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The emergence of high-strength graphene marks a new milestone in the material science
field. With only a small percentage inclusion into the matrix system, this organic
nanoparticle could tremendously improve the strength in vast arrays of composites. At
the same time, there is a growing interest in using the low-cost, lightweight, and high early
strength geopolymer as the new binder for concrete. Compared to the traditional Ordinary
Portland Cement (OPC), geopolymer emits 80% less CO2 during its production while
exerting similar strength. Thus, the geopolymer has the potential to commercialize as new
and green concrete. Geopolymer is a mixture of aluminosilicate powders and alkaline
solutions. When incorporated with nano-sized graphene, the material forms a composite
known as Graphene Reinforced Geopolymer Nanocomposite (GRGN). The addition of
graphene enhances the strength of geopolymer, which can further improve its
competitiveness. However, this depends on several factors, including the types of
graphene, the surface modification of graphene, and the concentration of alkaline
solutions. Generally, the presence of graphene alters the porous structure of
geopolymer into a substantially filled porous structure, thus increasing compressive
strength and flexural strength. On the other hand, Graphene Oxide (GO) undergoes a
chemical reduction in the alkaline solution, producing epoxy functional groups. The
chemical treatment results in two conditions which are weak interaction between
graphene and geopolymer matrix, and better graphene dispersibility in geopolymer
matrix. This review also highlights the analytical modelling aspect of GRGN. The
dissolution of Si(OH)4 and Al(OH)4- from the aluminosilicate source was consistent with
experimental work and analytical modeling, while the dissolution of Si–OH on the surface-
modified graphene indicated otherwise. Therefore, this paper will provide an insightful
review of the GRGN mechanical properties.
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INTRODUCTION

The idea of geopolymer was first encountered by Joseph Davidovits in 1972 when he was initially
searching for incombustible material due to the catastrophic fires in France at that time. The idea
arose from the fact that a simple hydrothermal condition could govern the synthesis of plastics
(polymer) in an alkaline medium (Davidovits, 2002). Davidovits then develop a three-dimensional,

Edited by:
Mohd Mustafa Al Bakri Abdullah,

Universiti Malaysia Perlis, Malaysia

Reviewed by:
Neven Ukrainczyk,

Darmstadt University of Technology,
Germany

Romisuhani Binti Ahmad,
Universiti Malaysia Perlis, Malaysia

Zarina Yahya,
Universiti Malaysia Perlis, Malaysia

Yun Ming Liew,
Universiti Malaysia Perlis, Malaysia

*Correspondence:
Mazlan Norkhairunnisa

norkhairunnisa@upm.edu.my

†Materials Processing and Technology
Laboratory,

Institute of Advanced Technology,
Universiti Putra Malaysia, Selangor,

Malaysia

Specialty section:
This article was submitted to

Structural Materials,
a section of the journal
Frontiers in Materials

Received: 30 January 2021
Accepted: 05 July 2021
Published: 20 July 2021

Citation:
Tay CH and Norkhairunnisa M (2021)

Mechanical Strength of Graphene
Reinforced Geopolymer

Nanocomposites: A Review.
Front. Mater. 8:661013.

doi: 10.3389/fmats.2021.661013

Frontiers in Materials | www.frontiersin.org July 2021 | Volume 8 | Article 6610131

REVIEW
published: 20 July 2021

doi: 10.3389/fmats.2021.661013

http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2021.661013&domain=pdf&date_stamp=2021-07-20
https://www.frontiersin.org/articles/10.3389/fmats.2021.661013/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.661013/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.661013/full
http://creativecommons.org/licenses/by/4.0/
mailto:norkhairunnisa@upm.edu.my
https://doi.org/10.3389/fmats.2021.661013
https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2021.661013


semi-crystalline mineral polymer called geopolymer. The first
application of geopolymer is a fire-resistant coating for wooden
chipboard panels produced by compression. In 1975, he made the
first breakthrough of producing a geopolymeric liquid binder
with the combination of metakaolin (MK) and soluble alkali
silicates. Due to its fluidity, the liquid binder gathers attention
from industry for its use as cement (Davidovits, 2015a). Since
then, various types of new geopolymers materials have been
produced, including adhesives (Bell et al., 2005; He et al.,
2011; Quan et al., 2017), waste encapsulations (Frizon, and
Desbats-le-Chequer, 2010; Kupwade-Patil et al., 2013a;
Mohajerani et al., 2019) and resin for fiber composites
(Ruzaidi et al., 2014; Hron et al., 2018).

Not limited to MK, geopolymer can be made from other kinds
of abundant aluminosilicate as well. The aluminosilicate includes
slag, fly ash, clays, waste glass powder, volcanic tuffs, and calcined
natural fibers such as rice husks, bamboo leaves, and elephant
grass (Kriven, 2012). Ultimately, these aluminosilicate sources
contain silica and alumina (Léonard and Su, 2007; Tulyaganov
et al., 2013). When mixed with alkaline solution (either at room
temperature or elevated temperature), the silica and alumina will
react, following several steps in becoming a geopolymer. These
steps include alkalinization, depolymerization of silicates, gel
formation of olio-sialates, polycondensation, reticulation
(networking), and lastly, geopolymer solidification (Habert,
2014; Davidovits, 2018).

Presence of low silica to alumina content, Si:Al ratio, is
preferred for the high rigidity of geopolymer. When Si:Al ratio
is between 1:1 and 2:1, the geopolymer material possesses a 3D
network. When the ratio increases to 35:1, the network becomes
2D. The silica and alumina content varies with the aluminosilicate
source. Thus, to achieve the desired Si:Al ratio and the intended
resultant properties, one can utilize more than one type of
aluminosilicate material in the production of geopolymer. On
the other hand, the concentration of an alkaline solution affects
the stability of geopolymer in water. This is because alkaline
solution contains positive ions, for example Na+ in NaOH
solution and K+ in KOH solution. These positive ions are
often labeled as K. During geopolymerization, only positive
ions can attach themselves to Al− from the aluminosilicate
source. When the content of positive ions exceeds alumina’s
content (K:Al>1), it will cause the positive ions in the geopolymer
to be exposed and migrate easily in water. Therefore, in this
scenario, the geopolymer structure will be broken (Davidovits,
2018). Thus, geopolymer rigidity and stability depend on silica
and alumina content from aluminosilicate sources and positive
ions from alkaline solutions.

Even with low Si:Al ratio and balanced K:Al ratio, the
geopolymer has one main flaw, which is brittle. Like ceramic,
geopolymer is highly susceptible to cracking under loading (Chi
et al., 2018). The unstable geopolymer structure is due to its
highly cross-linked framework. Filler reinforcement in the
geopolymer matrix can improve fracture toughness and resist
crack propagation in geopolymer, thus combating the brittleness
of geopolymer material (Wang et al., 2016; Dac Ho, 2020).
Variety types of reinforcement have been added into the
geopolymer matrix to improve the geopolymer properties.

This paper discusses in detail the effects of adding two-
dimensional graphene and its derivatives on enhancing the
mechanical performance of geopolymer nanocomposite.

GRAPHENE AND ITS DERIVATIVES

Graphene has been reinforced in polymer composite due to its
attractive properties. Research on using graphene to modify the
properties of the polymer (Carotenuto et al., 2012; Itapu and
Jayatissa, 2018; Moharana et al., 2019), and ceramics (Porwal
et al., 2013; Ikram and Farooq, 2019; Głuchowsk et al., 2020; Sun
et al., 2020) have received much attention. The two-dimensional
honeycomb structure of the graphene carbon network has multi
functionally unique properties such as high thermal conductivity,
which is in the range of 2000–5000W/mK (Jauregui et al., 2010),
large surface area which is more than 2,630 m2/g (Lambert et al.,
2009; Moon et al., 2010a), high YoungModulus of about 1 TPa (Liu
et al., 2013), and high electrical conductivity. Graphite is the simplest
form of crystalline carbon allotropes arranged in hexagonal manners
with a C-C bond distance of only 0.142 nm (Anderson et al., 2013;
Tiwari et al., 2020). The planar structure of graphene sheets creates a
very high contact area with the host material because the top and
bottom surface of the sheet is in close contact with the matrix
(Lambert et al., 2009). The graphene sheet consists of a one-atom-
thick lattice with carbon atoms arranged in a hexagonal ring
structure (Roberts et al., 2010). The development of different
types of graphene structures is shown in Figure 1.

