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Abstract

Graphene-based nanosheets (GNS), including graphene, graphene oxide (GO), reduced
graphene oxide (rGO), and graphene nanoplatelets (GNPs), have attracted increasing at-
tention for developing high-performance and sustainable cementitious composites. Com-
pared with conventional dispersion strategies, graphene-based coating strategies enable
the targeted localization of GNS at critical interfacial transition zones (ITZs), thereby max-
imizing their reinforcing efficiency while mitigating agglomeration issues. This review
systematically summarizes recent advances in GNS coating technologies for cementitious
composites, including physical adsorption, chemical assembly, electrophoretic deposi-
tion, and in situ growth. The effects of GNS coatings on interfacial engineering, mechani-
cal performance, durability enhancement, and smart functionalities are critically dis-
cussed. Existing studies indicate that GNS coatings can improve strength, crack resistance,
impermeability, and resistance to chloride ingress, freeze-thaw cycles, and other degra-
dation processes mainly through ITZ densification and microstructure refinement. How-
ever, these benefits are strongly dependent on the coating method, substrate type, and
stability of the graphene—substrate interface in calcium-rich alkaline pore solutions. In
particular, physically adsorbed GO coatings may suffer from desorption or Ca?-induced
aggregation, chemically assembled coatings require further validation beyond laboratory-
scale systems, and electrophoretic deposition is mainly applicable to electrically conduc-
tive substrates. In addition, localized conductive networks created by GNS coatings facil-
itate multifunctional properties such as self-sensing, electromagnetic shielding, and elec-
trothermal performance. From a carbon-neutrality perspective, the improvements in me-
chanical properties and durability provide opportunities to reduce material consumption,
extend service life, and lower life-cycle carbon emissions. Nevertheless, their carbon-neu-
tral contribution should be verified through quantitative life-cycle assessment rather than
inferred directly from strength or durability enhancement alone. Finally, the remaining
challenges associated with large-scale implementation, long-term stability, cost-effective-
ness, and field-scale validation are discussed. Particular attention is given to the fact that
most existing evidence is derived from laboratory-scale specimens rather than real struc-
tural elements exposed to service environments.
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1. Introduction

Global cement production has reached approximately 4.1 billion tonnes annually,
making cement one of the most widely consumed construction materials [1]. However,
the cement industry is also one of the largest industrial sources of carbon dioxide (CO2)
emissions, contributing approximately 7-8% of global CO: emissions [2-6]. According to
the International Energy Agency (IEA), global energy-related CO: emissions reached 37.4
Gt in 2023, highlighting the urgent need for deep decarbonization across energy-intensive
industries [3]. Achieving carbon neutrality by 2050, as advocated by the Paris Agreement,
presents a particular challenge for the cement sector because cement clinker production is
inherently carbon intensive [2,4-6]. During clinker manufacture, limestone and clay are
heated to temperatures approaching 1450 °C, consuming approximately 3.4-3.6 GJ of ther-
mal energy per tonne of clinker and generating substantial CO2 emissions from both fuel
combustion and limestone calcination [2,5,6]. Process emissions from calcination alone ac-
count for approximately 60% of total clinker-related CO2 emissions, while fuel combustion
contributes most of the remainder [2,5]. Consequently, reducing the carbon footprint of
cement production has become one of the most critical challenges facing the construction
industry.

Various strategies have been proposed to reduce CO2 emissions during cement pro-
duction [7], including improving thermal efficiency and minimizing heat loss, developing
clinker-free or low-clinker binders, increasing the utilization of renewable energy and al-
ternative fuels, employing carbon capture utilization and storage (CCUS) technologies,
and partially replacing clinker with supplementary cementitious materials (SCMs) [2,4,6].
Despite considerable progress, the large-scale implementation of many of these ap-
proaches remains constrained by technological barriers, high capital costs, infrastructure
requirements, and uncertainties associated with long-term engineering performance [4,6].
Therefore, complementary and immediately applicable approaches capable of reducing
material consumption and extending service life are urgently required to facilitate the
transition toward carbon-neutral construction.

Recently, graphene-based nanosheets (GNS), including graphene, graphene oxide
(GO), reduced graphene oxide (rGO), graphene nanoplatelets (GNPs), and functionalized
graphene derivatives, have attracted extensive attention in the development of high-per-
formance cementitious composites [8-11]. Owing to their exceptional intrinsic properties,
including a tensile strength of approximately 130 GPa, a Young’s modulus approaching 1
TPa, and a theoretical specific surface area of approximately 2630 m? g1, GNS possess
extraordinary potential for microstructural regulation and multi-scale reinforcement [8-
11]. Numerous studies have demonstrated that the incorporation of trace amounts of GNS
can significantly improve the compressive strength, tensile/flexural strength, fracture re-
sistance, and toughness of cementitious composites [12-19]. Such performance enhance-
ment may potentially support structural optimization if design conditions allow while
maintaining equivalent engineering performance [20]. However, these carbon-reduction
benefits should not be regarded as automatic consequences of strength improvement, be-
cause practical material savings depend on structural design codes, safety factors, service-
ability requirements, constructability, and whether engineers actually optimize the mix-
ture or member geometry. Therefore, the carbon-neutrality potential of GNS coatings
should not be interpreted as a direct or proportional consequence of mechanical perfor-
mance improvement. Any potential reduction in cement consumption or CO2 emissions
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is highly scenario-dependent and only becomes meaningful under specific structural re-
design conditions and full life-cycle assessment frameworks, rather than being inferred
from material-level strength enhancement alone [21,22]. In addition, GNS can markedly
enhance durability-related properties, including impermeability, resistance to chloride in-
gress, freeze—thaw resistance, and carbonation resistance of cementitious composites [13—
19]. Furthermore, the excellent electrical and thermal conductivity of GNS enables the de-
velopment of multifunctional cementitious materials with self-sensing, self-monitoring,
and thermal-management capabilities [15-19]. These advantages contribute to carbon
neutrality not only through performance enhancement and material savings but also
through prolonged service life and improved infrastructure management, which collec-
tively reduce life-cycle carbon emissions.

Moreover, recent advances in nanoscience and nanotechnology have further en-
hanced the sustainability of GNS production. Graphene-based materials have been suc-
cessfully synthesized from various waste-derived carbon resources, including waste plas-
tics, waste tires, and other carbon-rich wastes through emerging upcycling technologies
[23-25]. These developments may reduce the environmental footprint associated with gra-
phene production and create new opportunities for integrating circular-economy con-
cepts into the construction sector. Consequently, GNS exhibit considerable potential for
supporting carbon-neutral development in both the cement industry and broader con-
struction sector.

Several strategies have been developed to incorporate GNS into cementitious com-
posites. Through ultrasonication, surfactant-assisted dispersion, surface functionaliza-
tion, and dry-mixing techniques, GNS can be distributed throughout the cementitious ma-
trix with reduced agglomeration [13-19]. Uniformly dispersed GNS provide abundant
nucleation sites for hydration products, accelerate cement hydration, refine pore struc-
tures, bridge nanoscale cracks, and facilitate load transfer across the matrix, thereby en-
hancing the overall mechanical performance of cementitious materials [13-16]. However,
key engineering properties, including compressive strength, tensile/flexural strength, and
durability, are strongly influenced by the interfacial properties between different phases
[26-28]. In cementitious composites, the ITZ between cement paste and aggregates or re-
inforcing fibers is generally regarded as the weakest region because of its relatively high
porosity, preferential orientation of calcium hydroxide crystals, and lower concentration
of calcium silicate hydrate (C-S-H) gel [26-28]. As a result, microcracks preferentially in-
itiate and propagate within the ITZ, eventually leading to mechanical deterioration and
durability degradation [26-28]. Although dispersion-based strategies can improve the
overall matrix microstructure, their ability to specifically strengthen these weak interfacial
regions remains limited.

To overcome this limitation, graphene-based coating strategies have emerged as a
promising approach for targeted interfacial engineering. By coating GNS onto selected
components, such as fibers, sand particles, aggregates, cementitious particles, and supple-
mentary cementitious materials, graphene can be strategically localized at critical interfa-
cial regions where damage is most likely to initiate [19,26-28]. Benefiting from their high
mechanical strength, large specific surface area, two-dimensional morphology, and abun-
dant surface functional groups [8-11], GNS coatings can accelerate hydration, densify the
ITZ, fill interfacial pores, bridge microcracks, and enhance interfacial bonding through
both mechanical interlocking and physicochemical interactions [19,26-28]. Consequently,
the traditionally weak interfacial regions can be transformed into mechanically robust and
damage-tolerant zones, leading to substantial improvements in strength, durability, and
multifunctional performance.

