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Abstract: Given the pressing threat of global warming, it is
imperative to promote CO2 emission reduction within the
cement industry which is widely recognized as a major
contributor to the overall carbon footprint. Limestone
clay cement (LCC) emerges as a promising alternative to
Portland cement. However, to facilitate the implementa-
tion of LCC technology, it is urgent to address the low
early-age compressive strength issue. Inspired by the suc-
cessful implementation of nano-engineered cementitious
material, we hereby introduce a novel nanomaterial, gra-
phene oxide (GO), into unconventional LCC paste (cement:
clay:limestone = 65%:20%:15%, water/binder ratio: 0.45).
Experimental results revealed that the 0.09% GO by weight
of the LCC binder was the optimal dosage in this work,
which improved the compressive strength of the LCC paste
at 7, 14, and 28 days by 25.6, 21.6, and 20.3%, respectively.
Advanced characterizations were then conducted, suggesting
that the admixed GO not only enabled a higher polymeriza-
tion degree of binder hydrates (which benefited the develop-
ment of compressive strengths) but also improved the
carbonation resistance of LCC paste. These findings not

only offer valuable insights for researchers but also pro-
vide practical guidance for engineers in the field. Notably,
the admixed GO converted the unstable orthorhombic crystal
systemic aragonite to the stable trigonal crystal systemic cal-
cite, which offers insights into the technology of carbon
sequestration in concrete.

Keywords: limestone clay cement, graphene oxide, com-
pressive strength, degree of polymerization, carbonation resis-
tance, Fourier-transform infrared spectroscopy analysis

1 Introduction

Recent years have seen increasing concerns over the envir-
onmental footprint of the concrete industry, especially its
considerable CO2 emission and energy consumption [1],
largely associated with the production of ordinary Port-
land cement (OPC). According to the global carbon emis-
sion report, the CO2 emission from the concrete industry is
estimated to be about 8% of the total CO2 emission [1]. The
emitted CO2 will result in an irreversible greenhouse effect
and ultimately pose a significant risk to the ecosystem.
Therefore, there is an urgent need to reduce the carbon
emissions from the cement and concrete industries.

Limestone calcined clay cement (LC3) has emerged as a
promising candidate to reduce the environmental foot-
print of the cement and concrete industries [2,3]. LC3 is a
ternary blended cement consisting of calcined clay, lime-
stone, and OPC, and saves up to 40% of CO2 and 20% of
energy consumption as compared with conventional OPC
[2]. In this ternary system, the limestone (carbonate phase)
reacts with alkali and alumina derived from the hydration
of OPC to generate hard and crystalline carboaluminate
phases which significantly contribute to the development
of the microstructure [4]. Additionally, the calcined clay dis-
plays promising pozzolanic reactivity, actively promoting
the hydration process. Moreover, some of the limestone
effectively fills the hydrate pores, contributing to the densi-
fication of the microstructure [3]. The synergistic effects of
these three components make it possible to decrease the
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cement content while retaining the satisfactory performance
of the hardened LC3 binder [2]. In addition, both clay and
limestone are affordable and locally available, making the
widespread application of LC3 much more feasible than
many other types of alternative cementitious binders (e.g.,
supplementary cementitious material [SCM] cement and
SCM-based geopolymer) [5,6]. Nevertheless, the utilization
of LC3 requires the grinding of clinker with calcined clay
and limestone, a process that may face limitations due to the
limited availability of local cement plants with the necessary
infrastructure for such grinding. Therefore, we introduced
calcined clay and limestone in combination as a mineral
additive and investigated the performance of this limestone
clay cement (LCC) ternary composite, differentiated from
the aforementioned LC3 composite.