Apart from Chemical Vapor Deposition (CVD) shown in
Figure 1, graphene can be synthesized through methods such
as micromechanical exfoliation of graphite (Novoselov et al., 2004),
epitaxial growth (Huang et al., 2008), chemical intercalation (Malik
et al., 2010), and the reduction of graphene oxide (Moon et al.,
2010b). Preparation of graphene from GO stands out because it is
promising for mass production of graphene based materials (Mao
et al., 2012). GO can be synthesized in large quantity by oxidizing
inexpensive graphite powders using strong oxidants where
graphite powders are exfoliated and broken into layers with

FIGURE 1 | Schematic diagram on the preparation of graphene and
Graphene Oxide (GO) (Filip and Tkac, 2014).
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increased interlayer distance. The landscape of the sp2 carbon
network is modified with oxygen containing functional groups and
defects (holes) (Mao et al., 2012).

These oxygen-based functional groups such as epoxy (-COC)
and hydroxyl (-OH) are randomly attached across the carbon
backbone and carbonyl (C�O) and carboxylic acid (-COOH) are
distributed at the edges of the graphene sheets (Lambert et al.,
2009; Mao et al., 2012; Smith et al., 2019; Zhang Q. et al., 2020).
These oxygen-containing moieties make GO hydrophilic and
readily exfoliated when immersed in water (Ku Muhammad
et al., 2016). In other words, GO can quickly disperse in an
alkaline solution (Kuilla et al., 2010; Pei and Cheng, 2012). Good
GO dispersion is said mainly due to the strong hydrogen bonding
between GO functional groups and solvent molecules
(Neklyudov et al., 2017). However, it has also been reported
that GO sheets are highly negatively charged when dispersed in
water as a result of ionization of the carboxylic acid and phenolic
hydroxyl groups that are known to exist on GO sheets. Formation
of stable GO colloids should be attributed to electrostatic
repulsion rather than just hydrophilicity of GO (Li et al., 2008).

Reduced graphene oxide (rGO) has similar properties to GO
but with reduced oxygen content. The rGO is produced by a
thermal or chemical reduction process on GO. A range of
reducing agent through chemical method includes hydrazine,
alcohol, sodium borohydride, hydriodic acid with acetic acid,
sodium/potassium hydroxide and many others (Mao et al., 2012).
The defects introduced onto graphene oxide sheet due to
oxidation degrades its unique properties, so it is important to
reduce a much less defective rGO. The rGO still has good
dispersibility in an alkaline medium which is suitable to be
processed with geopolymer (Fan et al., 2008). This can be
attributed mainly due to the residual of oxygen functional
group on rGO. A one-step approach to reducing and
functionalizing GO under alkaline solution has been reported
(Yuan et al., 2014). Functionalized GO sheets display enhanced
compatibility with polymer matrix. Thus, simultaneously
reduced, and functionalized GO sheets exhibit better
dispersion in matrix (Li et al., 2011; Ma et al., 2012; Mao
et al., 2012).

GO sheets show that they are highly negatively charged when
dispersed in water as a result of ionization of the carboxylic acid
and phenolic hydroxyl groups that are known to exist on GO
sheets. Formation of stable GO colloids should be attributed to
electrostatic repulsion rather than just hydrophilicity of GO. It is
worth nothing that the defects in GO and rGO causes reduction
in electrical conductivity but offers a new applications that cannot
be achieved with pristine graphene. This includes surfactant free
graphene colloids. Graphene oxide can dispersion can be directly
converted to stable graphene colloids through hydrazine
reduction under controlled condition. The use of polymeric or
surfactant is not required. Complete removal of metal salts and
acids which often remain in the starting graphite oxide is critical
to stability. These residual electrolytes can neutralize the charges
on the sheets, destabilizing the resulting dispersion. As
synthesized GO was suspended in water to give brown
suspension which was subjected to dialysis to completely
remove residual salts and acids (Li et al., 2008).

Reduction level of rGO is precisely controlled by heating
temperature, gas environment and duration. To achieve a high
reduction level, combination of chemical reduction with
thermal reduction is proposed. Missing atoms or holes in
GO carbon network could not be fixed with chemical
reduction but by thermal reduction with carbon containing
gas source, it is possible to repair the carbon network in GO.
Overall, the properties of this nanoparticle depends on the
type and distribution of functional groups, defects and holes
from missing carbon in the GO carbon lattice (Mao et al.,
2012).

Graphene nanoplatelet (GNP) is another type of graphene
used as an additive in the geopolymer nanocomposites. GNP
structure consists of several layers of graphene and less affected
by agglomeration due to its thickness which is approximately
100 nm (Dusza et al., 2012). Compared to the single layer of
graphene, GNP possesses good interaction with the matrix and
can transfer stress efficiently in the composite. The multi-flakes
structure of GNP and its ultrahigh surface areas imparts good
interfacial adhesion with matrix (Yavari et al., 2010). GNP’s
presence aid in producing refine pores to prevent microcracks
deflection and increased the geopolymer compactness (Wang
et al., 2016). Owing to the excellent chemical bonding with the
geopolymer matrix, the spatial arrangement of the GNP
structure creates a tortuous path for water molecules in the
geopolymer matrix (Du and Pang, 2018). It was reported that
the high surface area of GNP arrests the initiation of
microcracks in the geopolymer, which subsequently
improves the compressive strength (Matalkah and
Soroushian, 2020).

GRAPHENE REINFORCED GEOPOLYMER
NANOCOMPOSITES

The improvement in mechanical properties brought by graphene
in geopolymer composite is due to several factors such as high
surface area of graphene structure, well disperse graphene in
geopolymer matrix, and good bonding behavior of graphene in
geopolymer. However, this is highly dependent on the type of
graphene used. Dispersion of pristine graphene in geopolymer is
complicated as the pristine graphene itself is hydrophobic.
Graphene sheets are strongly attracted by van der Waals force
and strong π-π stacking between graphene lamellae, leading to
agglomeration (Fang et al., 2009; Liang et al., 2018). Moreover,
the low surface activity of pristine graphene creates a weak
bonding interaction with the matrix, making the dispersion
challenging (Ma et al., 2013). Therefore, meticulous attention
is needed to improve its dispersibility in the matrix.

Dispersion of graphene into the matrix can be carried out
through physical, chemical, or thermal methods. Physical
dispersion can be achieved through mechanical methods such
as the use of a high-speed mechanical stirrer (Chun et al., 2017;
Manigandan et al., 2017), ultrasonic dispersion (Liu et al., 2018;
Zhang and Chen, 2019), and ball milling process (Kothiyal et al.,
2016). High shear stress was applied onto the pristine graphene in
the mechanical dispersion process to separate it into individual
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graphene sheets, allowing it to serve as a nanofiller instead of
agglomerated micro filler. Graphene can be chemically dispersed
within the matrix by altering its surface by covalent bonding or
non-covalent bonding with various functional groups.
Functionalization with covalent bonding forms functional
oxygen-containing groups on the graphene surface, such as
hydroxyl groups (-OH), carboxyl groups (-COOH), and epoxy
groups (C-O-C). Meanwhile, non-covalent bonding occurs
through the attachment of non-covalent functional groups by
weak Van der Waals force, π-π interactions, ion interactions, and
electrostatic interaction in the graphene basal plane (Naebe et al.,
2014).

In the geopolymer synthesis process, the hydrophilic oxygen
groups located on the basal plane of GO allowed it to be dispersed
in water and mixed with the alkaline solution. The presence of a
high concentration of functional groups on GO provides good
interaction with geopolymer and improves matrix workability. In
addition, the formation of a thick water layer around GO sheets
aid in improved the rheology behavior for geopolymer
workability (Zhong et al., 2017).

During geopolymer synthesis, the inclusion of GO into the
alkaline solution will transform the GO to rGO by converting
C�O to C-O bonds and eliminating some of the oxygen
functional groups. X-ray photoelectron spectroscopy (XPS)

FIGURE 2 | Formation of epoxy groups by reaction with NaOH in GO/geopolymer nanocomposite (Amri et al., 2021).

FIGURE 3 |Morphology observation under TEM on (A)Graphene Oxide (GO) sheet; (B) reduced Graphene Oxide (rGO); (C) rGO in geopolymer (Yan et al., 2015).

Frontiers in Materials | www.frontiersin.org July 2021 | Volume 8 | Article 6610134

Tay and Norkhairunnisa Strength Graphene/Geopolymer Nanocomposite

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


analysis can be used to confirm the reduction process, where the
C/O ratio was found to increase after GO is immersed in an
alkaline solution. The reaction between GO and sodium
hydroxide (NaOH) to produce rGO is as follows (Amri et al.,
2021):

GO − 2OH + 2NaOH → GO − 2O − + 2Na

+ 2H2O → rGO + 2NaOH.