Although several excellent reviews have comprehensively summarized the fresh
properties, hardened properties, reinforcement mechanisms, durability enhancement,
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and multifunctional characteristics of GNS-reinforced cementitious composites [17-19],
these studies have predominantly focused on GNS dispersion strategies. A systematic re-
view dedicated to graphene-based coating strategies remains lacking. Therefore, this re-
view aims to summarize recent developments in graphene-based coating technologies for
cementitious composites, with particular emphasis on coating methodologies, interfacial
strengthening mechanisms, mechanical enhancement, durability improvement, and
smart functionalities. Furthermore, the remaining scientific challenges and future oppor-
tunities associated with GNS coatings are critically discussed from a carbon-neutrality
perspective. Because most available studies are still based on laboratory-scale specimens,
this review emphasizes the need for field-scale validation, realistic exposure conditions,
and assessment in structural concrete elements before the practical contribution of GNS
coatings to sustainable infrastructure can be confirmed.

2. GNS Properties
2.1. Morphology and Chemical Structure

GNS comprise a family of two-dimensional carbon nanomaterials constructed from
sp*>-hybridized carbon atoms and typically possessing thicknesses ranging from a single
atomic layer to less than 100 nm [11,29,30]. As the fundamental structural units of other
carbon allotropes, including zero-dimensional fullerenes, one-dimensional carbon nano-
tubes, and three-dimensional graphite, GNS mainly encompass pristine graphene, gra-
phene oxide (GO), reduced graphene oxide (rGO), and graphene nanoplatelets
(GNPs). The representative morphology and chemical structures of these four types are
illustrated in Figure 1. These materials differ significantly in morphology, defect density,
surface chemistry, and degree of oxidation, resulting in distinct physicochemical proper-
ties and interactions with cementitious matrices [11,29,30].
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Figure 1. Morphology and chemical structure of GNS: (a) graphene; (b) graphene oxide (GO); (c)
reduced graphene oxide (rGO); and (d) graphene nanoplatelets (GNPs). Adapted from Ref. [18].

Pristine graphene consists of a single layer of carbon atoms arranged in a two-dimen-
sional hexagonal honeycomb lattice with a C—C bond length of approximately 0.142 nm
and an apparent thickness of approximately 0.34 nm [8]. Owing to its fully conjugated sp?
carbon network and nearly defect-free structure, graphene exhibits exceptional intrinsic

https://doi.org/10.3390/su18147044


https://doi.org/10.3390/su18147044

Sustainability 2026, 18, 7044

5 of 29

mechanical strength, electrical conductivity, thermal conductivity, and gas-barrier perfor-
mance [8,31]. However, the absence of surface functional groups and strong van der Waals
attractions between adjacent sheets render pristine graphene highly hydrophobic and
prone to agglomeration, significantly limiting its dispersion in aqueous solutions and ce-
mentitious systems [31].

Graphene oxide (GO) is typically synthesized through the oxidation of graphite us-
ing modified Hummers-type methods, during which abundant oxygen-containing func-
tional groups, including hydroxyl (-OH), epoxy (-C-O-C-), carbonyl (C=0), and carboxyl
(-COOH) groups, are introduced onto both the basal planes and sheet edges [32-35]. The
oxidation process partially disrupts the sp?>-conjugated carbon network, generating sp?-
hybridized defects, structural distortions, and characteristic nanoscale wrinkles [34-36].
Simultaneously, oxygen functionalization and water intercalation increase the interlayer
spacing from approximately 0.34 nm in graphite to 0.7-1.2 nm depending on the hydra-
tion state [37,38]. Consequently, GO exhibits excellent hydrophilicity and colloidal stabil-
ity in water, which facilitates its homogeneous dispersion in cementitious matrices and
promotes strong interactions with hydration products.

Reduced graphene oxide (rGO) is obtained through the partial reduction in GO using
chemical reducing agents, such as hydrazine hydrate and ascorbic acid, or through ther-
mal reduction treatments [10,39,40]. During reduction, a substantial proportion of oxygen-
containing functional groups is removed, partially restoring the sp?>-conjugated structure
and significantly improving electrical conductivity and mechanical properties [11,40].
Nevertheless, irreversible lattice defects generated during oxidation cannot be completely
eliminated, and residual oxygen functionalities remain on the graphene surface [36].
Therefore, rGO possesses a hybrid structure intermediate between pristine graphene and
GO. Importantly, these remaining functional groups contribute to aqueous dispersibility
and provide active sites for interfacial bonding with cement hydration products [11].

Graphene nanoplatelets (GNPs) are multi-layer graphene structures generally con-
sisting of 10-100 stacked graphene layers, with thicknesses below 100 nm and lateral di-
mensions ranging from several micrometers to hundreds of micrometers [41]. GNPs are
commonly produced through graphite intercalation, thermal expansion, and subsequent
mechanical exfoliation processes. Unlike GO and rGO, GNPs undergo minimal oxidation
and therefore retain a highly ordered graphitic structure with relatively few surface func-
tional groups [41,42]. As a result, GNPs exhibit outstanding electrical conductivity, ther-
mal conductivity, and mechanical stiffness. However, their hydrophobic nature and
strong inter-sheet attractions often require surfactant-assisted dispersion, ultrasonication,
or surface modification before incorporation into cementitious materials [42]. Owing to
their relatively low production cost, scalability, and commercial availability, GNPs have
become one of the most widely investigated graphene-based nanomaterials for large-scale
cementitious applications.

2.2. Physical and Mechanical Properties

The exceptional physical and mechanical properties of GNS originate from their
unique two-dimensional geometry, ultrahigh aspect ratio, and robust in-plane sp? carbon-
carbon covalent bonds [29,30]. Variations in oxidation degree, defect density, layer num-
ber, and surface chemistry result in significant differences among graphene, graphene ox-
ide (GO), reduced graphene oxide (rGO), and graphene nanoplatelets (GNPs), leading to
distinct physical and mechanical characteristics [11,41].

Physical properties. One of the most remarkable features of GNS is their extraordi-
narily high specific surface area (5SA). Theoretical calculations indicate that monolayer
graphene possesses an SSA of approximately 2630 m? g, representing one of the highest
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values among all known solid materials [43,44]. However, practical SSA values are gen-
erally lower because of irreversible sheet restacking and agglomeration during processing
and storage. For GO, the introduction of oxygen-containing functional groups and the
expansion of interlayer spacing can generate SSA values ranging from approximately 100
to 1000 m? g-! depending on the synthesis route and exfoliation degree [38,45]. Reduced
graphene oxide (rGO) may partially recover accessible surface area through the formation
of porous structures during reduction, whereas the SSA of graphene nanoplatelets (GNPs)
generally decreases with increasing layer number owing to multilayer stacking effects
[40,42]. The large surface area of GNS provides abundant sites for physical adsorption and
interfacial interactions, making these materials highly attractive for surface modification
and composite applications.

Another important characteristic of GNS is their relatively low density, typically
ranging from 1.8 to 2.2 g cm™ depending on oxidation degree and structural compactness
[11,40]. Furthermore, GNS possess extremely high aspect ratios owing to their nanometer-
scale thickness and micrometer-scale lateral dimensions [30,44]. Such geometric charac-
teristics provide extensive interfacial contact areas and facilitate the formation of intercon-
nected networks within composite systems. The combination of high surface area, low
density, and ultrahigh aspect ratio distinguishes GNS from conventional nanomaterials
and underpins many of their unique functionalities.

Mechanical properties. Graphene is widely recognized as one of the strongest and
stiffest materials ever measured. Atomic force microscopy (AFM) nanoindentation exper-
iments conducted by Lee et al. demonstrated a Young’s modulus of approximately 1.0 +
0.1 TPa and an intrinsic tensile strength of approximately 130 + 10 GPa for defect-free
monolayer graphene [8]. In addition, graphene can sustain elastic strains approaching 20—
25% before fracture [8].

