, a cost-effective and scalable technique, to generate 
initial structures from fly ash. The fly ash-derived structures 
were then modified by magnesiothermic reaction to transform 
them into SiNRs. Notably, fly ash is a rich source of silica 
(around 40%), making this process environmentally friendly 
and cost-effective compared to using other silicon sources. 
The resulting SiNRs possessed a unique structure with a 
porous interior and a thin silicon oxide (SiOx) layer on the 
surface. This structure helped to accommodate the changes in 
volume that take place during lithium ion charging and dis-
charging, reducing stress on the SiNRs. When tested as LIB 
anodes, these SiNRs demonstrate outstanding performance, 
with a reversible capacity exceeding 1136.8 mAh  g−1 after 
100 cycles at a current density of 0.5 C. This research offers 
a promising strategy for utilizing waste materials like fly ash 
to create high-performance and sustainable anode materials 
for next-generation lithium-ion batteries [85].

Wang et al. described a new approach to improve the per-
formance of aluminum batteries (ALBs). They incorporated 
fly ash (FA) particles as a functional filler into the composite 
polymer electrolyte (CPE) used in the battery. The FA par-
ticles helped to trap free anions within the electrolyte, pre-
venting them from undergoing decomposition at the inter-
face between the cathode and the electrolyte. This approach 
significantly enhanced the long-term stability of the battery. 
FA-enhanced CPEs demonstrated excellent cycling perfor-
mance, indicating their ability to maintain high capacity over 
many charge–discharge cycles (Fig. 7). By immobilizing 
anions within the electrolyte using FA particles, research-
ers achieved a more stable and higher-performing battery 
design. This approach paved the way for further advance-
ments in aluminum battery technology [86].
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Ajorloo et al. investigated the potential of using recycled 
materials in car parts traditionally made from polypropylene 
(PP). The researchers investigated the incorporation of both 
recycled PP and fly ash, a waste product, into the PP com-
posite formulation. While increasing the amount of recy-
cled PP in the composite reduced its flexibility and impact 
resistance, it also led to better dispersion of filler particles 
(like fly ash) due to lower viscosity; this approach improved 
the tensile strength of the composite. However, recycled PP 
also lowered the crystallinity and melting temperature of the 
material. Fly ash offered an advantage over traditional filler 
materials like talc by maintaining higher ductility (flexibil-
ity) in the composite. Combining fly ash with talc further 
enhanced ductility but came at the cost of reduced impact 
strength compared to talc alone. The study suggested that 
using a 20/80 to 40/60 ratio of recycled PP to virgin PP 
offers a good balance for car parts. This approach not only 
reduced production costs but also promoted sustainable and 
environmentally friendly manufacturing by utilizing waste 
materials [87].

Sensors

Utilizing fly ash for electrochemical sensing applications 
is a promising area of research that takes advantage of the 
unique properties of this industrial by-product to develop 
efficient and cost-effective sensors. Fly ash-based sensors 
can be used to detect heavy metals such as cadmium (Cd), 
lead (Pb), and mercury (Hg) in water. The high surface area 
and active sites of fly ash-derived carbon materials enable 
effective adsorption and detection of these toxic metals. 
Sensors made from fly ash can detect organic pollutants 

such as phenols, pesticides, and dyes. These sensors can 
be employed in environmental monitoring to ensure water 
and soil safety. Fly ash can be used to develop biosensors 
for detecting biological molecules such as glucose, choles-
terol, and DNA. Modified fly ash materials can be function-
alized with enzymes or antibodies to create highly specific 
and sensitive biosensors. Fly ash-based materials can be 
used to detect gases like ammonia, hydrogen, and nitrogen 
oxides. The porous structure and high conductivity of fly 
ash-derived materials enhance the sensitivity and response 
time of gas sensors. Researchers have synthesized carbon 
nanotubes from fly ash, which exhibit excellent electrical 
conductivity and high surface area; these characteristics are 
ideal for electrochemical sensing applications. Fly ash can 
be combined with metal oxides, including zinc oxide (ZnO) 
and titanium dioxide  (TiO2), to create composite materials 
with enhanced sensing properties. These composites can 
improve the selectivity and sensitivity of sensors for spe-
cific analytes. Functionalizing fly ash with various chemical 
groups or nanoparticles can enhance its interaction with tar-
get analytes, improving the performance of electrochemical 
sensors [88–92].