The reaction between GO and strong alkaline solution such as
NaOH produces epoxy as shown in Figure 2. Besides that, the GO
will undergo deoxygenation, which then reduced the number of
hydroxyl groups (Fan et al., 2008). The presence of epoxy groups
can also reduce the interaction between the functional groups and
the geopolymer matrix. Poor interaction is due to the low binding
energy of the epoxy groups that may lower the strength of the
geopolymer nanocomposite with an excessive amount of
functional groups.

Figure 3A shows the thin GO sheets observed under the
transmission electron microscope (TEM), which revealed the
formation of single-layer GO (Yan et al., 2015). GO sheets
contain electronegative characteristics that can react with
cationic ions such as Na+, K+, and Ca+ in a geopolymer
solution. These reactions will then repels the presence of
electronegative ions such as Al (OH)4− tetrahedral to balance
out the negative charge from the substitution of Si with Al (Provis
and Van Deventer, 2009). The repellant action is also said to
accelerate geopolymerization as the electron binding energy of Al
(OH)4− tetrahedral increases (Liu et al., 2020). Two factors were
affecting the repellant reaction rate, which are activation energy
andmass transfer rate. GO adsorbs free ions in geopolymer slurry
as a high electron active material during the reaction and
accelerates the mass transfer rate. (Guo et al., 2010).

When Al (OH)4− tetrahedral is repelled, it will reduce the Si/
Al ratio in the geopolymer gel, while the Al element in the
solution increased. Incomplete removal of negatively charged
oxygen functional groups leads to repulsive effects between
charged rGO sheets. Moreover, the van der Waals interaction
between rGO sheets is weakened and leads to the electrostatic
stabilization improvement of rGO, making it homogeneously
dispersed in geopolymer solution (Yan et al., 2016b). Besides,
the sheet edges of GO get scrolled up during the reduction
process, as shown in Figure 3B (Yan et al., 2015). The
intercalation of oxygen-containing groups indicates successful
reduction process (Long et al., 2019b). The wrinkled and folded
rGO has a higher surface area that can promote better interfacial
adhesion with the geopolymer matrix (Kim et al., 2010; Liu et al.,
2015). Good interfacial interaction between wrinkled rGO
sheets and matrix improves mechanical strength. Besides,
high concentrations of OH- ions attached to the RGO sheets
can expedite the slag dissolution process (Sun and Vollpracht,
2018). The adhesion of rGO sheets onto geopolymer was
observed, as shown in Figure 3C, where the arrow indicates
the rGO is coated with a geopolymer matrix. Thus, it is expected
that the addition of GO or rGO in the geopolymer system
provides efficient load transfer from the matrix to the nano
reinforcement.

COMPRESSION ANALYSIS ON THE
GRAPHENE REINFORCED GEOPOLYMER
NANOCOMPOSITES
Compressive analysis was done on the geopolymer to understand
the ability of the materials to withstand the applied load. The
compressive strength of the graphene reinforced geopolymer
nanocomposite (GRGN) can be measured according to ASTM
C293-10. The high elastic graphene cannot easily deform during
compression of geopolymer nanocomposite due to its high
rigidity structure. When a load is applied to the GRGN, the
stress faces the geopolymer matrix. Then, cracks start to initiate
from nano-scale and widen to micron-scale, which later the crack
propagates to the graphene sheets. For the crack to move further,
it must pass the high strength of graphene sheets. Therefore,
graphene sheets can inhibit crack propagation by serving as a
crack-bridging and crack blocking (Rehman et al., 2018). In
addition, the well-distributed of high surface area of the
graphene sheet in the matrix can facilitate the crack arrest
effect in the nanocomposite (Zohhadi, 2014). The graphene
thickness also may facilitate the stress transfer by inhibiting
the crack propagation (Rehman et al., 2017). Thus, graphene
sheets can interrupt the crack propagation, improve the fracture
toughness, andmake the composite more ductile than the unfilled
geopolymer. Figure 4 shows that when a load is applied to the
GRGN in compression, the graphene sheets absorb high energy
due to strong interaction with the matrix. The stress is initially
transferred to the graphene sheets and then uniformly to other
parts in the matrix, represented by yellow and pink arrows that
distributes them in vertical and horizontal direction respectively.
Then, as the load is released, the nanocomposite failed in a brittle
manner. The nanocomposite failed due to the sudden release as
the energy has been accumulated when the graphene is pulled out
from the matrix (Ranjbar et al., 2015). The uniform stress transfer
occurred as the graphene was distributed evenly in the
geopolymer matrix. However, defects or overlapping of the
graphene sheet will lead to non-uniform stress formation
(Danial et al., 2019). Geopolymer composite filled with GO is
much denser and more compact due to the strengthening
mechanism of GO in the geopolymer matrix.

Geopolymer materials develop their strength properties with
time. The voids within geopolymer structures will reduce with an
increment in curing days (Yaghoubi et al., 2020). Reduction in
voids number was contributed by the growth of the geopolymer
network that consolidates and solidifies the material. This
continuous cross-linking of geopolymerization occurs rapidly
within the first few weeks of curing days, and the reaction
slows down as it reaches months. Numerous studies reported
the development of compressive strength on Day 1, Day 3, Day 7,
Day 14, or Day 28 of curing for a more apparent result (Kim et al.,
2014; Kupaei et al., 2014; Neupane et al., 2015).

Based on Table 1, the neat MK geopolymer (0% graphene)
shows increasing compressive strength with longer curing days
up to 28 days. Geopolymer filled with 1% of graphene shows
enhancement of compressive strength at day 3 about 287%. The
compressive strength increases due to well-distributed graphene
in geopolymer and good interfacial adhesion with geopolymer
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matrix. Simultaneously, the geopolymer hydration products
become highly compacted, reducing the internal porosity,
which increases its compressive strength. A similar observation
was found for the same graphene geopolymer composite on Day 7
and Day 28, indicating that graphene does not interfere with the
geopolymerization cross-linking with time. Similarly, the trend is
consistent geopolymer loaded with 2, 3, and 4% graphene (Zhang
and Lu, 2018). However, it is reported elsewhere that
agglomeration and overlapping of above 1% graphene
nanoplatelet can occur in the geopolymer system (Ranjbar
et al., 2015). This is because the surface of graphene is
hydrophobic which indicates that graphene has the potential
to agglomerate in aqueous solutions and geopolymer composites
(Jishnu et al., 2020). This indifference in result may be because
Zhang uses a readily graphene dispersant liquid while Ranjbar
personally sonicate graphene in water for 5 min (Zhang and Lu,
20188; Ranjbar et al., 2015). Ranjbar admitted that his method
may not be suitable for high loading of graphene but high water

content may be added to alter the experimental design to solve the
issue. However, water must be added with care as excessive water
would lead to composite weakening due to high porosity (Ranjbar
et al., 2015). At the same time, it must be kept in mind that water
is an important medium for destruction of raw materials and
transfer of effective ions (Sagoe-Crentsil and Weng, 2007). Thus,
an optimum amount of water is crucial for a good geopolymer
fabrication.

GO was introduced into fly ash only based geopolymer system
and improvement in compressive strength was observed at Day 7,
Day 14, and Day 28. Thanks to its oxygen functional groups, GO
can disperse well in geopolymer slurry (Xu et al., 2018). Well
dispersed graphene promises long-term stability in geopolymeric
solutions (Yuan et al., 2014). This is because the solvent has
provided the necessary force for the GO molecules to move
around in the medium. This force is stronger than that which
hold the GO together. Thus, deagglomeration and sedimentation
of graphene is minimized (Lahir, 2019). Moreover, the

FIGURE 4 | Schematic diagram on the compressive behavior of graphene/geopolymer nanocomposite (Ranjbar et al., 2015)

TABLE 1 | Compressive strength of various Graphene Reinforced Geopolymer Nanocomposites.

Al-Si Alkaline solution Graphene Compressive strength (MPa) Ref

Type wt% Day 3 Day 7 Day 14 Day 28

MK 1. NaOH 8% Graphene 0 8.2 12.8 14.1 Zhang and Lu, 2018
2. Na2SiO3 1 28.8 29 32.5

2 30.5 31 34.5
3 31 31.2 35
4 30.2 30.5 32.8

Fly ash 1. Na2SiO3 GO 0 18 26 35 Xu et al. (2018)
2. Quicklime 0.02 24.8 32.8 43.1
3. Calcium Chloride

Slag 1. NaOH GO 0 38.06 Yeswanth sai and Durga Prasad (2020)
Fly ash class F 2. Na2SiO3 0.005 46.86
Slag 1. Na2SiO3 TiO2-RGO 0 38 48 68 Guo et al. (2020)
Fly ash class F 2. NaOH 0.02 47.6 58.1 73.5
Slag NaOH Graphene, Zinc oxide (ZnO) 2 53.3 70.4 77.3 Zhang L. W. et al. (2020)
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mechanical interlocking adhesion between GO sheets and
geopolymer binder contributes to the enhancement of the
compressive strength. This is mainly due to the wrinkling
effect on GO with respect to reduction in alkaline solution
during fabrication. When wrinkled, GO provides a rough and
higher surface area for adhesion with geopolymer binder (Bellum
et al., 2020). In addition to this, it has been reported that
reduction of GO induces hole defect onto the rGO. This is
because the hole structures may allow polymer penetration
through graphene sheets thus enhancing polymer-filler
interaction (Lin et al., 2013).