The mechanical properties of GO differ substantially from those of pristine graphene
because oxidation disrupts the continuous sp?-conjugated carbon network and introduces
structural defects [11,44]. Nevertheless, GO still exhibits relatively high stiffness, with re-
ported Young’'s modulus values commonly ranging from approximately 150 to 250 GPa
depending on oxidation level, sheet size, and testing methodology [44]. Upon reduction,
partial restoration of the sp? carbon framework leads to significant recovery of mechanical
performance. Reported Young’'s modulus values for rGO generally range from approxi-
mately 200 to 700 GPa, although considerable variability exists due to differences in re-
duction degree and defect density [40,44].

For GNPs, the effective Young’s modulus is typically reported within the range of
0.5-1.0 TPa [41,44]. Owing to their multilayer structure, the measured stiffness reflects not
only the intrinsic properties of individual graphene layers but also the influence of inter-
layer van der Waals interactions, stacking order, and structural imperfections. Although
the mechanical properties of GNPs are generally lower than the theoretical values of de-
fect-free monolayer graphene, they remain substantially higher than those of conventional
engineering materials [44]. The key physical and mechanical properties of representative
GNS are summarized in Table 1.

Table 1. Key physical and mechanical properties of graphene-based nanosheets.

Property Category Property Index Graphene GO GO GNPs Ref.
Specifi f
pect ‘C(;‘j/rgj‘ce area 2630 100-1000 300-1500 50-500 [38,40,42—45]
Physical True density (g/em?) ~ ~2.25 1.8-2.1 1.9-2.2 2.0-2.25 [11,40,41]
Aspect ratio >10,000 1000-30,000 1000-30,000 100-5000 [44]
Young’s modulus (GPa) ~1000 150-250 200-700 500-1000 [8,44]
Mechanical strongly dependent limited data  dependent on layer

Tensile strength (GPa) ~130

on oxidation degree  available number and defects [8,44]
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2.3. Fabrication Processes

GNS can generally be produced through two major routes: top-down exfoliation and
bottom-up synthesis [11,29,30]. Top-down methods generate graphene sheets by over-
coming the weak van der Waals interactions between graphite layers, whereas bottom-up
methods construct graphene directly from molecular carbon precursors on suitable sub-
strates [11]. In recent years, waste-derived graphene fabrication has attracted increasing
attention owing to its potential for waste valorization and sustainable production, which
aligns well with the carbon-neutral development goals of the construction industry [40].
Representative fabrication routes of GNS are shown in Figure 2.

a b Graphule Oxidizing c

Energy input agems
(e.g. sonication)
Intercalallon
Exlollatmr ‘
Quarlz

tube

Turbostratic
' ‘ graphene

Liquid-phase exfoliation Oxydation + exfolation Flash Joule heating

Plastic
waste

Electrode

Graphlte "\-,
powder

Graphene
flakes

Figure 2. Fabrication routes and types of GNS: (a) liquid-phase exfoliation; (b) graphite oxida-
tion/exfoliation; and (c) waste-derived flash joule heating method. Adapted from Ref. [19].

2.3.1. Conventional Fabrication Processes

Top-down exfoliation remains the most widely adopted route for producing gra-
phene and its derivatives. Micromechanical exfoliation, first employed by Novoselov et
al. [30], isolates graphene from highly oriented pyrolytic graphite through repeated peel-
ing. Although this method yields graphene with exceptionally low defect density and ex-
cellent intrinsic properties, its low productivity limits large-scale applications [30,31].

Liquid-phase exfoliation (LPE) is another important top-down approach. In this pro-
cess, graphite is dispersed in suitable solvents or surfactant solutions and subsequently
exfoliated through ultrasonication or high-shear mixing [46,47]. Compared with micro-
mechanical exfoliation, LPE is more scalable and avoids chemical oxidation, although the
exfoliation efficiency and downstream purification remain challenging [47].

The oxidation-reduction route is currently the most common method for producing
GO and rGO [11]. Graphite is first oxidized using the Hummers method or its modified
variants, introducing oxygen-containing functional groups and expanding the interlayer
spacing [32,33]. The resulting GO exhibits excellent aqueous dispersibility, while subse-
quent chemical or thermal reduction partially restores the sp? carbon network and pro-
duces rGO with improved conductivity and mechanical performance [38]. Despite its
scalability and low cost, irreversible structural defects generated during oxidation remain
a major limitation of this route [38].

Bottom-up methods construct graphene directly from carbon-containing precursors.
Chemical vapor deposition (CVD) is the most widely studied technique, in which hydro-
carbon gases such as methane are decomposed on catalytic metal substrates (e.g., Cu or
Ni) at elevated temperatures to form large-area graphene films with high crystallinity
[48,49]. Another representative method is epitaxial growth on silicon carbide (SiC), where
thermal sublimation of silicon atoms leaves carbon atoms that reorganize into graphene
layers [50]. Although these methods produce high-quality graphene, their high cost and
complex processing restrict large-scale structural-material applications.
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2.3.2. Fabrication from Waste

The conversion of waste-derived carbon resources into graphene-based materials has
emerged as a promising sustainable production route. A notable breakthrough is the flash
Joule heating (FJH) technique developed by Luong et al. [23], in which carbon-containing
solids are subjected to a high-voltage electrical pulse, generating ultrafast heating above
2500-3000 K. Under these conditions, heteroatoms are rapidly removed and carbon atoms
reorganize into turbostratic graphene structures. Various waste feedstocks, including
waste plastics, waste tires, petroleum coke, coal fly ash, and biochar, have been success-
fully converted into graphene-like materials using this method [23,51].

Biomass wastes provide another important source of graphene-related materials. Ag-
ricultural residues such as rice husks, sugarcane bagasse, and lignocellulosic biomass can
be transformed into graphitic nanosheets or graphene-like porous carbon materials
through pyrolysis, activation, and graphitization processes [52,53]. These materials often
possess high specific surface areas and hierarchical pore structures, making them attrac-
tive for composite and functional applications. Furthermore, the utilization of waste-de-
rived carbon resources contributes to circular-economy strategies and enhances the sus-
tainability of graphene production [40].

Overall, while conventional fabrication methods remain essential for producing
high-quality graphene with controlled structures, waste-to-graphene technologies offer a
promising pathway toward potentially lower-cost and more sustainable GNS production.
Nevertheless, their actual environmental advantage over conventional graphene fabrica-
tion cannot be assumed a priori. The net carbon footprint depends on feedstock collection
and pretreatment, electricity source, conversion efficiency, purification requirements,
yield, and post-processing or functionalization steps. Therefore, comparative life-cycle as-
sessment is required to quantify whether waste-derived GNS can provide a lower embod-
ied carbon burden when used as coating materials for cementitious composites. Moreo-
ver, when waste-derived GNS are used for coating cementitious constituents, additional
factors such as nanosheet quality, oxidation degree, coating uniformity, alkaline stability,
suspension recyclability, drying demand, and scale-up reproducibility must be consid-
ered, because low-carbon feedstock alone does not guarantee low-impact or technically
reliable coating performance.

3. Coating Strategies of GNS in Cementitious Composites

Direct incorporation of GNS into cementitious composites via conventional disper-
sion methods often suffers from agglomeration in the highly alkaline pore solution, non-
uniform distribution, and adverse effects on workability [11,29,30]. More critically, bulk
dispersion cannot selectively deliver GNS to the weakest links that govern macroscopic
performance —the ITZs, including fiber/matrix and aggregate/paste interfaces [40,44]. To
overcome these limitations, “coating strategies” have been developed, whereby GNS are
pre-deposited onto specific constituents (e.g., fibers, sand, aggregates, clinker particles,
supplementary cementitious materials) or applied as functional coatings on hardened
concrete surfaces [32,46,54,55]. The principle is to target critical interfacial regions where
stress concentration and deterioration originate, forming a nano-reinforced interlayer that
densifies the ITZ via C-S-H nucleation, fills interfacial pores [56], and bridges microcracks,
thereby transforming the ITZ from a weak zone into a damage-tolerant region [33,38,48].
GNS coating strategies can be categorized into four types based on binding mechanisms
and process characteristics: physical adsorption, chemical assembly, electrophoretic dep-
osition, and in situ growth. It should be emphasized that the feasibility of GNS coatings
in cementitious composites is highly method- and substrate-dependent rather than uni-
versally applicable. The highly alkaline and calcium-rich pore solution of cement-based
materials can destabilize some graphene-based suspensions, especially GO, through ionic
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cross-linking and sheet aggregation [57]. Therefore, physical adsorption, although simple
and cost-effective, may provide limited long-term interfacial stability under prolonged
alkaline exposure [58]. Chemical assembly can improve coating stability through covalent
bonding or strong interfacial coupling, but its application in real cementitious systems
remains mostly restricted to laboratory-scale fibers, fine particles, or model substrates [59].
Electrophoretic deposition offers controllable and uniform coatings, but it requires elec-
trically conductive substrates, which excludes most natural aggregates, cement clinker,
and supplementary cementitious materials unless additional conductive pretreatments
are introduced [60]. Accordingly, GNS coating strategies should be regarded as targeted
interfacial-engineering approaches with specific applicability windows, rather than gen-
eral-purpose coating solutions for all cementitious constituents.