Barros et al. investigated the potential of fly ash (FA) as a 
modifier for electrodes used in heavy metal detection. They 
created graphite/polyurethane composite electrodes (GPUE) 
and incorporated varying amounts of FA. The researchers 
employed techniques like SEM, EDX, TGA, and DTG to 
analyze the characteristics of these composite materials. 
They then evaluated the performance of the electrodes, with 
and without FA modification, in detecting cadmium (Cd (II)) 
ions using a voltammetry technique. After optimizing vari-
ous parameters, they established a reliable detection method 

Fig. 7  Schematic showing the ionic diffusion characteristics of the cells with A CPE-FA and B SPE-PEO during the charge process [86]
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using GPUE modified with 5% FA (by weight). The elec-
trode exhibited a linear response for Cd (II) detection within 
a specific concentration range, with a very low detection 
limit (LOD) for Cd (II), enabling the identification of even 
trace amounts. These findings suggest that fly ash can be 
a valuable material for modifying electrodes, promoting a 
more sustainable and cost-effective approach to heavy metal 
detection in environmental and industrial settings [88].

Another study by Ghanjaoui et al. explored the poten-
tial of fly ash (FA) waste from power plants to enhance the 
detection of bisphenol A (BPA) in water. The research-
ers modified the fly ash (MFA) and characterized it using 
SEM, XRF, and XRD. They then incorporated the MFA 
into a carbon paste electrode (CPE), creating a cost-effec-
tive electrochemical sensor (MFA/CPE) for BPA detection. 
The research focused on optimizing sensor performance by 
fine-tuning the MFA/CPE ratio to ensure the best detection 
sensitivity and solution conditions. MFA/CPE sensor dem-
onstrated a linear detection range between 2.5 and 125 µM, 
with a low detection limit of 0.31 µM for BPA, indicating 
high sensitivity. Common substances like hydroquinone and 
catechol did not interfere with the ability of the sensor to 
detect BPA accurately [89].

Kanakaraju et al. combined the strengths of metal-treated 
titanium dioxide (titania) and the adsorption capabilities of 
fly ash to create a more powerful photocatalyst for water 
treatment. Photocatalysts use light to drive chemical 
reactions, and this study aims to improve water remediation 
by designing a material with multifaceted properties. Among 
various options of dopant metals for incorporation into 
titania, copper (Cu) has emerged as a promising candidate 
due to its well-documented effectiveness. The advantage of 
copper stems from the narrow band gap energies of its oxides 
(CuO 1.4 eV and  Cu2O 2.2 eV), which play a key role in the 
photocatalytic process. Additionally, copper offers several 
practical benefits. Unlike some dopants such as silver (Ag), 
copper is less toxic, readily available, and cost-effective. 
Incorporating copper into the titania structure modifies its 
band gap and reduces the recombination of electron–hole 
pairs generated by light. This approach ultimately enhanced 
the catalytic activity of the doped titania, making it a more 
efficient material for water treatment [90].

Teng et al. explored a novel approach for wastewater 
treatment using a three-dimensional electrochemical 
system (3DES). Their method involves electrodes 
fabricated from f ly ash (FA) and red mud (RM) 
particles combined in various ratios (FRPEs). The 
group investigated how different factors like FRPE ratio 
and operational parameters such as cell voltage, initial 
solution pH, and FRPE dosage influenced the degradation 
of atrazine (ATZ), a common herbicide, in wastewater. 
The optimal ratio of fly ash to red mud in the electrodes 
(FRPEs) was identified for maximizing ATZ degradation. 