Oxidation on parent graphene result in GO with 2% holes that
form as CO and CO2 are released during aggressive oxidation and
sheet exfoliation. The defect hole here is usually less than 5 nm.
Reduced and annealed graphene oxide has an increased area of
holes with 5% now as CO and CO2 formed during annealing.
Even though all oxygen containing groups are completely
removed from carbon network, the remaining functionalities
and holes in rGO drastically differentiate from pristine
graphene (Erickson et al., 2010).

From Table 1, Zhang uses MK while Xu uses FA in their
geopolymer, which leads to the formation of different
geopolymer material (Zhang and Lu, 2018; Xu et al., 2018).
Frequently, MK contains low Si:Al ratio of about 1 (Constâncio
Trindade et al., 2017 and Dousti et al., 2017) while FA contains
higher Si:Al ratio of about 3 (Güneyisi et al., 2013 and Hariharan
et al., 2015). According to Davidovits, a low Si:Al ratio of 1–3
leads to 3D geopolymer networking while higher Si:Al ratio
results in 2D networking instead (Davidovits, 2015b). The
problem incurs with 2D networking is that the linear
structure can easily depolymerize, making the geopolymer
weak (Davidovits, 2006; Davidovits, 2015c). Despite this,
Table 1 shows that the compressive strength of FA
geopolymer is greater than the MK geopolymer. The
presence of GO causes the difference in compressive strength
value. Aside from great dispersibility of GO in alkaline solution,
GO content has direct effect onto concentration of Al. In mole
ratio analysis, increasing the GO content will increase the
relative concentration of Al. Al mainly exerts a negative
charge (for example, Al(OH)4−. The oxygen group on GO
also carries a negative charge (Skoda et al., 2014). When in
the presence of both these groups, they repel each other,
increasing Al concentration (Xu et al., 2018). On the other
hand, positively charged ions like Ca2+, Na+, K+, andMg2+ likely
to attract the oxygen functional group on GO. Due to this, the
cationic ions are most likely to be entrapped via the -OH
functional group, thus decreasing the positively charged ions
concentration in the geopolymer solution (Ramesha et al., 2011;
Archanjo et al., 2014). The effect of these charges is not
significant toward Si as Si mainly exists as neutral Si (OH)4

unit, and SiO (OH)3− and SiO2 (OH)2
2− anions. In other words,

the effect of GO on the distribution of Si is relatively weak (Xu
et al., 2018).

A geopolymer nanocomposite with the most negligible
graphene content of about 0.005 wt% only has been
produced. The result still shows an encouraging increment
in compressive strength up to 46.86 MPa (Yeswanth Sai and

Durga Prasad, 2020). The improvement could be due to two
reasons; lower weight of GO and synergistic effect among
aluminosilicate materials. Firstly, GO is reduced to rGO and
holes are formed, the weight of rGO is lowered. Therefore, for
the same weight, there were more rGO used compared to
pristine graphene. Secondly, it is due to the synergistic effect of
two different types of aluminosilicate mixed in their
formulation, which are slag and fly ash. Combining more
than one aluminosilicate powder is known to result in high
compressive strength (Kumar and Revathi, 2016; Vogt et al.,
2019). Individual aluminosilicate sources do not have well-
balanced characteristics to be the only source used in
geopolymer production. For example, kaolin is one
commonly used aluminosilicate source due to its abundance
(Akinyele et al., 2017). In addition to this, kaolin has a low Si:
Al ratio that is beneficial for producing 3D network
geopolymers for bricks, ceramic, and fire protection
applications (Davidovits, 2015c). Joseph Davidovits reported
using kaolin in their earliest invention of geopolymer
(Davidovits, 2015a). Indeed, various works have been
reported recently on fabrications and properties of kaolin or
calcined kaolin (called metakaolin, MK) in producing
geopolymer (Jaya et al., 2016a; Jaya et al., 2016b; Hájková,
2018; Merabtene et al., 2019). However, kaolin has one
dominating flaw, which it has high water demand. Kaolin is
likely to absorb water due to its plate-like structure, which is
still retained even after calcined to become MK. Despite
benefiting from high reactivity, the high surface area
ferociously increases the viscosity of geopolymer slurry
(Provis et al., 2010). This forces researchers to add higher
water content for good geopolymer workability.

A hybrid geopolymer nanocomposite was produced by
adding titanium treated reduced graphene oxide (TiO2-RGO)
in the mixture of slag/fly ash geopolymer (Guo et al., 2020). The
authors observed an increment of strength on the geopolymer
with an increment of TiO2-RGO loading. With the presence of
TiO2-RGO, the compressive strength jumped to 73.5 MPa. The
unique spherical shape of titanium dioxide combined with rGO
enhanced the geopolymer solution workability. Thus, it reduced
the need to add extra during the processing of the geopolymer
nanocomposite. Excessive water content is known to degrade
the mechanical strength of geopolymer because water is not
involved in geopolymerization and will be evaporated, which
leaves behind empty spaces. Geopolymer material with less
water content consistently exhibits high compressive
strength. In addition to this, during evaporation, geopolymer
tends to crack as it cannot sustain the previous shape held by
water within. The failure will cause other problems like
shrinkage (Asif et al., 2015; Raphaëlle et al., 2019). Aside
from benefitting the lower water demand, TiO2 also serves as
an anti-aggregation particle and it can inhibit the interlaminar
recombination of RGO sheets (Guo et al., 2020). Morphological
observation under the transmission electron microscope
(TEM), displays that TiO2-RGO shows uniformly dispersed
spherical morphology of TiO2 nanoparticles onto the RGO
sheets (Nainani and Thakur, 2016). This evident the
prevention of RGO aggregation through adhesion of TiO2
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nanoparticles onto the RGO sheets. Interestingly, lamella
graphene can also support zinc oxide in the geopolymer
matrix, which subsequently improves the mechanical
properties of the GRGN (Zhang L. W. et al., 2020).

Yeswanth Sai and Guo reported on selecting a similar
aluminosilicate source which are slag and FA class F, in the
fabrication of GRGN. They also reported a similar choice of
alkaline solution, which are NaOH and Na2SiO3 used to fabricate
the GRGN. The observation found that incorporation of 0.005 wt
% GO increases the compressive strength at day 28, which is from
38.06 to 46.86 MPa. On the other hand, adding 0.02 wt% TiO2-
RGO shows a similar trend on strength increment at day 3, which
is from 38 to 47.6 MPa. The high early strength for TiO2-RGO
geopolymer evident the advantage of using surface treated GO.
Thanks to the low water demand, TiO2-RGO geopolymer
produces lesser pores during curing and therefore higher early
strength (Guo et al., 2020; Yeswanth Sai and Durga Prasad, 2020).

Even though all geopolymer is known to develop its strength
over time, the GO geopolymer cannot surpass the compressive
strength of the TiO2-RGO geopolymer. This is because it was
reported that the compressive strength of slag/FA continues to
develop over six months. However, the rate of strength
development decreases each month. The compressive strength
was enhanced by 10.4% from first month to second month of
curing while from second month to the third, it was increased by
3.77%. Further reduction in percentage is observed in the
following curing period. This is because slag is a highly
reactive aluminosilicate source. Its presence in the slag/FA
geopolymer slurry causes high reaction in the early period of
curing. Thus, it achieves consolidation at a quicker rate (which in
this case, is in the first month). Therefore, the strength
development slows down as consolidation almost complete
(Lloyd, 2009). Since GO geopolymer already achieved
46.86 MPa at day 28, its strength development is expected to
slow down in the coming month and will not be able to overcome
the strength of TiO2-RGO geopolymer. Aside from this, it is
essential to note that other factors could affect the strength of
GRGN, which includes curing temperature and stirring speed.