In practical terms, physically adsorbed GO coatings are more feasible for fibers, fine
particles, recycled powders, and small-batch sand treatments, but their stability may be
weakened by high-shear mixing and calcium-rich alkaline pore solutions. Silane-assisted
chemical assembly is more suitable for sand, recycled aggregates, and oxide-rich inor-
ganic surfaces where surface hydroxyl groups can be functionalized, although the process
involves additional pretreatment, coupling agents, washing, and drying steps. Electro-
phoretic deposition is technically plausible for conductive fibers or steel fibers, but it is
not directly applicable to natural aggregates, cement clinker, or most SCMs without con-
ductive pretreatment. In situ growth can provide strong interfacial integration on ther-
mally stable substrates, especially carbon-based fibers, but its high processing tempera-
ture and energy demand restrict its use for ordinary aggregates, clinker, recycled aggre-
gate powders, and polymer fibers. Therefore, the selection of a GNS coating route should
be based on substrate conductivity, surface chemistry, thermal stability, coating uni-
formity, process energy, and compatibility with concrete mixing.

3.1. Physical Adsorption

Physical adsorption is the most widely adopted and operationally straightforward
coating strategy, relying on non-covalent interactions such as van der Waals forces, elec-
trostatic attraction, hydrogen bonding, and mechanical interlocking [11,44,61]. The pro-
cess can be conducted under ambient conditions without altering the intrinsic structure
of GNS or chemically damaging the substrate, making it simple, scalable, and cost-effec-
tive. A representative physical adsorption process for GO coating on PE fibers is shown
in Figure 3.
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Mixer controller
(150 rpm, 6h)

PE fiber dispersed
in GO solution

/ Water bath

<+<— (25~80 °C) with
ultrasonication

20kV X1500 10pm 20kV  X2000 10pm

Figure 3. Physical deposition of graphene oxide on polyethylene fibers and corresponding surface
morphology: schematic illustration of GO coating formation on PE fibers by simple mixing in an
aqueous GO suspension; (a) SEM image of untreated PE fibers; and (b) SEM image of GO-coated
PE fibers with roughened surface morphology. Adapted from Ref. [62].

For fibrous substrates, dip-coating is the most commonly employed approach. Yao
et al. demonstrated that graphene oxide (GO) can be uniformly deposited onto poly(vinyl
alcohol) (PVA) fibers, increasing surface roughness and hydrophilicity and thereby im-
proving fiber-matrix interfacial bonding [61]. Similarly, Lu et al. reported that GO-coated
carbon fibers exhibited enhanced surface wettability and stronger interactions with ce-
ment hydration products, leading to improved interfacial performance [63].

For particulate substrates, GNS coatings are typically achieved through liquid-phase
assembly or mechanical mixing. Recent studies showed that GO-coated fly ash particles
act as effective nucleation sites for cement hydration while simultaneously serving as
physical spacers that reduce graphene agglomeration and promote a more uniform dis-
tribution of nanosheets within the cementitious matrix [7,64].

Although particulate coating is highly relevant for practical concrete because aggre-
gates occupy the largest volume fraction of concrete [65], scalable processing of GNS-
coated aggregates remains insufficiently developed. Most existing studies have focused
on fine sand, recycled concrete aggregates, or small batches of particles under controlled
laboratory conditions [66]. For commercial concrete production, however, coating meth-
ods must be compatible with large aggregate volumes, broad particle-size distributions,
surface moisture variations, dust contamination, and continuous mixing processes. Key
technical issues include achieving uniform GNS coverage on irregular aggregate surfaces,
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preventing coating loss during storage and mixing, controlling water demand and work-
ability, recycling or treating coating suspensions, and maintaining cost-effective through-
put. Therefore, aggregate coating should be regarded as one of the most critical but least
mature routes for translating GNS coating strategies from laboratory studies to ready-
mixed concrete production [67].

In addition to constituent modification, physically adsorbed GNS coatings have also
been explored for surface protection applications. Graphene-based coatings can refine
pore structures, reduce water absorption, and suppress the transport of aggressive ions,
thereby improving the durability of cementitious materials [68]. The effectiveness of phys-
ical adsorption primarily originates from the large specific surface area and unique sur-
face chemistry of GNS. On fiber surfaces, GNS enhances mechanical interlocking and in-
terfacial load transfer, while oxygen-containing functional groups on GO facilitate inter-
actions with hydration products [13,69,70]. For particulate substrates, GNS provides
abundant nucleation sites for C-S-H formation and helps prevent nanosheet re-agglom-
eration during mixing, contributing to a denser ITZ [7,14,64].

Despite these advantages, physical adsorption has inherent limitations. Since coating
adhesion relies mainly on weak secondary interactions, partial desorption may occur un-
der high-shear mixing or prolonged exposure to highly alkaline pore solutions [40]. Fur-
thermore, calcium ions in cement pore solutions can induce GO aggregation through ionic
cross-linking, reducing dispersion stability and potentially compromising the long-term
effectiveness of the coating layer [57]. This behavior highlights the intrinsic instability of
physically adsorbed GO coatings in calcium-rich alkaline environments, which may limit
their long-term durability in structural concrete applications. These limitations have mo-
tivated the development of more robust coating approaches, such as chemical assembly
and electrophoretic deposition.

3.2. Chemical Assembly

Chemical assembly refers to interfacial engineering techniques that establish irre-
versible covalent bonding between GNS and substrate surfaces, overcoming the weak ad-
hesion and potential instability inherent in physical adsorption coatings [11,38]. The strat-
egy typically involves introducing reactive functional groups onto substrate surfaces (e.g.,
-NHz, -OH) that can chemically react with oxygen functional groups on GNS (-COOH, —
OH, epoxy), forming covalent linkages (e.g., amide, ester, siloxane) and yielding strong
interfacial integration [71]. A typical chemical assembly process for preparing GO-coated
PVA fibers is illustrated in Figure 4.
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Figure 4. Chemical assembly coating approach and surface morphology of GO-coated PVA fibers:
(a) schematic illustration of the fabrication process of GO@PVA fibers; (b) SEM image of pristine
PVA fibers; (c,d) SEM image of GO-coated PVA fibers. Adapted from Ref. [61].

A typical chemical assembly process includes three main steps: substrate activation
to generate reactive sites, grafting of coupling agents or functional molecules, and cova-
lent anchoring of GNS. Substrate surfaces such as fibers or aggregates can be activated by
chemical treatments (e.g., acid, alkali, plasma) to increase site density for subsequent func-
tionalization [38,71]. Silane coupling agents (e.g., APTES) are commonly used to introduce
terminal amino or silanol groups on substrates, which can then react covalently with GO
functional groups [59]. For instance, Nguyen et al. [72] prepared GO-coated sand through
amino-functionalization with 3-aminopropyltriethoxysilane followed by coupling with
GO; the formation of strong interfacial bonds was supported by FTIR and XPS analyses.
Functionalization with (3-aminopropyl)triethoxysilane has been shown to enable covalent
bonding between GO and inorganic surfaces, enhancing interfacial microstructure and
overall composite performance [73]. Although studies on exact covalent grafting between
GO and typical cementitious substrates remain limited, this chemistry has been validated
in related materials systems and provides a clear pathway for robust chemical bonding.