LCC binders have been previously explored and have
demonstrated significant potential for local construction.
For example, Antoni et al. [7] employed a ternary binder
consisting of 30% metakaolin, 15% limestone, and 55% OPC,
which exhibited promising mechanical properties suitable
for construction applications. Additionally, Drissi et al. [8]
investigated the relationship between the composition of
ternary OPC–metakaolin–limestone composites and their
hydration, microstructure, and mechanical properties, con-
tributing significantly to both scientific understanding and
engineering practice. However, the relatively low early-age
compressive strengths of LCC composites hinder the wide-
spread application of this sustainable technology [9]. Therefore,
finding an alternative method to improve their mechanical
strength while maintaining a lower OPC dosage is of para-
mount importance to ensure their sustainability.

Cumulative studies have demonstrated the feasibility
of admixing a trace amount of novel graphene oxide (GO)
to greatly enhance various cementitious materials [10–12].
As a nascent nano-sized material, GO is originally derived
from graphite through a strong oxidization process (e.g.,
Hammer’s method) [13]. The oxidization process not only
exfoliates the layers of graphite but also grafts functional
groups onto the surface of GO nanosheets, and these
include, but are not limited to, carboxyl, hydroxyl, epoxide,
and carboxylic groups [14]. The functional groups endow
the GO with an electronegative surface charge, which plays
a crucial role in the hydration process of cementitious
materials. Generally, the electronegative GO serves to fill
nanoscale pores, bridge and deflect microcracks, attract
electropositive ions (e.g., Ca2+, Na+, and K+), and regulate
the process of binder hydration to form better products
[15,16]. More importantly, these functional groups endow
GO with a higher level of hydrophilicity than other nano-
materials. In other words, GO can be dispersed more easily
without requiring significant additional effort, making it a

promising candidate among the various nanomaterials
reported in previous studies aimed at enhancing cementi-
tious composites. Furthermore, recent advances in large-scale
manufacturing of GO have led to the exponential decline of the
cost of GO, making it greatly more affordable than before. Our
previous research has demonstrated the benefits of admixing
0.02wt% GO in the OPC binder [17] and a fly ash-based geopo-
lymer binder [11], respectively, inspiring the beneficial use of
GO in this unconventional LCC binder.

Up to now, limited studies have investigated the effect of
admixing GO on the LCC composites, yet we hypothesized that
GO plays similar roles in LCC binder as it works in OPC and
geopolymer binders and thus benefits the early-age compres-
sive strengths of LCC paste. In this context, this work aimed to
enhance the early-age compressive strengths of LCC paste
specimens by incorporating GO. To test the aforementioned
hypothesis, we employed scanning electronmicroscopy (SEM),
thermogravimetric analysis (TGA), X-ray diffraction (XRD),
and Fourier transform infrared spectroscopy (FTIR) to shed
light on the influence of GO on the microscale characteristics
of the LCC paste. The following sections detail the experi-
mental design, sample preparation, performance testing,
and advanced characterizations of the GO-LCC paste. This
innovative composite material holds promise for a wide
range of engineering applications (e.g., low-carbon concrete
pavement) and the fundamental understanding from this
research helps inform future research and application.

2 Experimental study

2.1 Materials

This study used P.O.42.5 OPC as purchased from Foshan
Runhe Building Materials Co., Ltd. The limestone (calcite)
and calcined clay (98 wt% metakaolin) were produced by
Henan Borun Casting Materials Co., Ltd. The chemical com-
position of cement and metakaolin was examined by X-ray
fluorescence, the chemical composition of limestone was
provided by the producer, and all results are provided in
Table 1. XRD analysis was also performed on the cement
and metakaolin to reveal their crystalline mineral phases
(Figure 1). As seen in Figure 1, the main crystalline phases
in the cement were C3S, C2S, C3A, and C4AF, while kaolinite
was dominant in the calcined clay. In addition, the specific
surface area of cement, limestone, and metakaolin was 363,
475, and 17,000m2/kg, respectively. The naphthalene super-
plasticizer provided by Shunxin Huagong (Jinan, China)
was employed in this study to guarantee the flowability of
LCC paste. The water reduction rate of this superplasticizer
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was 18–28% and its recommended dosage for OPC was
0.5–1%, as provided by the manufacturer.