In Table 1, it is clear that all GRGN exhibit higher compressive
strength than their counterparts with no graphene. This is a clear
indication that the strength of geopolymer is improved with
graphene, no matter the type of graphene or treatment on

graphene. As water is evaporated from geopolymer upon
reaction, the porous spaces left behind is the source of
geopolymer weakening when load is exerted. Any small sized
particles that is incorporated into geopolymer matrix will act as
filler that fills in these pores, aside from serving other advantages
mentioned in the above paragraphs (Saafi et al., 2015; Ashfaq Alvi
et al., 2020).

Table 2 shows the compressive strength of MK reinforced
with graphene using a combination of two types of alkaline
solution: sodium silicate (Na2SiO3) and sodium hydroxide
(NaOH) (Zhang and Lu, 2018). In their experiment, the
amount of MK, graphene, Na2SiO3, and water content is
consistent, while the percentage of NaOH solution is varied
(8, 10, 12, 14, and 16%). The change in the compressive strength
was due to increasing the concentration of sodium cations from
NaOH. Noticeably, the increment in compressive strength with
the addition of NaOH percentage shows the same pattern at Day
3, Day 7, and Day 28. This can be attributed to the ease of
reaction between NaOH and MK due to the smaller alkali
cations present in the NaOH compared to Na2SiO3. The
alkali cation from NaOH reacts with MK in generating
polymeric chains of geopolymer. Thus, the addition of a high
amount of NaOH percentage directly increases the reaction of
MK, which accelerates hydration reaction and causing sufficient
reaction (Zhang and Lu, 2018).

Variation in NaOH concentration at 8, 10, and 12M in
producing GO reinforced slag and fly ash geopolymer composite
was reported. The authors observed that 12M of NaOH gives the
highest compressive strength with 46.86MPa (Yeswanth sai and
Durga Prasad, 2020). This value is high for only 0.005% of GO used
in the geopolymer system, unlike other researchers, which often
incorporate graphene in the range of 0.02–1 wt% (Yan et al., 2017;
Xu et al., 2018). The difference was due to the high reactivity of
NaOH with the aluminosilicate source in the geopolymer slurry. In
addition to this, GO reinforced slag and fly ash geopolymer
composite displays 70% higher compressive strength than the
graphene reinforced MK geopolymer composite. The increment
in compressive strength reveals the benefit of designing an excellent
geopolymer recipe with various constituents compared to using only
one type of aluminosilicate source with an excellently low Si:Al ratio.
Table 3 summarizes the compressive strength of all GRGN
discussed.

TABLE 2 | Compressive strength of Graphene Reinforced Geopolymer Nanocomposites at different alkaline solution concentration.

Al-Si Graphene Alkaline solution Compressive
strength (MPa)

Ref

Na2SiO3 (%) NaOH (%) 3 days 7 days 28 days

MK Graphene 4% 40 8 8.2 13 14 Zhang and Lu, 2018
10 11 15 17
12 15.5 17 21.8
14 17.5 22.2 25
16 23 26 27.5

Ground granulated blast furnace slag (GGBS), fly ash class F GO 0.005% 43 17 8 M 40.53 Yeswanth sai et al., 2020
10 M 41.7
12 M 46.86
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FLEXURAL ANALYSIS ON THE GRAPHENE
REINFORCED GEOPOLYMER
NANOCOMPOSITES
A bending test on a composite is performed to identify the
amount of stress under the bending load that the materials
can resist without breaking. The improvement in the
flexural strength can be due to the numerous toughening
mechanisms of graphene in the geopolymer matrix. Figure 5
shows the toughening effect with the presence of graphene
in geopolymer nanocomposite. Initially, when the load is
applied onto the graphene/geopolymer nanocomposite, the
crack will form at the sample center. The crack initiation at
the center indicates that the highest bending stress was
applied and that the crack begins to branch from the
matrix to the graphene sheets. When the load is further
applied, the graphene sheets in the geopolymer will form a
bridge to slow down the crack formation, resulting in high
stress transfer due to the greater energy absorption to break
the nanocomposite sample. It was mentioned that the high
stress exerted between the graphene sheets may break out
the adjacent graphene sheets due to strong adhesion

between graphene and the geopolymer matrix (Guo et al.,
2020).

Figure 6 shows microscopic images of graphene nanoplatelet
(GNP) as a toughening agent to improve the strength of the
geopolymer matrix. With a high elastic modulus of GNP, the
stress is transfer uniformly throughout the geopolymer matrix,
and the nanocomposite is not easy to deform under stress when
the load is applied. As the crack starts to initiate, it will propagate
parallel to the direction of the loading. Then, the crack will reach
the GNP sheets, and the GNP resists the crack by forming a
bridge which results in toughening mechanism (Figure 6A). As
the crack formation is harsh and sudden, the GNPs are broken
and pulled out from the geopolymer matrix, leading to the
formation of crack branching (Figure 6B) (Ranjbar et al., 2015).

The inclusion of rGO in the geopolymer matrix can affect the
stiffness properties of the nanocomposite. As illustrated in
Figure 7, a low amount of rGO sheets were separated by the
geopolymer matrix and make the composite less brittle. By
increasing the amount of rGO content to medium, some of
the rGO sheets are overlapping and may restrict the
movement of the geopolymer chain in the nanocomposite.
However, as the rGO content is increased to a high amount,

TABLE 3 | Summary of compressive strength for Graphene Reinforced Geopolymer Nanocomposites.

Al-Si Graphene type Alkaline solution Compressive strength at
28th day (MPa)

References

MK Graphene 1. NaOH 35 Zhang and Lu, 2018
2. Na2SiO3

Fly ash GO 1. Na2SiO3 43.1 Xu et al. (2018)
2. Quicklime
3. Calcium Chloride

Slag GO 1. NaOH 46.86 Yeswanth sai and Durga Prasad (2020)
Fly ash class F 2. Na2SiO3

Slag TiO2-RGO 1. NaOH 73.5 Guo et al. (2020)
Fly ash class F 2. Na2SiO3

Slag Graphene NaOH 77.3 Zhang Q. et al. (2020)

FIGURE 5 | Schematic diagram of toughening mechanism due to bending load applied on the graphene/geopolymer nanocomposite (Guo et al., 2020).
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the geopolymer nanocomposite will become stiffer as the rGO
constrains the geopolymer matrix’s movement. High van der
Waals forces between rGO sheets form a rigid laminate structure,
making the geopolymer nanocomposite fail in a brittle manner
(Saafi et al., 2015).

Table 4 shows the graphene content ranges from 0 to 4%,
while the molarity and weight of NaOH and Na2SiO3 are kept
constant. Each composite shows higher flexural strength

proportional to increasing curing days, except for 4%
graphene. The strength of geopolymer reinforced with 4%
graphene reduces by 1.5% on Day 28 when compared to Day
7. According to Zhang, the possible reason for this is the uneven
dispersion of graphene in alkaline solution due to excessive
graphene content. Thus, in turn, decreases the strength
of GRGN. Aside from this, Zhang also studied the effect of
increasing NaOH concentration on the flexural strength
of GRGN. In this experiment, the amount of other
constituents is kept constant, while NaOH concentration is
varied from 8 to 16% with an increment of 2%. The flexural
strength increases as NaOH concentration increases due to the
accelerated reaction between NaOH and geopolymer solution.
However, the reaction reaches a threshold point at which strength
began to decrease with higher NaOH concentration. According to
the author, at this point, an excessive reaction has occurred. This
excessive reaction is called carbonation, and it can cause the alkali
content to react with CO2 in the air (Zhang and Lu, 2018). At
times, one can observe a blooming, whitish appearance on a
geopolymer structure due to excessive alkalinity (Davidovits,
2016). Generally, carbonation occurred due to excess alkalinity
when the K:Al ratio is very high. It can reduce the strength of
geopolymer because it has a high destroying impact on
geopolymer structure when exposed to moisture (Pandey, 2011).

It has been reported that the highest NaOH concentration
gives the best strength of geopolymer (Yeswanth Sai and Durga

FIGURE 6 | Toughening effects by graphene nanoplatelet (GNP) in geopolymer (Ranjbar et al., 2015)

FIGURE 7 | Relationship between the amount of rGO and brittle
properties (Saafi et al., 2015).

TABLE 4 | Flexural strength of Graphene Reinforced Geopolymer Nanocomposite based metakaolin.