In addition to direct covalent coupling, layer-by-layer (LbL) self-assembly offers a
bottom-up chemical assembly route by alternately adsorbing oppositely charged polyelec-
trolytes and charged GNS, constructing nanoscale multilayer films with tunable thickness
and composition [74]. This technique has been widely applied in graphene-based coatings
on various substrates and can be adapted for surface modification in cementitious envi-
ronments, enabling precise control of interfacial architecture.

Covalently assembled GNS interfacial layers can provide multiple reinforcement
benefits. First, chemically anchored GNS surfaces furnish abundant stable sites for the
heterogeneous nucleation of calcium silicate hydrate (C-S5-H), resulting in densification
of the ITZ and improved microstructural homogeneity [75]. Second, a covalent network
of GNS across the interface can bridge nanoscale microcracks and more effectively transfer
stresses between phases, improving resistance to crack initiation and propagation under

https://doi.org/10.3390/su18147044


https://doi.org/10.3390/su18147044

Sustainability 2026, 18, 7044

13 of 29

load [76]. Combined with the intrinsic functional groups on GO, chemical assembly also
aids the formation of stable interface phases and inhibits deleterious interfacial porosity
[75,77].

Although chemical assembly is expected to provide stronger interfacial stability than
physical adsorption because of covalent bonding or strong chemical coupling, such sta-
bility has not yet been fully demonstrated in real cementitious systems over service-life-
relevant timescales [71]. Current evidence is still largely derived from laboratory-scale
demonstrations involving fibers, fine particles, or model substrates [78]. Therefore, chem-
ical assembly should be considered a promising but not yet mature route for long-term
GNS coatings in cement-based materials. The multi-step processes involve organic cou-
pling agents and functionalization chemicals, which increases cost and complexity. Some
substrate activation treatments (e.g., strong acid etching) can degrade the mechanical
properties of organic fibers.

3.3. Electrophoretic Deposition

Electrophoretic deposition (EPD) is a coating technique in which charged colloidal
particles migrate and deposit onto conductive substrates under a direct-current electric
field [79,80]. Compared with physical adsorption and chemical assembly, EPD enables
rapid and controllable fabrication of uniform graphene-based coatings, providing high
coating density, low agglomeration, and precise thickness control [11,79,81]. A typical
EPD setup and the morphology of GO-coated carbon fibers are shown in Figure 5.

Ill!llll\mimmuwl'u |
IIINﬂImwlxuuwﬁ

10cm

Figure 5. Electrophoretic deposition coating approach and SEM images of GO-coated carbon fibers:
(a) schematic illustration of the electrophoretic deposition (EPD) process for coating graphene oxide
onto carbon fibers; (b) SEM image of pristine carbon fibers; and (c¢) SEM image of GO-coated carbon
fibers after EPD treatment. Adapted from Ref. [82].

In cementitious composites, EPD has primarily been investigated for modifying elec-
trically conductive reinforcements such as carbon fibers and steel fibers [63,79]. Graphene
oxide (GO) nanosheets dispersed in aqueous solutions carry a net negative charge due to
ionization of surface carboxyl and hydroxyl groups, remaining colloidally stable [11].
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When a conductive substrate serves as an electrode, the charged GO nanosheets migrate
directionally under the electric field, adhere to the substrate surface, and form a continu-
ous, compact coating without requiring surfactants or aggressive chemical reagents
[79,80,83]. This preserves the intrinsic structure and functional groups of GO.

A typical EPD setup consists of a DC power supply, an electrolytic cell, and two elec-
trodes. Deposition is usually completed within seconds to minutes, with applied voltages
ranging from a few volts to tens of volts. Deposition parameters including voltage, sus-
pension concentration, electrode spacing, and deposition time allow precise control of
coating thickness from tens of nanometers to several micrometers [79,80,83].

EPD coatings have demonstrated significant enhancement in interfacial properties.
In studies involving carbon fibers, GO deposited via EPD improved surface roughness
and promoted interfacial adhesion with cementitious matrices, enhancing load transfer
and mechanical stability [63,79,84]. Similarly, electrophoretically deposited coatings on
conductive fibers can act as temporary barriers, reducing direct exposure to highly alka-
line pore solutions and improving durability [63,85]. These effects collectively contribute
to a denser ITZ and improved composite performance.

Despite its advantages, EPD is limited to electrically conductive substrates; natural
sand, coarse aggregates, ordinary synthetic fibers, cement clinker, and most SCMs cannot
be coated without conductive pretreatment [79,80,86]. Moreover, coating quality depends
on suspension stability and electrical parameters, and excessive deposition may cause de-
fects or reduce adhesion. Therefore, although EPD is highly effective for conductive rein-
forcements such as carbon fibers or steel fibers, it should be considered a substrate-specific
coating strategy rather than a universal method for cementitious composites. Its direct
application to ordinary aggregates, cement clinker, and most SCMs is restricted by their
low electrical conductivity, and any extension of EPD to these constituents would require
additional conductive pretreatment or hybrid processing routes.

3.4. Growth of GNS

In situ growth of GNS is a “bottom-up” coating strategy, differing from physical ad-
sorption, chemical assembly, and electrophoretic deposition. Graphene is directly gener-
ated on the substrate from carbon precursors, forming a continuous layer with strong in-
terfacial bonding [87-89]. This approach can maximize interface stability and stress trans-
fer. The surface morphology of graphene nanowall-coated carbon fibers prepared by in
situ growth is shown in Figure 6.

Surface of CF

Figure 6. In situ growth coating approach and SEM images of graphene nanowall-coated carbon
fibers: (a) SEM image of pristine carbon fibers; and (b) SEM image of graphene nanowall-coated
carbon fibers after in situ growth. (c) simplified schematic illustration of graphene nanowalls grown
on the surface of carbon fibers. Adapted from Ref. [90].
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Chemical vapor deposition (CVD) is the most common method. Hydrocarbon gases
such as methane decompose at high temperatures (~900-1100 °C) on catalytic substrates,
producing graphene films on fibers [91]. Chi et al. demonstrated graphene nanowalls
grown on carbon fibers, and Chen et al. successfully grew graphene on glass fiber fabrics,
improving interfacial bonding and conductivity [87,92]. Zhou et al. reported in situ gra-
phene on carbon fibers enhanced mechanical and thermal properties [93]. The exceptional
mechanical properties of graphene (Young’s modulus ~1 TPa, tensile strength ~130 GPa)
enable these coatings to act as ultra-thin, robust interphases [88,91].

Flash Joule heating (FJH) offers rapid, energy-efficient graphene synthesis from car-
bon-rich wastes such as plastics or tires [23]. Although FJH mainly produces graphene
powders rather than direct coatings, it represents a potential sustainable source for future
applications.

Despite its advantages, in situ growth in cementitious composites is still at the labor-
atory stage. High temperatures of CVD limit compatibility with most cement constituents
and polymer fibers, and scalable methods for aggregates or SCMs are yet to be developed
[7,94]. Developing low-temperature, energy-efficient, and substrate-compatible processes
remains essential for practical application [23,87,91].

4. GNS-Based Coating in Enhancing Cementitious Composites
4.1. Enhanced Mechanical Properties

To provide a descriptive comparison of representative mechanical enhancements re-
ported for different GNS-coated cementitious systems, the improvements in compressive
and tensile/flexural strengths are summarized in Figure 7. Because the original studies
differ in GNS type, substrate, coating route, dosage, curing age, and testing method, the
comparison is intended to be descriptive rather than statistical.

50.0% Compressive strength enhancement
S Tensile/Flexural strength enhancement

40.0%

30.0%

20.0%

10.0% +

0.0%

Sand Fiber Clinker

Figure 7. Comparison of the enhancement in compressive and tensile or flexural strengths achieved
by GNS coating on different cement components. The second strength index refers to tensile
strength or flexural strength depending on the original study. The values were extracted from rep-
resentative studies on GO-coated sand, GO-coated carbon fibers prepared by electrophoretic depo-
sition, and in situ graphene-modified clinker/cement systems. Because these studies differ in GNS

type, substrate, coating route, dosage, curing age, and testing method, this figure is intended as a
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descriptive comparison rather than a statistical meta-analysis. Error bars are not shown because the
source studies did not report standard deviations or sample sizes in a directly comparable format.
Adapted from Ref. [72,79,95].