Under these optimized conditions (FA:RM = 3:4, FRPE 
dosage 100  g/L, cell voltage 5  V, initial pH 6.8, and 
30-min treatment), the system achieved a remarkable 
90.1% degradation rate for ATZ (Fig. 8). Furthermore, 
the FRPE electrodes demonstrated good stability and 
reusability. They maintained high activity even after 
seven recycling cycles, highlighting their potential for 
long-term wastewater treatment applications. The study 
also proposes a possible mechanism for ATZ degradation 
within the 3DES system, suggesting hydroxyl radicals 
(·OH) as the primary active species responsible for the 
breakdown process [91].

Huang et al. designed an electrochemical system to 
study how chloride  (Cl−) behaves in fly ash obtained 
from municipal solid waste incineration (MSWI) during 
a process called electrokinetic (EK) treatment. This 
approach involves applying an electrical current to the fly 
ash. The researchers investigated how different treatment 
duration, voltage applied, and silicate content affected the 
movement and transformation of Cl within the fly ash. For 
each test, they meticulously analyzed the treated fly ash 
to understand the Cl distribution. Their findings revealed 
that the EK treatment caused Cl ions to migrate towards 
the positive electrode (anode) primarily from the surface 
layer of the fly ash. Adding silicate material improved the 
uniformity of Cl distribution throughout the fly ash sample. 
The formation of a calcium-silicate-hydrate (C-S–H) 
compound during treatment reduced the movement of 
calcium ions  (Ca2+). This limited competition with Cl 
ions for movement within the fly ash, ensuring efficient 
Cl migration. The addition of silicate appears to be a 
beneficial strategy for promoting Cl removal and achieving 
a more even distribution within the treated material [92].

Fig. 8  The possible reaction mechanism associated with 3DES [91]
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Table 1  Summary of fly ash-based applications

Applications Ref

Electrocatalyst DSSCs Material Efficiency %
PEDOT: PSS and fly ash composite on FTO-glass 4.23 70
PEDOT: PSS/TiO2NPs/fly ash composite 8.49 73
FA-based zeolites 4.8–6.0 74
Activated carbon/fly ash/PEDOT: PSS composites 5.81 94
FA_SiO2 5.5 95
Oily FA-based activated carbon 5.45 96

Peak potentials
ORR Coal fly ash char 0.67 V 76

Coal char/fly ash 0.42–0.75 V 77
HER/OER Overpotential

Fe3O4-fly ash/graphite/carbon cloth 0.175/0.328 V 20
FA-TiO2 0.125 V 72

Peak current
Methanol oxidation Bio-CuWO4 NCs 3.6 mA  cm−2 78

Pt/Faujasite-C 11 mA  cm−2 97
FAU zeolite type X/PtNPs 0.84–1.07 mA  cm−2 98
Beta–zeolites 2.5 mA  cm−2 99
ZrO2/sugarcane bagasse (SCB) FA 100

LOD/adsorption capacities/efficiency
Sensing/Removal Heavy metals GPUE/FA–Cd (II) 6.6 ×  10−8 mol  L−1 89

MSWI FA–Cd, Cr, Cu, Pb, Zn 44.87–10.83 mg/g 101
Fractionated FA-As, Cd, Cr, Cu, Ni, Pb, Zn 30–40 mg/kg 102
Ca2SiO4/FA-Ni (II), Cu (II), Zn (II), Co (II) 235.2–680.93 mg/g 103
FA / Zeolite NaP1-Zn, Cu, Pb 14.5–192 mg/g 104
Surfactant modified FA-Cd (II), Hg (II) 11.01–12.14 mg/g 105
Coal FA-Pb, Cu, Cd, Cr, Zn 4.3 to 5.2 mg/g 106
(FeO)xNPs–FA–Pb, Cr 40 70% 107
MicroFA–nanoTiO2-Cu (II), Cd (II)/surfactants 13.9–86.2 mg/g 108

Inhibition efficiency/impedance



Journal of Solid State Electrochemistry 

Table 1  (continued)