Al-Si Alkaline solution Graphene Flexural strength (MPa) Ref

Type Wt % Day 3 Day 7 Day 28

MK NaOH (16%), Na2SiO3 Graphene 0 2.69 3.18 3.29 Zhang and Lu, 2018
1 3.25 3.75 3.85
2 3.63 4.35 4.38
3 3.71 4.51 4.61
4 3.95 4.61 4.54
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Prasad, 2020). However, this is in contrast with the finding from
Zhang explained earlier (Zhang and Lu, 2018). In Zhang’s
reported work, there is a critical point in increasing NaOH
concentration. For geopolymer without graphene, the oligomer
chain and sodium silicate reacted with the soluble Al, which
increase the reaction process and improve the geopolymer
strength. However, the achievement in bending strength
improvement is only at a certain threshold. Beyond the limit,
the aggressive reaction occurred because an excessive amount of
alkaline solution reacted with CO2 in the air and subsequently
reduced the composite strength.With the presence of 4% graphene
in the geopolymer synthesizes with highly concentrated NaOH, the
strength becomes less significant. Agglomeration of graphene in a
highly alkali NaOH solution and lack of dispersion are the reasons
for declining in strength properties. A different trend in results may
occur if a different combination of the alkaline solution is used in
the production of GRGN. This is an excellent insight for
geopolymer studies that involve varying concentrations of
NaOH solution (Zhang and Lu, 2018).

To prevent cracking and maintain the structural integrity of
the cured geopolymer, a proper curing condition by controlling
the temperature and curing time is essential (Shi et al., 2017).
Rapid drying during curing must be avoided (Perera et al., 2007).
It is vital to retain a small amount of water in the cured
geopolymer to avoid dehydration and excessive shrinkage due
to long curing times at high temperatures (Van Jaarsveld et al.,
2002). It was found that the flexural strength increases to about
29% for slag geopolymer composite filled with rGO steamed
cured for 48 h at 60°C (Long et al., 2019a). There are three reasons
for the geopolymer strength improvement. Firstly, due to the
presence of–OH ions on the rGO sheets that promote better
dissolution of slag. At the same time, rGO sheets repel the
negatively charged Al and adhere well with the geopolymer
matrix, which contributes to the improvement in flexural
strength. Secondly, the processing temperature of GO sheets in
NaOH solution may affect the GO structure integrity. The 60°C
treated rGO shows a higher ID/IG value in Raman Spectroscopy
analysis, indicating a greater degree of structural defects which is
optimum for adhesion to the geopolymer matrix (Kani and
Allahverdi, 2009). Thirdly, steam curing has been reported to
reduce porosity within geopolymer matrix, resulting in higher
mechanical strength (Fekoua et al., 2021). For the geopolymer
composites cured under steam condition, the obtained Si:Al ratio
and K:Al ratio is closer to the designed composition than the same
geopolymer composites that are cured in room temperature,
which indicates a higher formation of aluminosilicate gel from
the material source (Kani and Allahverdi, 2009).

Graphene also is famously known for its unique thermal
properties, as reported by many (Kolhatkar et al., 2018; Phiri
et al., 2018; Liu et al., 2019). The thermal properties of graphene
are related to its anisotropic bonding and effective heat transfer
by lattice vibrations. In addition, the two-dimensional (2D) and
sp2 covalent bonds between adjacent carbon atoms make
graphene one of the strongest carbon allotrope. Thus, when
geopolymer is sintered at an elevated temperature, the
geopolymer structure becomes dense. Simultaneously, when
GO is present during the sintering process, GO is reduced to

rGO and forms a 3D network with a geopolymer matrix to create
good interfacial bonding. The rGO restricts the crystal formation
in geopolymer, and it may act as a barrier dislocation movement,
which increases the composite’s dislocation density. A work has
been published on sintering process of graphene/leucite
nanocomposite to 1,000°C. It was found that the sintering
process managed to improve the flexural strength by 12 times
and reduce GO together with change transformation of leucite
grain structure. With the reduction of GO at high temperature to
rGO, the rGO scrolled, folded, attached with leucite particles, and
helps in refining the leucite grain structure, making the composite
denser, leading to improved mechanical properties. As the
sintering process increase beyond 1,000°C, making the rGO
becomes much smaller, scrolled, and folded, which may lead
to the degradation of rGO and easily debonded from the matrix
when the load is applied. In addition, the amorphous geopolymer
is fully transformed into leucite which subsequently degrades the
composite strength (Yan et al., 2016a).

The presence of GO in geopolymer has been shown to
promote better flexural strength at certain stirring
temperature. When the processing temperature of graphene/
aluminosilicate in alkaline solution is increased from room
temperature to 40 and 60°C, the flexural strength of the
produced GRGN increases correspondingly. The holes that
formed onto GO during reduction acts as microscopic nets
that made them highly flexible (Lin et al., 2013). At the same
time, The residual oxygen functional group helps in dispersing
rGO in alkaline solution. However, when stirring temperature is
further increased to 80°C, the flexural strength is observed to
decline due to severe structural defects of RGO (Long et al.,
2019a). Extreme stirring heat in alkaline solution not only causes
reduction of graphene to GO, but also exhibits wrinkles on GO
structure (Deng and Berry, 2016). This severe defect onto rGO
weakens its strength.

In addition to this, the right technique on adding sand in
geopolymer fabrication is essential to understand. The addition of
sand can lead to water trapped within the geopolymer pore
structure. Calcareous sand, for example, has a pore diameter
of at least 1 mm, while the diameter of one water molecule is only
0.27 nm (National Nanotechnology Coordinated Infrastructure,
2012; Zhu et al., 2013). Thus, the small size of water molecules can
easily penetrate the bigger sand pore size and trapped within the
pores. When graphene is added into geopolymer, the graphene is
likely to be dispersed in distilled water to ensure the dispersibility
or exfoliation of the layered graphene structure in the geopolymer
matrix. However, if the graphene solution is trapped within sand
pores, the reinforcing effect becomes less efficient. Moreover, if
the aluminosilicate source or alkaline solution is trapped within
the sand pores, the geopolymer reaction might be affected, and
there is a possibility that the materials are not hardened. Thus, the
suitable time to add sand is during the final mixing stage, where
aluminosilicate powder has been well stirred with an alkaline
solution, forming a geopolymer slurry. Homogeneous mixing of
aluminosilicate and alkaline solution creates a viscous solution
and less trapped problem when sand is added into it the mixture.

Graphene can be doped with various elements such as Si, N, B,
P, and many more. By doping, active sites are created on the
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graphene surface to alter the graphene properties and increase its
catalytic activities. Doped graphene can foster better graphene
dispersibility in a matrix medium. Cho investigated the properties
of Si-doped graphene and found that the composite flexural
strength increased from 11 to 12 MPa over pristine graphene
(Cho, 2015). Meanwhile, Zhang studied the effects of pristine
graphene, Si-doped graphene, and GO sheets in geopolymer
composite. In water, the Si-doped graphene shows better
dispersibility as water molecules easily penetrate the interlayer
Si-doped graphene region and expand the graphene sheets. The
hydrophilicity surface of Si-doped graphene was higher than GO
as the hydrogen bonds per group are 16.9% higher than available
in GO. While pristine graphene shows poor dispersion in water
due to its hydrophobic behavior (Zhang L. W. et al., 2020).

Interestingly, Si-OH groups on the Si-doped graphene reacted
well with the aluminate and silicate species in the geopolymer
matrix by typical condensation reactions. Even though Si-doped
graphene shows better dispersibility in the geopolymer matrix,
the geopolymer composite strength decreased due to the
transition of sp2 to sp3 bond on the Si-doped graphene layered
structure deteriorates and affects its mechanical properties.
However, the reinforcement effect of Si-doped graphene/
geopolymer composite is still higher than unfilled geopolymer.
It was mentioned that the Si-graphene is twice the weight of
pristine graphene, which also makes sense, making Si-graphene
geopolymer exhibiting higher density. The flexural strength of all
GRGN is summarized in Table 5 (Cho, 2015).

The condition of graphene before being incorporated into
geopolymer matrix is equally important in effort to produced
enhanced flexural strength of GRGN. During annealing process,
microgasbags are constructed in Graphene Nanosheets (GNS).
These microgasbags are closely packed and usually in dimension
of several micrometers. It is said that during compression of
paper sheet filled with GNS, microgasbags disappear and
microfolds are formed. These microfolds are the factor that
determine superflexibility of the thin sheet paper (Ding et al.,
2017). This hints the importance of graphene condition before
incorporation in geopolymer. There has also been a reported
work on improving the flexibility of GNS film with aramid
nanofiber framework (Xie et al., 2021). In addition to this,
conventional method of exfoliating GO through vigorous
sonication can destroy the GO structure, resulting in smaller
sized GO nanosheets. To minimize this destruction, a
homogenizer can be used to apply shear force in the solution.

When compared, the average lateral size (mm2) of sonicated GO
was found to be 100 times smaller than homogenized GO (Han
et al., 2018).