The mechanical enhancement achieved by GNS coatings primarily originates from
targeted reinforcement of ITZs, which are generally recognized as the weakest regions in
cementitious composites. By localizing graphene nanosheets at critical interfaces rather
than dispersing them throughout the matrix, coating strategies improve stress transfer
efficiency, promote hydration product formation, and suppress crack initiation and prop-
agation [13,76,96]. It should be emphasized that the reported mechanical enhancement
values in GNS-coated cementitious systems are derived from heterogeneous experimental
conditions, including variations in graphene type, coating method, substrate geometry,
dosage level, curing regime, and testing age. Therefore, direct quantitative comparison
between different studies should be interpreted with caution. To improve interpretability,
the following discussion organizes the results based on substrate type and coating strat-
egy, and distinguishes early-age performance from later-age performance wherever pos-
sible. The values summarized in Table 2 are intended to improve cross-study transpar-
ency rather than to provide a direct statistical comparison. The listed studies differ in GNS
chemistry, coating route, substrate type, coating condition, cementitious matrix, curing
regime, and testing age. Therefore, the reported enhancement ratios should be interpreted
as system-specific outcomes rather than universal performance indicators of all GNS coat-
ing strategies.

Fiber-matrix interfaces play a decisive role in the mechanical performance of fiber-
reinforced cementitious composites. Due to their smooth and chemically inert surfaces,
conventional polymer and carbon fibers often exhibit limited interfacial bonding with ce-
ment hydrates. Coating fibers with graphene oxide (GO) significantly improves surface
activity and interfacial load transfer. Yao et al. reported that the splitting tensile strength
of the 35-day specimens increased by 35.6% compared with the untreated PVA fiber-rein-
forced cementitious composites [61]. The GO coating promoted hydration around the fi-
ber surface and changed the failure mode from interfacial debonding to cohesive failure
[61,97]. Similarly, Lu et al. demonstrated that GO-coated polyethylene (PE) fibers en-
hanced the first-cracking strength, ultimate tensile strength, and tensile strain capacity by
11.7%, 46.3%, and 70.4%, respectively [74]. For conductive reinforcements, Wang et al.
employed electrophoretic deposition to coat carbon fibers with GO, resulting in improved
interfacial bonding and flexural performance of the cementitious composites [79]. Recent
studies on GO-coated steel fibers further revealed substantial increases in surface rough-
ness and wettability, which enhanced fiber-matrix mechanical interlocking and promoted
crack-bridging effectiveness [97].

The aggregate—paste ITZ is another critical weak zone due to its higher porosity and
relatively loose microstructure. Coating sand or aggregates with GNS provides abundant
nucleation sites for hydration products and promotes the formation of a denser ITZ [98].
Nguyen et al. reported that GO-coated sand significantly refined the interfacial transition
zone (ITZ), reducing its thickness by approximately 20% and increasing I'TZ hardness by
about 17%. This ITZ refinement was accompanied by enhancements in 28-day compres-
sive and tensile strengths of approximately 15% and 34%, respectively [72]. The coating
also reduced water absorption by approximately 20%, indicating a more compact interfa-
cial structure [64]. For recycled concrete aggregates (RCA), Lu et al. demonstrated that
GO coating significantly improved ITZ compactness and reduced microstructural defects,
resulting in enhanced mechanical performance and durability [99]. Similarly, pristine gra-
phene-treated RCA was shown to promote hydration and improve the overall mechanical
properties of recycled aggregate concrete [100]. However, the positive results obtained
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from GO-coated sand or recycled aggregates should be interpreted in the context of labor-
atory-scale processing [66]. In real concrete production, aggregates include both fine and
coarse fractions with irregular shapes, variable mineral compositions, different water ab-
sorption capacities, and non-uniform surface conditions. These factors may strongly in-
fluence GNS adsorption, coating continuity, and interfacial bonding efficiency. Moreover,
because aggregates account for the majority of concrete volume, even a thin GNS coating
layer would require large-scale material handling and process control. At present, sys-
tematic studies on coating coarse aggregates at industrially relevant scales, evaluating
coating uniformity after mixing, and quantifying the resulting performance gain per unit
processing cost remain limited [101].

Compared with fiber and aggregate coatings, studies on GNS-coated cement clinker
and supplementary cementitious materials (SCMs) remain relatively limited. Existing in-
vestigations suggest that coating cementitious particles with GO can provide additional
nucleation sites for calcium silicate hydrate (C-S-H) formation and accelerate early hy-
dration [13,96,102]. The high specific surface area of GO facilitates calcium ion adsorption
and promotes the growth of hydration products around particle surfaces [103]. As aresult,
coated particles contribute to a denser microstructure and improved early-age mechanical
performance. However, systematic studies quantifying the strengthening efficiency of
clinker- or SCM-based coatings are still scarce, and further research is required to establish
clear structure—property relationships [102].

Beyond strength enhancement, GNS coatings improve toughness through multiple
crack-resisting mechanisms. Nanosheets located at interfaces can bridge, deflect, pin, and
branch propagating microcracks, thereby increasing fracture energy and delaying crack
coalescence [75,76]. Molecular simulation and experimental observations have demon-
strated stronger interfacial interactions between GO and hydration products, leading to
improved stress transfer efficiency [75]. Consequently, GNS-coated cementitious compo-
sites exhibit enhanced ductility, crack resistance, and post-cracking load-carrying capacity
compared with conventional systems. It should also be noted that most reported mechan-
ical enhancements were obtained from paste, mortar, or small concrete specimens pre-
pared under controlled laboratory conditions [101,104]. The transferability of these im-
provements to full-scale concrete members depends on coating uniformity during large-
volume mixing, aggregate gradation, workability, curing conditions, reinforcement de-
tailing, and structural loading states [105,106]. Therefore, field-scale or member-level val-
idation is required before laboratory mechanical benefits can be translated into engineer-
ing design advantages. Although GNS coatings show promising interfacial reinforcement
efficiency, their advantages should be evaluated in comparison with established cementi-
tious-material modification strategies. Conventional approaches, such as silica fume, me-
takaolin, supplementary cementitious materials, optimized particle packing, and fiber re-
inforcement, have been widely used to improve strength, refine pore structures, and en-
hance durability at relatively mature cost and supply-chain levels [107]. At present, sys-
tematic comparisons between GNS coatings and these conventional strategies remain lim-
ited, particularly in terms of performance improvement per unit material cost, per unit
embodied carbon, and per unit processing energy. Therefore, the reported mechanical and
durability improvements of GNS-coated systems should not be interpreted as evidence of
superior cost- or carbon-effectiveness unless benchmarked against established alterna-
tives under comparable mixture designs, curing conditions, exposure environments, and
functional requirements [108].

The compatibility of GNS coatings with other modern concrete technologies remains
insufficiently explored. In practical mixtures, GNS-coated constituents may be combined
with supplementary cementitious materials, polycarboxylate superplasticizers, low wa-

https://doi.org/10.3390/su18147044


https://doi.org/10.3390/su18147044

Sustainability 2026, 18, 7044

18 of 29

ter-to-binder-ratio designs, recycled aggregates, fiber reinforcement, self-compacting con-
crete, or 3D-printable cementitious systems. These combinations may generate unin-
tended interactions, including competition between admixtures and GO for adsorption
sites, changes in pore-solution chemistry and calcium availability caused by SCMs, altered
rheology and water demand, coating loss under mixing shear, and modified hydration or
crack-bridging behavior. Therefore, the synergy between GNS coatings and existing con-
crete technologies should be verified through systematic compatibility studies rather than
assumed [109,110]. A compact comparison of representative GNS coating systems, includ-
ing GNS type, substrate, coating route, cementitious system, and main performance im-
provement, is summarized in Table 2.

Table 2. Compact comparison matrix of representative GNS coating systems in cementitious com-

posites.
GNS Coati
Substrate 9aMME  Cementitious System Main Performance Improvement Ref.
Type Route

GO PVA fibers

Physical ad- PVA fiber-reinforced ce-
sorption  mentitious composites

Splitting tensile strength increased by 35.6% com-
pared with untreated PVA fiber-reinforced ce-  [61]
mentitious composites.