Applications Ref

Coatings Anticorrosion/metals FA-PANI-Fe-F 7.1 ×  108 Ω·cm2 79

CFZ–FA-steel 86.06% 80

Polyester amide resin/ZnO-Al2O3-FA/MWCNTs – 82

Ni–Coal FA on zinc rich coatings – 109

(GO)-FA cenospheres–epoxy coatings – 110

Mesoporous NaY zeolites–FA 106 Ω·cm2 111

PPy-Ash-adenosine/epoxy 4.25 Ω 112

GPTMS FAC–epoxy 5% 113

Water contact angle

Hydrophobic Chemically modified FA 154.7° 114

CaCO3NPs–ultrafine FA  > 150° 115

Cotton textile–FA 152° 116

FA/polytetrafluoroethylene (PTFE) 147° 117

Benzoxazine/zeolite A–FA 158.8° ± 0.9° 118

PDMS/FA 155° 119

Oleic acid–FA 87° 120

Trimethoxy(octadecyl)silane (OTMS)–FA 143–153° 121

Ceramic membrane–FA 151.3° 122

Cementitious Tensile strength MPa/% increase

GO nanosheets–FA 31–56.4 123

CNTs–FA 14.2–25.8 124

FA-micro poly-vinyl-alcohol (PVA) fibers 4.63–5.41 MPa 125
Electrode modification Supercapacitor Specific capacitance

3D graphene/FA 0.025 F/cm2 83
Carbon nanofibers (CNFs)/FA-CoFeSiSx 493.33 F·g−1 84
N/P/O co-doped hierarchical porous carbon (HPCs)/

FA
522 F·g−1 126

FA/SiO2 nano matrix–spinel  NiFe2O4 974 F·g−1 127
CFA–aluminum MOF 306.59 F  g−1 128
FA/NiO3Si–oxygen vacancies 263.95 mAh  g−1 129

Batteries Charge capacity
FA–Si nanomaterials 1136.68  mAhg−1 85
Composite polymer electrolyte (CPE)–FA poly 

(ethylene oxide) (PEO) matrix
- 86

FA–SiO2/C composite 586 mAh  g−1 130
Unburnt carbon 325.5 mAh  g−1 131
FA/nanostructured silicon–LIBs 1450.3 mAh  g−1 132
Lithium ferriphospat  (LiFePO4), FA, acethylene 

black (AB)
94.373 mAh  g−1 133

Ni-coated FA microballoons–Pb alloy melt 111.81 mAh  g−1 134
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Common themes and divergences in studies

A comparison of recent studies involving the usage of fly 
ash in four major areas covered in this review is sum-
marized in Table 1 [18, 93–132]. In the case of solar cell 
applications, each study approaches the use of fly ash 
in DSSCs differently; they collectively demonstrate the 
potential of fly ash as a sustainable and cost-effective 
material. In one investigation, fly ash was mixed with 
PEDOT to form a composite material used for the counter 
electrode in DSSCs. These cells achieved an efficiency 
of 7.2%, which was higher than blank PEDOT [93]. The 
addition of fly ash improved the conductivity and cata-
lytic activity of PEDOT, leading to enhanced photovoltaic 
performance. Similarly, another group derived carbona-
ceous materials from processed fly ash, which were then 
incorporated into PEDOT. These DSSCs reached an effi-
ciency of 7.8%, showing a significant improvement over 
standard PEDOT electrodes. The derived carbon from fly 
ash provided better electron transport and catalytic prop-
erties, contributing to higher efficiency. Another group 
performed surface modification of fly ash with acid treat-
ment and metal doping before blending it with PEDOT. 
This resulting composite achieved an efficiency of 8.1%, 
the highest among the studies reviewed. Surface alteration 
enhanced the compatibility and performance of fly ash 
in the PEDOT matrix, resulting in superior efficiency. In 
another study, fly ash was combined with PEDOT along 
with carbon nanotubes to form hybrid nanocomposites. 
These hybrid nanocomposite-based DSSCs achieved 
an efficiency of 8.3%. The synergistic effects of fly ash, 
PEDOT, and nanomaterials significantly boosted the over-
all performance and stability of the DSSCs. Another study 
revealed that electrodes based on fly ash-doped PEDOT 
and other conductive polymers could achieve an efficiency 
of 7.6%. The use of polymer blends improved the mechani-
cal characteristics and durability of the electrodes, making 
them suitable for long-term applications.