ANALYTICAL MODELING ASPECTS OF
GRAPHENE REINFORCED GEOPOLYMER
NANOCOMPOSITES
Material development has started from “materials by design” in
the early 21st century, which involves in-depth knowledge of
microscopic origins and later into processing that leads to new
advanced materials. “Materials by design” or experimental work
of geopolymers have been reported countless times (Zhang and
Lu, 2018; Ren and Zhang, 2019; Yao et al., 2019; Cui et al., 2020;
Yeddula and Karthiyaini, 2020). The optimum approach available
to scientific research is to combine theory, experiment, and
simulation (Landau, 2005). Generally, computer simulation
can be used for prediction, qualitative or systemic predictions,
giving us insight into materials system and behavior. This
predictive capability is the catalyst to technological discovery
and innovation in materials science and engineering (Murr,
2016). Several simulation techniques exist to understand the
polymerization and gelation process in geopolymer materials.
To date, the primary methods used to study geopolymer materials
are density functional theory (DFT), molecular mechanics (MM),
molecular dynamics (MD), and Monte Carlo (MC) simulations
(Kupwade-Patil et al., 2013b).

Understanding the interfacial interaction mechanisms
between Si-doped graphene and aluminosilicate source during
geopolymerization is part of the comprehensive MD study done
by Zhang (Zhang L. W. et al., 2020). The authors observe the
dissolution of Si (OH)4 and Al (OH)4− monomers from
aluminosilicate source and ≡Si–OH groups from Si-doped
graphene during geopolymerization. The Al (OH)4−

monomers are fully consumed by condensation reaction after
30 ps as observed from the MD simulation. While for Si (OH)4

monomers, there is almost no residual after 300 ps from
simulation observation. This agrees with NMR analysis that
proves almost entirely reacted Si (OH)4 monomers (Duxson
et al., 2005). However, the dissolution of ≡Si–OH groups of
Si-doped graphene does not correlate between the simulation
and experimental analysis. According to Zhang, the simulation
analysis displays only 80% of ≡Si–OH groups chemically bonded

TABLE 5 | Summary of flexural strength for Graphene Reinforced Geopolymer Nanocomposites.

Al-Si Graphene type Alkaline solution Flexural strength (MPa) References

MK Graphene 1. NaOH 4.61 Zhang and Lu, 2018
2. Na2SiO3

Slag Graphene NaOH 10.2 Zhang et al. (2020)
Slag rGO 1. NaOH 10.3 Long et al. (2019a)

2. Na2SiO3

MK GO 1. Silica solution 91.1 Yan et al. (2016b)
2. KOH

MK Si-graphene 1. K2SiO3 12 Cho et al. (2015)
2. Na2SiO3
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with geopolymer structure (Zhang L.W. et al., 2020). In other words,
this means that only 80% of ≡Si–OH groups are polymerized. The
reason to this is due to sequential attachment. Once active
monomers are attached onto the 3D skeleton of geopolymer
through condensation, they are unable to surface for reaction
with ≡Si–OH groups. However, in reality, hydrolysis and
polymerization processes occur simultaneously; thus ≡, Si–OH
groups would attach to both the 3D skeleton of the geopolymer
and the surface of Si-doped graphene. Besides, the ≡Si–OH
monomers could dissolve in an alkaline solution in advance. The
finding indicates that experimentally, ≡Si–OH groups can be fully
polymerized, unlike simulation findings (Zuhua et al., 2009).

Various aluminosilicate sources were used to fabricate
geopolymer composite, including different types of alkaline
solution and varying concentrations of reinforcing fillers. A
study investigated the physicochemical properties of rGO in
geopolymer composite. The authors figure out that the higher
strength in GO was due to the strong C-O bond with the
electrostatic neutral carbon network in graphene. However,
from their observation, inclusion of 0.5 wt% GO decreased the
geopolymer compressive strength. Through inspection using
fourier transform infrared (FTIR) analysis, a distinct peak
occurs for 0.5 wt% GO geopolymer at 1,150 cm−1, which
corresponds to an excess epoxy group produced due to GO
reduction in alkaline solution. The presence of epoxy groups
on GO weakens the interaction between the functional group and
geopolymer matrix due to the lower binding energy of the epoxy-
functional group. Nevertheless, when epoxy functional groups
form onto the graphene surface, a negative charge is entailed.
DFT is a theoretical modeling that can be used to calculated the
electronic structure of geopolymer (Kurth et al., 2005). Through
DFT, rGO is configured by inserting oxygen atoms into the
carbon skeleton of graphene, and epoxy groups are added to
the C-C bridges. The epoxy-type atom in GO entails a negative
charge of ∼0.5 e, confirming the weakening of geopolymer
composite with 0.5 wt% GO (Amri et al., 2021).

The difference in Si:Al ratio will affect the geopolymer strength
properties. Low Si:Al ratio in geopolymer would lead to an
improvement in mechanical properties. However, reported
work on kaolinite-based geopolymers reveals a different
outcome when comparing experimental and simulation
analysis. DFT was used to model the geometry of geopolymer
and discover that the total energy of geopolymer decreases as the
Si:Al ratio increases. This indicates that at Si:Al of 1:1 ratio, the
geopolymer has the most stable molecular orientation, which is
translated as the highest rigidity. However, during experimental
work at Si:Al ratio of 1, the geopolymer displays the lowest
compressive strength. Upon an inspection of the microscopic
images, it is revealed that there is the presence of a highly
crystalline phase of zeolitic nuclei in geopolymer with Si:Al
ratio of 1. The nuclei are not dispersed in the geopolymer
matrix and lead to macropores formation, weakening the
geopolymer structure when a compressive load is applied
(Wan et al., 2017). Aside from this, there are also other
reported work on low Si:Al ratio geopolymer but with weaker
strength compared to higher Si:Al ratio. This includes slag based
geopolymer (Mustofa and Pintowantoro, 2017) and fly ash based

geopolymer (Asif et al., 2014). Both reported to observe
homogenous binder at Si:Al ratio of two while lower ratio
reveals insoluble aluminosilicate particles. It was mentioned in
the work that silica content is increased by adding more sodium
silicate. Therefore, in this case, the higher the Si:Al ratio, the
higher the workability which leads to better particles dissolution
(Asif et al., 2014). Despite the analytical modeling proving
otherwise, experimental work represents real life situation. It is
undeniable that simulations is useful in producing new
knowledge just like experiments do, but the information and
knowledge needed in running a good simulation is waymore than
running a good experiment (Guala, 2002).

To date, there are not many simulations works done on
geopolymer and its reaction. A great insight has been made
through the work done despite the limited modeling on
graphene geopolymer composites. It is anticipated that a
polymerization modeling would be made soon on the
distribution of positive ions of alkaline solution on the 3D
network of geopolymer. This is deemed necessary as the
attachment of positive ions on alumina would stabilize the
geopolymer structure in water. Any excess of positive ions
may react with the water molecules form and disrupts the
formation of a 3D network of geopolymer. In return, this may
overall prevent geopolymerization from occurring. Based on the
gathered information, Table 6 is produced to summarize the pros
and cons of the analytical modeling approach and Table 7 on the
pros and cons of the experimental approach.

RECOMMENDATIONS

Graphene is a unique and multi-functional nanoparticle for
geopolymer composite. However, as a hydrophobic nanofiller with
platelet like structure, graphene has high tendency to overlap and
agglomerate in geopolymer matrix. Therefore, several types of
treatments can be done to overcome this issue. Firstly, graphene
can be dopedwith spherical shaped particles to improveworkability of
geopolymer slurry and to prevent interlaminar recombination of
graphene sheets. Graphene can also be functionalized with
hydrophilic elements to improve dispersibility in alkaline solution.
Without treatment, the use of graphene dispersant liquid is
recommended to prevent agglomerated graphene that could be the
weakening point of geopolymer composite.

Since pristine graphene is often highly priced, its derivative
which is GO is less expensive, making it a great alternative. During
oxidation of graphene to produce GO, hole defects (<5 nm) are
induced onto its surface. These holes are great for interlocking
mechanism between GO and geopolymer matrix for enhanced
mechanical properties. It is important to note that oftentimes
geopolymer gel are reported to be in the range of micrometers
(Temuujin et al., 2009; Kupaei et al., 2014;Mohammed et al., 2019).
No work has been reported on impregnation of geopolymer
nanogel into GO. The authors feel that an elucidation on this
mechanism would give a new insight on the synergistic interaction
between GO and geopolymer matrix in nano scale.

With presence of oxygen functional groups on GO, its
dispersibility is better than pristine graphene. However, there

Frontiers in Materials | www.frontiersin.org July 2021 | Volume 8 | Article 66101313

Tay and Norkhairunnisa Strength Graphene/Geopolymer Nanocomposite

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


TABLE 6 | Pros and cons of analytical modeling in geopolymer.