PE fiber-reinforced  First-cracking strength, ultimate tensile strength,

Physical ad-
GO PE fibers ysme} ad strain-hardening ce- and tensile strain capacity increased by 11.7%,  [74]
sorption .. . o o .
mentitious composites 46.3%, and 70.4%, respectively.
ITZ thickness reduced by approximately 20%;
Silane-as- . ITZ hardness increased by about 17%; 28-day
. . Cement mortar with . ) .
GO Sand  sisted chemi- compressive and tensile strengths increased by ~ [72]
GO-coated sand . .
cal assembly approximately 15% and 34%, respectively; water
absorption decreased by approximately 20%.
Carbon fi- Elc?ctropho.— GQ—Coated carbon fiber- Improved interfacial bonding and flexural/me-
GO retic deposi- reinforced cement-based . [79]
bers chanical performance were reported.

tion, EPD composites

Graphene- Clinker or
based cement
coating  particles

Insitu  Graphene-based cement
growth material

Representative strength enhancement was re-
ported for in situ graphene-modified clinker/ce-  [95]
ment systems.

4.2. Enhanced Durability

The durability deterioration of cementitious composites is primarily governed by the
ingress of water, chloride ions, carbon dioxide, and other aggressive species through in-
terconnected pores and ITZs. Compared with conventional bulk incorporation, GNS coat-
ing strategies localize graphene nanosheets at critical interfaces, where they can refine
pore structures, densify hydration products, and suppress microcrack development.
These effects have been shown to improve short-term durability-related indicators, such
as water absorption and chloride transport resistance. However, whether such improve-
ments can be maintained over service-life-relevant timescales remains insufficiently veri-
fied, particularly under prolonged exposure to calcium-rich alkaline pore solutions and
coupled environmental actions [111,112]. The freeze—-thaw deterioration behavior and mi-
crostructural changes of GO-modified concrete are illustrated in Figure 8.
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Figure 8. Microstructural and quantitative deterioration of GO-modified concrete under freeze—
thaw cycling: (a,b) SEM images of unmodified concrete and GO-modified concrete after 90 freeze—
thaw cycles; (c,d) surface morphology of unmodified and GO-modified concrete after freeze—thaw
exposure; (e) relative dynamic elastic modulus; and (f) uniaxial compressive strength. Adapted
from Ref. [113].

One of the most significant durability benefits of GNS coatings is the reduction in
mass transport through the ITZ. Due to their two-dimensional morphology and high as-
pect ratio, graphene nanosheets create tortuous diffusion pathways that hinder the migra-
tion of water and ions [103]. Nguyen et al. reported that GO-coated sand reduced the wa-
ter absorption of cement mortar by approximately 20% compared with the control speci-
men, accompanied by a denser ITZ and improved mechanical performance [72]. Similarly,
Lu et al. demonstrated that GO-coated recycled concrete aggregates (RCA) effectively de-
creased water absorption and chloride-ion transport by improving the microstructural in-
tegrity of the aggregate—paste interface [114]. It should be noted that reductions in water
absorption and chloride-ion transport mainly represent improved transport-related per-
formance within the specific testing periods adopted in existing studies. These indicators
do not by themselves confirm long-term coating stability or service-life-level durability
[72]. Most available studies on GNS-coated cementitious composites are based on labora-
tory specimens with relatively short exposure durations, commonly ranging from 28 days
to several months, and therefore should not be directly extrapolated to the 50-100-year
service life required for structural concrete. For physically adsorbed GO coatings, pro-
longed exposure to aqueous alkaline environments may weaken non-covalent interac-
tions between GNS and substrates, while Ca? in cement pore solutions may induce GO
aggregation through ionic cross-linking. In addition, repeated wet-dry cycles, thermal cy-
cles, freeze-thaw cycles, chloride exposure, carbonation, sulfate attack, and coupled me-
chanical-environmental actions may further affect coating retention, interfacial bonding,
and transport pathways. Therefore, the durability benefits obtained from GNS coatings
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should be interpreted as short-term or medium-term improvements unless their re-
sistance to desorption, ionic cross-linking, environmental cycling, and time-dependent
degradation is systematically demonstrated [115].

Recent studies further indicate that the durability effects of GNS coatings should be
interpreted from the perspective of evidence convergence and remaining inconsistency.
The relatively convergent evidence is that GO-containing coatings can promote hydra-
tion-product nucleation, densify the ITZ, refine interfacial pores, and reduce short-term
water absorption or chloride transport. These effects have been reported in GO-coated
sand, GO-treated recycled aggregates, GO-coated fly ash, and GO-coated fiber systems,
suggesting that targeted interfacial engineering is a plausible mechanism for improving
transport-related durability indicators. However, the evidence is still not fully unified
across material classes and exposure conditions. In particular, long-term alkaline stability,
drying shrinkage, freeze—thaw resistance, coupled chloride—carbonation or sulfate—
freeze—thaw deterioration, and durability retention in UHPC, recycled aggregate concrete,
and ordinary mortar systems may exhibit different responses. The differences among GO,
rGO, and GNPs should also be considered because their oxygen-containing functional
groups, colloidal stability, electrical conductivity, and bonding ability with cement hy-
drates are substantially different. Therefore, durability enhancement should be regarded
as a system-specific outcome rather than a general property of all graphene-based coat-
ings. Future studies should combine prolonged alkaline aging, environmental cycling,
and coupled deterioration tests with microstructural characterization to clarify where the
evidence is convergent and where contradictory or exposure-dependent responses re-
main.

GNS coatings also improve the resistance of cementitious composites to interfacial
deterioration. SEM observations from several studies revealed that GO-coated fibers and
aggregates promote the formation of compact hydration products around the interface,
resulting in fewer microcracks and reduced porosity [61,72,99,116]. Yao et al. observed
that hydration products were densely attached to GO-coated PVA fibers, indicating
stronger fiber—matrix interactions and a more stable interfacial microstructure [61]. Simi-
lar interfacial densification has been reported for GO-coated carbon fibers and recycled
aggregates, where graphene nanosheets served as nucleation sites for C-S-H growth and
reduced the presence of large interfacial voids [63,99].

The enhanced interfacial structure further contributes to improved resistance against
freeze-thaw damage and carbonation [117]. A denser ITZ reduces the amount of freezable
water and restricts crack propagation induced by volumetric expansion during freezing
cycles. Moreover, the reduced pore connectivity slows carbon dioxide diffusion into the
cement matrix, delaying carbonation-front advancement and helping maintain the alka-
linity required for steel passivation [99,100]. Although quantitative studies on coating sys-
tems remain limited, existing results generally indicate improved durability-related indi-
cators compared with unmodified specimens. However, the magnitude and persistence
of these improvements remain dependent on GNS chemistry, coating stability, substrate
type, matrix composition, and exposure conditions.

Resistance to sulfate and chemical attack is also improved by the barrier effect of gra-
phene nanosheets [118]. The compact interfacial structure generated by GNS coatings hin-
ders the ingress of sulfate ions and other corrosive species, reducing the formation of ex-
pansive products such as ettringite and gypsum within the ITZ [13,76,99]. In addition, the
chemically stable graphene framework provides an effective physical barrier that miti-
gates acid penetration and microstructural degradation under aggressive exposure con-
ditions [99,100,119].

In addition to exposure duration, the chemical degradation kinetics of graphene-
based coatings under realistic pore-solution chemistry remain insufficiently quantified
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[104]. Potential processes such as Ca?-induced aggregation, loss or transformation of ox-
ygen-containing functional groups, weakening of coating-substrate interactions, and
changes in interfacial bonding may alter the transport-blocking and crack-bridging effects
of GNS coatings over time [120]. Long-term exposure tests combined with microstructural
characterization and service-life prediction models are therefore required to determine
whether short-term durability improvements can persist under real service conditions
[121].

Overall, the durability enhancement observed in GNS-coated cementitious compo-
sites originates from the combined effects of pore refinement, transport inhibition, inter-
facial densification, and crack suppression [122]. Nevertheless, current evidence mainly
confirms improvements in laboratory durability indicators rather than service-life-level
durability. The long-term effectiveness of GNS coatings, especially physically adsorbed
coatings, still needs to be validated under prolonged alkaline aging, wet-dry cycling,
freeze—thaw cycling, chloride exposure, carbonation, sulfate attack, and coupled mechan-
ical-environmental deterioration. Therefore, GNS coatings should be regarded as prom-
ising durability-enhancement strategies whose long-term reliability remains to be estab-
lished.