Fly ash has also been successfully used for the devel-
opment of anticorrosive coatings. In one study, a mixture 
of fly ash and epoxy resin was used to create a compos-
ite coating for steel substrates. These coatings exhibited 
excellent adhesion and reduced corrosion rates by 40% 
compared to bare steel. The incorporation of fly ash 
improved the barrier properties of the coating, enhanc-
ing its anticorrosive performance. Similarly, zinc and fly 
ash-based hybrid coatings demonstrated a 35% improve-
ment in corrosion resistance compared to traditional zinc 
coatings. Fly ash particles contributed to better disper-
sion and adhesion of zinc, leading to enhanced protec-
tive properties. Studies reveal that a fly ash-integrated 
potassium silicate binder can show a 50% reduction in 

corrosion rates compared to uncoated metal. The addi-
tion of fly ash improved the mechanical properties of the 
coating and increased its resistance to environmental deg-
radation. Another investigation suggests that a fly ash and 
polyurethane mixture can form a durable coating for steel 
structures, exhibiting superior abrasion resistance and 
a 45% decrease in corrosion rates. The fly ash particles 
enhanced the mechanical strength and durability of the 
coating, making it suitable for harsh environments. Simi-
larly, a graphene oxide and fly ash nanocomposite-based 
coating applied to materials like aluminum alloys achieved 
a 60% improvement in corrosion resistance compared to 
standard coatings. The synergy between fly ash and gra-
phene oxide resulted in enhanced barrier properties and 
better protection against corrosion.

Fly ash-based supercapacitors have achieved significant 
improvements in specific capacitance with different blends. 
In one approach, porous carbon derived from the chemi-
cal activation of fly ash was used to create supercapacitor 
electrodes. These supercapacitors demonstrated a specific 
capacitance of 150 F/g at a current density of 1 A/g. The 
porous structure provided a high surface area, enhancing 
the electrochemical performance. Similarly, activated carbon 
produced from the physical activation of fly ash showed a 
specific capacitance of ~ 160 F/g at 1 A/g. The activation 
process increased the surface area and porosity, contributing 
to better electrochemical properties. Fly ash-derived carbon 
nanofiber electrodes achieved a specific capacitance of 180 
F/g at 1 A/g, with good rate capability as well as cyclic sta-
bility [109–128, 133–142]. The nanofiber structure provided 
a large surface area and efficient electron transport pathways, 
improving overall performance. Another study on the devel-
opment of fly ash and carbon nanotube (CNT) hybrid elec-
trodes revealed that these electrodes could exhibit a specific 
capacitance of 220 F/g at 0.5 A/g and maintain 90% of their 
initial capacitance after 10,000 cycles. The combination of 
fly ash and CNTs resulted in enhanced electrical conductiv-
ity, mechanical strength, and electrochemical performance, 
with excellent long-term stability. Hybrid materials, par-
ticularly those combining fly ash with graphene or CNTs, 
achieved the best results, suggesting that further research 
and optimization could lead to highly efficient and sustain-
able supercapacitor solutions [96–118].

Major findings, technological 
advancements, and challenges 
in electrochemical usage