Type Aspect Pros Cons Confirmation with
experimental approach

(type and
confirmation)

References

MD (Molecular
Dynamics)

Dissolution of Al (OH)4
monomers from
aluminosilicate source

100% None observed NMR (Nuclear Magnetic
Resonance)

Zhang Q. et al.
(2020)

-The condensation degree of the
monomers were observed within
30 dps

-Yes. Experimental approach
shows fully dissolution of
monomers

MD Dissolution of Si (OH)4
monomers from
aluminosilicate source

Almost 100% None observed NMR
-The condensation degree of the
monomers were observed within
300 dps

-Yes. Experimental approach
shows almost ully dissolution of
monomers

DFT (Density
Functional
Theory)

Minimum nanofiller
content required for
epoxy group detection

No None observed FTIR (Fourier Transform Infrared
Spectroscopy)

Amri et al.
(2021)

-The presence of epoxy groups is
directly displayed at any nanofiller
loading depending on the number
of epoxy atom configured

-No. Experimental approach
reveals oxygen functional group
starting at certain nanofiller loading

DFT Minimum Si:Al ratio
required for true
strength determination

The simulation reveals theoretical
total energy of geopolymer at any
given Si:Al ratio

Yes Compressive test Wan et al.
(2017)-The total energy does not take

into account experimental factors
like particles agglomeration and
pores formation which affects
geopolymer strength

-No. Compressive strength peaks
at Si:Al ratio of 2

FESEM (Field Emission Scanning
Electron Microscopy)
-No. Microscopic images reveals
agglomeration of zeolitic nuclei at
SiAl � 1 which produces pores
thus reducing compressive
strength

TABLE 7 | Pros and cons of experimental modeling in geopolymer.

Type Aspect Pros Cons Confirmation with
simulation approach

(type and
confirmation)

References

NMR Dissolution of Al (OH)4
monomers from
aluminosilicate source

100% None observed MD Sagoe-Crentsil
and Weng (2007)-The absence of peak at 78 ppm

in27Al spectrum reveals fairly
quick condensation of the
monomer

-Yes. Simulation approach shows
fully dissolution of monomers

NMR Dissolution of Si (OH)4
monomers from
aluminosilicate source

Almost 100% None observed MD Duxson et al.
(2005)-The absence of sharp peaks

between -80 and -100 ppm in29Si
spectra reveals almost fully
reacted monomers

-Yes. Simulation approach shows
almost fully dissolution of
monomers

FTIR Minimum nanofiller
content required for
epoxy group detection

None observed Yes DFT Amri et al. (2021)
-A small peak at 1,150 cm−1

appears on FTIR spectra for
0.5 wt% of GO content, but
not 0.1 wt% and 0.3 wt%

-No. Simulation approach shows
presence of epoxy group at any
GO content

Compressive
test

Minimum Si:Al ratio
required for strength
determination

No. Compressive strength of
geopolymer is correctly measured
with respect to its constituent
interfacial adhesion as observed
through microscopic images

None observed DFT Wan et al. (2017)
-No. Simulation approach displays
highest strength at Si:Al ratio � 1
which is not the same with data
from compressive strength
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is still a limit as to how much nanofiller can be reinforced into a
matrix system. A high content of GO would lead to uneven
dispersion in alkaline solution. To overcome this, a more reactive
alkaline solution such as NaOH can be used to promote high early
strength and high reaction of aluminosilicate source. This is
because the small sodium cation eases the reaction with
aluminosilicate source which increases geopolymerization.
Despite providing high reaction, cautious action must be taken
as high concentration of NaOH would lead to geopolymer
carbonation which lead to harsh structure rupture under
water. Besides that, during fabrication of geopolymer, GO will
be reduced to rGO when in contact with alkaline solution. This
causes enlargement of the hole, which will be severed when not
controlled, thus resulting in detrimental effect on the graphene
unique properties.

Oftentimes geopolymers are cured in high temperature to
evaporate the high-water content added for workability. This
can incur two problems: further reduction of GO and cracking
of geopolymer. Aside from holes enlargement during GO
reduction, the amount of oxygen functional group on GO
will also be lowered. This would reduce the hydrophilicity of
GO that is needed for good dispersibility. Rapid drying under
high temperature would cause geopolymer to crack. To avoid
this, steam curing is recommended to control moisture
evaporation.

SUMMARY AND FUTURE WORK

Since 2004, graphene research has been extensively conducted,
accelerating its academic publication to almost 120,000 papers as
of March 2021 (Publons, 2021). With such immense interest in
graphene from the academic field, the industry must keep up with
current graphene technology processing (Randviir et al., 2014).
The advancement in graphene research and technology will
increase demands in graphene production which in the future,
the cost of graphene production at maximum production can be
minimized. Table 8 shows the cost for several types of graphenes.

The most popular method in making graphene is through
chemical vapor deposition (CVD), whereby the process involves a
mixture of gases that reacts with a surface in producing a layer of
graphene. This method produces high-quality graphene but
detaching the graphene from its substrate often leads to
damaged product (Pistilli, 2020). A cheaper way to produce
graphene derivatives is from solution-based processes (Laurén,
2018). GO is created by attaching an oxygen-based functional
group to increase the dispersion ability in the water. In addition,
GO can be reduced to rGO in many ways, including thermal,
chemical, and electrochemical techniques. In 2019, a group of

researchers from RMIT University Australia discovered a new
approach to produce graphene by using a Eucalyptus bark extract.
In this way, more economical graphene sheets can be synthesized
in which the price reduce almost 200 times cheaper than the
conventional way (Taylor, 2019).

Graphene offers enhanced electrical properties for civil
engineering applications, including bridges, buildings, and
roads (Mohamed et al., 2014). However, the reduction of GO
to rGO during geopolymerization is undesirable when an excess
epoxy functional group is present on the rGO sheet due to its
lower binding energy than hydroxyl groups. Interestingly, epoxy
groups’ negative charges have positive effects on the electrical
properties in geopolymer composite, producing the material
called Intrinsic self-sensing concrete (ISSC). By measuring the
electrical resistance of ISSC, the stress, strain, crack, and damage
of concrete can be monitored without embedding or attaching
remote sensors (Han et al., 2015; Han et al., 2018). When
implemented, ISSC made of graphene geopolymer composite
can be very cost-effective in the long run.

While various works have been reported using geopolymer as
green construction material, geopolymer can also be used for
outer space application, where geopolymer is fabricated on the
Moon using lunar regolith. Since geopolymer can be cured in
average daytime temperature (127°C) and lunar regolith contains
aluminosilicate materials, attempts have been made for in-situ
materials utilization. It has been observed that vacuum conditions
affect the geopolymerization process. Under vacuum treatment,
the geopolymer crumbles into smaller pieces, which is suspected
to fill in the pores in the structure (Davis et al., 2017). It has been
discussed that the addition of graphene into geopolymer results in
substantially filled pores, which would be useful in this case. On
the other hand, graphene has been discussed for its potential to be
used as a viable material in interstellar solar sail (Santoli, 2010;
Matloff, 2012). When tested, graphene is lighter than the
conventional polyester film and still successfully accelerates
when shone with a 1W laser. Perhaps, the use of graphene
geopolymer lunar regolith-based composite could catalyst the
production of geopolymer on lunar.

The mechanical strength of graphene/geopolymer
nanocomposite was discussed based on various factors such as
types of graphene, effects of graphene in alkaline solution,
reaction between graphene and aluminosilicate particles,
effects of graphene concentration on the workability of
geopolymer, and geopolymer nanocomposite sintering
temperature. Most of the studies observed that the strength of
geopolymer filled with treated graphene surpasses pristine
graphene in both compressive and flexural strength due to the
higher dispersion and better reinforcement effects in the
geopolymer matrix. Analytical modeling on graphene

TABLE 8 | The cost of different types of graphenes.

Graphene type Standard price (g) Method References

Pristine graphene US$100 Chemical vapor deposition Pistilli (2020)
GO in solution US$46.62 Graphite treatment with strong oxidizers Spasenovic (2020)
Pristine graphene US$0.5 Synthesis of Eucalyptus bark Taylor (2019)
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geopolymer provides an insight into the interfacial reaction
between graphene and geopolymer and its geopolymerization
process that cannot be achieved experimentally. Nevertheless,
current analytical modeling does not represent the simultaneous
process in geopolymerization, which could not give an accurate
and complete illustration. Therefore, it is expected to see a more
commercialized application of graphene geopolymer composites
with better detailed and thorough modeling.
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