4.3. Smart Functionality

Beyond mechanical reinforcement and durability enhancement, GNS coating strate-
gies provide an effective route for imparting smart functionalities to cementitious compo-
sites [123]. By concentrating graphene nanosheets on fiber or aggregate surfaces, conduc-
tive pathways can be established at relatively low nanomaterial dosages [66], enabling
self-sensing, electromagnetic shielding, and electrothermal functions [63,97,124]. The con-
ductive pathways and self-sensing mechanism of graphene-modified cementitious com-
posites are schematically shown in Figure 9.

Low RH value

Graphene
particle

Connected path

I Gel particle
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Graphene/cement L
composite

Figure 9. Conceptual schematic of conductive pathways formed by graphene-modified interfaces in
cementitious composites, showing their potential roles in electrical conductivity, piezoresistive self-

sensing, and structural health monitoring. Adapted from Ref. [125].
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Self-sensing based on the piezoresistive effect is one of the most promising function-
alities of GNS-coated cementitious composites [126,127]. For electrically conductive gra-
phene-coated reinforcements, especially carbon-fiber-based systems, the coated fibers
may act simultaneously as reinforcing elements and conductive sensors. Under external
loading, the initiation and propagation of microcracks alter conductive pathways, leading
to measurable changes in electrical resistance that can be correlated with stress and dam-
age evolution [124,128-130]. Similarly, Lu et al. demonstrated that GO-electrodeposited
carbon fibers formed stable conductive networks while improving interfacial perfor-
mance, enabling reliable strain monitoring during mechanical loading [63,131]. These
studies indicate that GNS-coated reinforcements can detect damage development before
visible cracking occurs, providing opportunities for real-time structural health monitoring
[132].

The conductive network generated by graphene-coated fibers and particles can sub-
stantially improve the electrical conductivity of cementitious materials [101,133]. Com-
pared with direct dispersion, coating strategies localize conductive fillers more efficiently
and reduce the amount of graphene required to establish conductive pathways
[101,134,135]. Enhanced conductivity further contributes to electromagnetic interference
(EMI) shielding performance. The layered structure and large specific surface area of gra-
phene nanosheets facilitate multiple reflection, scattering, and absorption of incident elec-
tromagnetic waves [13,76,96,134]. Studies on graphene-based cement composites have re-
ported shielding effectiveness exceeding 20 dB in the X-band frequency range, indicating
attenuation of more than 99% of incident electromagnetic radiation [134,136]. Such per-
formance is attractive for applications requiring electromagnetic protection and smart in-
frastructure systems.

The electrically conductive networks formed by GNS coatings also enable efficient
electrothermal conversion through the Joule heating effect. When an external voltage is
applied, electrical energy is converted into heat, producing a rapid and uniform temper-
ature increase within the composite [13,76]. Experimental studies have demonstrated that
graphene-based conductive cementitious materials can generate sufficient heat for snow-
melting and deicing applications in pavements, bridge decks, and airport runways. Com-
pared with conventional chemical deicers, electrothermal systems offer advantages in-
cluding environmental friendliness, lower maintenance requirements, and compatibility
with automated control systems [137]. The integration of self-sensing and electrothermal
capabilities further highlights the potential of GNS-coated cementitious composites for
next-generation intelligent infrastructure.

Overall, GNS coating strategies provide a versatile platform for transforming con-
ventional cementitious materials into multifunctional smart materials [138]. Through the
synergistic realization of sensing, conductive, shielding, and electrothermal functions,
GNS-coated composites exhibit significant potential for future resilient and intelligent in-
frastructure applications.

The end-of-life behavior of GNS-coated cementitious composites remains largely un-
explored. Graphene-coated aggregates, fibers, or cementitious particles may influence
concrete crushing, separation, recycled aggregate quality, recycled fines utilization, dust
generation, and disposal pathways. Depending on coating adhesion and degradation
state, GNS may remain attached to recycled aggregates, be incorporated into fine recycled
powders, or be partially released during demolition and mechanical processing. There-
fore, future studies should assess the fate, stability, and potential environmental release
of GNS coatings during recycling and disposal to ensure that their sustainability benefits
are evaluated over the full life cycle.
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5. Conclusions

Graphene-based coating strategies represent a targeted and highly efficient approach
for enhancing the performance of cementitious composites through interfacial engineer-
ing. Unlike conventional dispersion methods, GNS coatings selectively localize graphene-
based nanosheets at critical interfaces, including fiber-matrix, aggregate—paste, and recy-
cled aggregate—paste ITZs, where mechanical deterioration and durability degradation
are most likely to initiate. Based on the literature reviewed, the following conclusions can
be drawn:

(1) GNS coating strategies effectively improve the mechanical performance of ce-
mentitious composites by promoting hydration, refining interfacial microstructures, en-
hancing interfacial bonding, and suppressing crack initiation and propagation. Reported
studies indicate that GO-coated fibers can increase tensile strength by up to 35-46% and
tensile strain capacity by over 70%, while GO-coated sand has been reported to reduce
ITZ thickness by approximately 20%, increase ITZ hardness by about 17%, and enhance
28-day compressive and tensile strengths by approximately 15% and 34%, respectively.
These improvements originate primarily from ITZ densification, enhanced load-transfer
efficiency, and graphene-induced crack-bridging mechanisms.

(2) GNS coatings can improve durability-related indicators by reducing pore connec-
tivity, improving interfacial compactness, and creating tortuous transport pathways. Ex-
isting studies have reported reductions of approximately 20% in water absorption and
decreases in chloride-ion penetration. However, these results are mainly derived from la-
boratory tests with limited exposure durations, and they should not be directly extrapo-
lated to 50-100-year service lives without long-term alkaline-aging and coupled-deterio-
ration validation.

(3) Beyond structural reinforcement, GNS coating strategies provide an effective plat-
form for multifunctional cementitious materials. By concentrating conductive nanosheets
at interfaces, efficient conductive networks can be established at relatively low graphene
dosages, enabling self-sensing, electromagnetic shielding, and electrothermal functional-
ities that support intelligent infrastructure systems and condition-based maintenance.

(4) From a carbon-neutrality perspective, GNS coating strategies may contribute to
emission reduction by improving material efficiency and extending service life. However,
the estimated cement savings and CO2 reductions should be regarded as scenario-based
potentials rather than verified net carbon benefits, because strength improvement does
not automatically lead to structural or mixture optimization. Moreover, the embodied car-
bon associated with GNS synthesis, functionalization, coating deposition, drying, energy
input, and substrate pretreatment must be included in future life-cycle assessments.

(5) Durability enhancement may provide additional life-cycle carbon benefits by re-
ducing repair and replacement demand. Nevertheless, most current evidence is derived
from short-term laboratory tests, and the persistence of GNS coatings under prolonged
alkaline exposure, wet—dry cycling, freeze-thaw cycling, and coupled deterioration con-
ditions remains insufficiently verified.

(6) Despite these advantages, several challenges remain before large-scale implemen-
tation becomes feasible. Current research is still dominated by laboratory-scale investiga-
tions, and key issues such as long-term coating stability in calcium-rich alkaline environ-
ments, coating uniformity, scalable aggregate processing, field-scale validation, and quan-
titative life-cycle assessment remain insufficiently resolved. Future studies should clarify
the method-specific limitations of physical adsorption, chemical assembly, and electro-
phoretic deposition, and compare GNS coatings with established low-carbon strategies to
evaluate their practical cost- and carbon-effectiveness. Particular attention should be paid
to matching coating routes with substrate characteristics, for example, physical adsorp-
tion or chemical assembly for sand and recycled aggregates, EPD for conductive fibers or
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steel fibers, and low-temperature or hybrid approaches for clinker, SCMs, and recycled
aggregate powders.

Overall, graphene-based coating technologies provide a promising route for simul-
taneously improving mechanical performance, durability, multifunctionality, and sus-
tainability. By transforming weak interfaces into highly efficient reinforcement zones,
GNS coatings may become an important enabling technology for the next generation of
low-carbon and high-performance cementitious materials.
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