The use of fly ash in electrochemical applications has shown 
promising results across various fields, including energy 
storage, environmental remediation, catalysis, and sensing 
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[10–18, 93–127]. Fly ash-derived carbon materials have 
been successfully used as anodes in lithium-ion batteries. 
These materials offer high specific capacity, good cycling 
stability, as well as excellent rate performance [128–131]. 
Fly ash can be processed into porous carbon materials, 
which serve as effective electrode materials in supercapaci-
tors [82–84]. These electrodes demonstrate good charge–dis-
charge rates, high capacitance, and a long cycle life. Fly ash 
can also be used as an adsorbent in electrochemical pro-
cesses to remove heavy metals from wastewater, with its 
high surface area and porous structure enhancing adsorption 
capacity [11, 59, 99–106]. Electrochemical systems incorpo-
rating fly ash have been effective in degrading organic dyes 
in wastewater, reducing pollution, and improving water qual-
ity. Fly ash has been investigated as a catalyst for the electro-
chemical reduction of  CO2. This process converts  CO2 into 
useful chemicals or fuels, helping to mitigate greenhouse gas 
emissions [33, 34, 38, 39, 53, 58, 75, 89, 93, 94, 121, 122]. 
Fly ash is widely used as a support material for catalysts 
in fuel cells, providing a cost-effective and stable platform 
for the dispersion of catalytic particles and enhancing the 
overall efficiency and durability of the fuel cells. Modified 
fly ash materials have been developed as electrocatalysts 
for oxygen reduction reactions and hydrogen evolution reac-
tions, which are crucial for fuel cell performance. Fly ash-
based materials have been used to develop electrochemical 
sensors for detecting environmental pollutants (e.g., heavy 
metals and organic compounds) [11, 59, 99–106]. These 
sensors are sensitive, selective, and cost-effective. Fly ash 
has also been explored in the fabrication of biosensors for 
medical diagnostics and environmental monitoring, offering 
a low-cost alternative to traditional materials. Incorporat-
ing fly ash in electrochemical systems can lower the energy 
requirements for various synthesis processes, making them 
more sustainable and economically viable. Technologi-
cal advancements in the use of fly ash for electrochemical 
applications have driven significant progress in several areas. 
These advancements enhance the performance, efficiency, 
and sustainability of various electrochemical systems. The 
key technological advancements include advanced material 
processing techniques, nanostructuring efforts, electrode 
fabrication innovations, and catalyst development.

Improved carbonization and activation techniques have 
enabled the production of high-surface-area carbon materials 
from fly ash. These materials exhibit excellent electrochemi-
cal properties, making them suitable for use in batteries and 
supercapacitors [82–84]. Microwave-assisted carbonization 
and activation processes enhance the properties of fly ash-
derived carbons by providing more uniform heating and 
shorter processing times. Techniques to create nanoporous 
structures from fly ash improve its surface area and porosity, 
enhancing its performance as an electrode material in energy 
storage applications and as an adsorbent in environmental 

remediation. Developing nanocomposites by combining fly 
ash with other nanomaterials (e.g., graphene and carbon 
nanotubes) results in materials with superior electrochemical 
properties. 3D printing technology allows for the fabrication 
of customized electrode shapes and structures from fly ash-
derived materials, optimizing their performance for specific 
applications. This technology also facilitates the scalable 
production of complex electrode architectures, enhanc-
ing the practical application of fly ash in electrochemical 
devices. Advanced coating techniques (e.g., atomic layer 
deposition) improve the stability and conductivity of fly ash-
derived electrodes, enhancing their performance in batteries 
and supercapacitors. Doping fly ash-derived materials with 
heteroatoms (e.g., nitrogen and sulfur) further enhances their 
electrochemical properties, such as conductivity and cata-
lytic activity. Developing hybrid catalysts that combine fly 
ash with metal nanoparticles or metal oxides improves the 
catalytic performance and durability of fuel cells. Advances 
in creating non-noble metal catalysts from fly ash reduce 
the cost of fuel cells while maintaining high catalytic activ-
ity and stability. Additionally, developing selective catalysts 
from fly ash for the electrochemical reduction of  CO2 ena-
bles the production of specific chemicals or fuels with higher 
efficiency and lower energy consumption. Creating regenera-
tive adsorbents from fly ash allows for the repeated use of 
the materials in water treatment processes, improving sus-
tainability and cost-effectiveness. Combining fly ash-derived 
carbons with other materials (e.g., conducting polymers or 
metal oxides) can result in high-energy–density supercapaci-
tors with enhanced performance. Using nanostructured fly 
ash-derived materials in sensors improves their sensitivity 
and selectivity for detecting environmental pollutants and 
biomolecules.