Based on previous exploration, the LCC binder investi-
gated in this study consists of 65wt% cement, 20wt% meta-
kaolin, and 15wt% limestone. The GO employed in this study
was fabricated using a modified Hammer’s method in the
laboratory [13], featuring a specific surface area of about
2,600 m2/g and no more than five layers of nanosheet
(Figure 2a). This GO contained about 71 wt% carbon, 26wt
% oxygen, and some other elements from the oxidation
process [18,19], and its main functional groups/chemical
bonds were C–OH, C–C, and C]O bonds (Figure 2b).

2.2 Specimen preparation

The GO-LCC paste samples were fabricated in the labora-
tory as follows. The dosage of admixed GO was designed as

0, 0.045, 0.09, 0.135, and 0.18% by the weight of the LCC
binder, respectively (Table 2). The water-to-LCC mass ratio
was fixed at 0.45. First, the laboratory-fabricated GO and
naphthalene superplasticizer (1 wt% to LCC) were ultraso-
nically dispersed in deionized water, with the ultrasonicator
power of 40W for 30min to obtain desirable dispersion.
Then, the fabricated GO solution (or aqueous suspension
when exceeding 5 g/L) was poured into a 2.5 L mixer, fol-
lowed by blending with limestone (15 wt%), metakaolin
(20 wt%), and cement (65 wt%) in sequence with 1min inter-
vals. During the intervals and the mixing process, the mixer
was kept at a slow but constant blending rate (i.e., 60 rpm).
After mixing the LCC cement for another 1min, the fresh
paste was cast into cubic molds (70.7 mm × 70.7 mm ×

70.7mm) and then cured in a standard environment (tem-
perature of 18–22°C, relative humidity of 95–98%). After 24 h
of curing, these paste samples were demolded and then
cured in the same condition for 6, 13, and 27 days in order
to evaluate the compressive strength of the hardened LCC
paste at 7, 14, and 28 days, respectively. The fabrication of A0
followed the same procedure but without GO.

2.3 Macroscopic testing

The macroscopic testing included compressive strength
and flowability tests, aimed at assessing the impact of GO
on general practical engineering performance. By following
the ASTM C109, the compressive strength of cubic specimens
(50 cm × 50 cm × 50 cm) was conducted using an electro-
hydraulic servo compression test machine with a loading
speed of 0.1 MPa/s. The peak load was recorded to calculate

Table 1: Chemical composition (wt%) content of materials

Chemical composition Cement Limestone Calcined clay

Al2O3 4.12 — 37.18
SiO2 20.50 0.40 57.81
Fe2O3 3.40 — 1.19
CaO 65.54 0.66 0.88
MgO 2.61 1.12 —

SO3 0.52 0.18 0.58
K2O + Na2O 0.78 0.43 0.72
TiO2 — — 1.39
CaCO3 — 97.21 —

LOI* 2.53 — 0.25

*The loss on ignition was determined by TGA.

Figure 1: XRD patterns of (a) OPC and (b) metakaolin.
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the compressive strength, and the final result was reported
as the average value of three measurements. Flowability
assessment utilized a 50mL beaker to simulate the mini-
slump test, following the methodology outlined in Li and
Shi’s study [11]. In this procedure, the fresh paste was
poured into the beaker, then covered and inverted with a
wet plastic plate. The beaker was subsequently raised verti-
cally, allowing measurement of the diffused diameter,
which was used to evaluate the flowability among distinct
paste samples. Four pairs of perpendicular diameters were
gauged, and their average was employed for comparative
analysis, as detailed in Figure 3.