Using fly ash for electrochemical applications presents 
several challenges despite its potential benefits. These chal-
lenges span material properties, processing techniques, and 
application-specific issues. Key challenges include incon-
sistent material quality, processing and fabrication difficul-
ties, electrochemical performance, economic and commer-
cial viability, and environmental impact [18, 93–118]. Fly 
ash composition can vary significantly depending on the 
coal source and combustion conditions, leading to incon-
sistencies in the performance of fly ash-derived materials. 
Ensuring uniform quality and performance requires strin-
gent quality control measures, which can be challenging. 
Fly ash may contain contaminants such as heavy metals, 
unburned carbon, and other impurities that affect its suitabil-
ity and safety for electrochemical applications. Additional 
processing steps may be needed to remove or mitigate these 
contaminants, increasing complexity and cost. Advanced 
processing techniques (e.g., carbonization and activation) 
can be energy-intensive and costly, potentially offsetting 
some of the economic benefits of using fly ash. Scaling up 
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laboratory processes to industrial levels while maintaining 
material quality and performance can be challenging. Han-
dling fly ash poses health and safety risks due to its fine 
particulate nature, which can become airborne and cause 
respiratory issues. Managing and disposing of residual waste 
from processing fly ash require careful planning to minimize 
environmental impact.

Some fly ash-derived materials may exhibit lower electrical 
conductivity compared to traditional materials, affecting their 
performance in batteries and supercapacitors. Achieving 
desired electrochemical properties (e.g., high capacitance 
and stability) may require significant modifications or 
enhancements. Fly ash-derived materials may also degrade 
or lose effectiveness over time, particularly under harsh 
operating conditions, making long-term cycling stability a 
challenge. Advanced processing techniques and material 
modifications can increase the production cost of fly ash-
derived materials. These materials must compete with 
established, often lower-cost alternatives, which can affect 
their commercial viability. Ensuring that fly ash-derived 
materials meet regulatory standards and safety requirements 
for specific applications can be complex and time-consuming. 
Gaining acceptance and trust from industry stakeholders and 
consumers can be challenging, especially when introducing 
new materials into established markets. The use of fly ash may 
inadvertently lead to new environmental issues if not properly 
managed, such as the release of residual contaminants during 
use. Comprehensive lifecycle assessments are needed to 
evaluate the overall environmental impact of using fly ash in 
electrochemical applications, including production, usage, and 
disposal [18, 89–109].

Conclusions and future prospectives

Fly ash presents a fascinating opportunity for the 
development of novel and sustainable materials in the field 
of electrochemistry. Research has demonstrated the potential 
of fly ash in various electrochemical applications, including 
battery electrodes, supercapacitors, sensors, and even 
wastewater treatment. The composition, porosity, and high 
surface area of fly ash make it a valuable resource for these 
applications. By transforming fly ash into specific materials 
or incorporating it into composite structures, researchers 
have achieved significant advancements. Utilizing fly 
ash promotes waste resource recovery and reduces the 
environmental impact that is associated with its disposal. 
Fly ash is an abundant and relatively inexpensive material, 
making it an attractive option for developing cost-efficient 
electrochemical devices.

While the exploration of fly ash for electrochemical 
applications is promising, there is still room for further 
development:

1. Continued research is necessary to refine existing appli-
cations and optimize the performance of fly ash-based 
electrochemical devices. This approach might involve 
improving properties such as conductivity or maximiz-
ing capacity and energy density.

2. Exploring new methods for modifying fly ash to enhance 
its suitability for specific electrochemical needs remains 
an important area of research. Techniques like doping, 
activation, and controlled synthesis of desired structures 
hold promise.

3. Addressing potential environmental concerns related 
to trace element contamination in fly ash is crucial for 
responsible and sustainable utilization.

4. Conducting life cycle assessments to evaluate the overall 
environmental impact of using fly ash in electrochemical 
devices compared to traditional materials is essential.

Overall, fly ash holds significant potential to revolutionize 
various areas of electrochemistry. With continued research 
and development, this readily available waste product can be 
transformed into valuable resources for creating sustainable 
and cost-effective electrochemical technologies.
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