2.4 Microscopic investigations

This study entailed microscopic investigations designed to
unravel the mechanistic roles of the admixed GO on the
hydration of LCC paste. Before the analysis, the selected
paste samples were dried at 50°C to remove the remaining
moisture. The XRD analysis was performed using a D/max-
2500 facility (Rigaku company, Japan) to investigate the
effect of GO on the crystalline phases in the LCC hydration
system. For the XRD analysis, the tube voltage was set at

40 kV, the tube current was set at 200 mA, the scanning
range was set between 10° and 80°, and the scanning speed
was set at 10°/min. The SEM analysis was conducted using a
Hitachi S-4800 facility (HITACHI Company, Japan) to inves-
tigate the effect of GO on the microstructure and micro-
morphology of LCC hydration products. For the SEM, the
selected samples were pre-coated with gold before ana-
lysis, the accelerating voltage was set as 15 kV and the
probe current was set as 22 nA. The FTIR analysis was
conducted using a Nicolet iS5 facility (Jingong Instrument
Technology (Suzhou) Co., Ltd, China) to investigate the effect
of GO on the chemical groups or bonds of LCC hydration
products. For the FTIR, powdered paste samples were well-
mixed with KBr in the mass ratio of 1:100 and then fabri-
cated plates for analysis, the scanning range was between
400 and 4,000 cm−1 with a resolution of 4 cm−1. The TGA and
corresponding differential thermogravimetry (DTG) study
were performed by a Q2000 facility (TA Instrument, USA)
to investigate the effect of GO on the chemical composition
of LCC hydration products. For the TGA, the powdered paste
samples were pre-heated at 50°C for 10min to remove the
remaining moisture and then heated up for analysis, the
initial and ending temperature was set as 50 and 800°C,
respectively, at a heating rate of 10°C/min.

Figure 2: (a) Micromorphology of GO nanosheet and (b) X-ray photoelectron spectroscopy analysis of GO [18,19].

Table 2: Mixture design of GO-LCC paste samples (g)

No. Cement Limestone Metakaolin Water GO Superplasticizer

A0 845 195 260 585 0 13
A1 0.585 13
A2 1.17 13
A3 1.755 13
A4 2.34 13

4  Jing Gong et al.



3 Results and discussion

3.1 Compressive strength

The admixed GO significantly improved the compressive
strength of LCC paste (as shown in Figure 4); in particular,
the 0.09 wt% GO improved the compressive strength of the
LCC paste at 7, 14, and 28 days by 25.6, 21.6, and 20.3%,
respectively, working as the optimum dosage among all
designed dosages. Our previous work reported similar results,
in which the 0.02% GO (by weight of cementitious binder)
improved the 7-day and 28-day compressive strength of a fly

ash-based geopolymer paste by 6 and 9% [11], and improved
the 7-day, 14-day, and 28-day compressive strength of a cement
paste by 34, 27, and 29% [17], respectively. Other researchers
have also reported similar trends. Pan et al. [18] reported that
admixing 0.05wt% GO increased the compressive strength
and flexural strength of cement paste at 28 days by 15–33%
and by 41–59%, respectively. Lv et al. [20] reported that
admixing 0.05wt% GO led to the highest 28-day compressive
strength of an OPC mortar, featuring an increase of 48%. The
different levels of strength improvement observed across
these studies are due to the differences in the cementitious
binder matrix. Furthermore, Lin et al. reported the 12.5 and

Figure 3: (a) 50 mL beaker filled with fresh paste and (b) demonstration of one pair of perpendicular diameter measurements of the diffused fresh
paste.

Figure 4: Effect of admixed GO on the compressive strength of LCC paste.
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28.2% increase in the 28-day compressive strength by incor-
porating 1 and 2wt% nano-silica to enhance the LC3 binder
[21], respectively. This finding not only underscores the advan-
tages of utilizing nanomaterials but also serves as an inspira-
tion for enhancing unconventional limestone–cement–clay
binders.

When the dosage of GO exceeded 0.09 wt%, however,
the benefits of admixed GO to the compressive strength of
the LCC paste declined, as illustrated in Figure 4. This is
likely due to poor dispersion and thus undesirable agglom-
eration of GO that undermines the homogeneity of the LCC
paste matrix. Although GO is hydrophilic, the GO nanosheets
feature a considerably high specific surface area; as such, a
high concentration of GO nanosheets in the concrete pore
solution tends to agglomerate with each other, because of
the presence of Van der Waals force [5,22] and possibly
hydrogen bonding. Additionally, the accelerated hydration
induced by GO, as explained in later sections, in the LCC
binder results in reduced flowability, consequently exerting
a detrimental impact on the consolidation of fresh paste. In
other words, it introduces pores into the hardened paste and
reduces its compressive strength. Similar mechanisms have
been widely reported in nano-modified cementitious mate-
rials [23,24].

The beneficial effects of GO on the compressive per-
formance of non-LCC cementitious composites have been
widely discussed and accepted in the last few years [22,25].
The admixed GO works against crack propagation in the
cementitious composite, due to the GO’s sheet-like structure
(Figure 2a) and excellent mechanical property (290–430 GPa
of the elastic modulus). Furthermore, the admixed GO bene-
fits the hydration of cementitious binders through several
mechanisms. The known mechanisms of this improvement
include the nano-filling, microcrack bridging and deflecting,
hydrates growth template, hydration acceleration, and hydra-
tion regulation roles played by GO. The following sections will
focus on the microstructural morphology, chemical composi-
tion, and crystalline phases of selected GO-LCC paste samples
to confirm the aforementioned roles played in GO in the LCC
matrix.

3.2 Flowability

The admixed GO resulted in decreased flowability of fresh
LCC paste, particularly noticeable when the GO dosage
exceeded 0.135wt% (as shown in Table 3). Despite metakao-
lin’s recognized high water absorptivity, the relatively
increased amount of water-reducing agent and elevated
water-to-binder ratio offset the metakaolin-induced decline

in flowability. Furthermore, the addition of GO caused a
reduction in flowability, consistent with the findings from
previous researchers. For instance, Lu et al. demonstrated a
24% decrease in fluidity with 0.08wt% admixed GO [25],
while Li and Shi reported a reduction in diffused area from
161.4mm × 156.76mm to 139.8mm × 136.6mm with 0.02wt%
admixed GO [11]. This reduction is often attributed to GO’s
extensive specific surface area and high surface reactivity,
leading to boosted water absorption and subsequently dimin-
ished flowability. The same principle can explain the flow-
ability reduction observed in this study. The GO-accelerated
hydration process is another crucial factor contributing to the
decreased fluidity. Due to limitations in the laboratory condi-
tions, the hydration heat of each binder was not evaluated in
this study. Nevertheless, findings from other studies support
this perspective. For example, in Lin et al.’s research, the
addition of nano-silica resulted in a significantly higher
cumulative hydration heat in the first 15 h than the original
LC3 and OPC binders, indicating the accelerated hydration
induced by nanomaterials. An et al. [26] also reported that
GO-modified OPC released more cumulative hydration heat
in the first 20 h, further demonstrating GO’s role as a hydra-
tion accelerator in cementitious binders.

Comparing the A1 and A2 specimens with paste A0
(without GO), although their flowability decreased but
remained within acceptable limits; as such, they still could
be easily compacted through vibration during practical
applications. Conversely, the A3 and A4 specimens experi-
enced substantial flowability losses, rendering them diffi-
cult to compact. The compromised flowability facilitated
the formation of entrapped air voids, contributing to a
porous macrostructure in A3 and A4, which is a contri-
buting factor to the slightly reduced compressive strength.

3.3 FTIR and XRD analyses of hydrates

FTIR analysis was conducted to illustrate the influence of
GO on the phase change, product formation, and chemical
arrangement in the hydrated LCC paste. As shown in
Figure 5a. The −OH bond detected at around 3,640 cm−1

could be attributed to the presence of portlandite, derived

Table 3: Mean and standard deviation of flowability for each fresh LCC
paste (mm)

Sample A0 A1 A2 A3 A4

Flowability 181(10) 163(8) 129(9) 73(8) 53(7)

6  Jing Gong et al.



from the hydration of cement [27]. The H–O–H broad band
centered at around 3,400 and 1,640 cm−1 can be ascribed to
the presence of bound water in hydration products [28].
The C]O stretching detected at around 1,410 cm−1 (asym-
metric C]O stretching) in Figure 5a, 875 cm−1 (out-of-plane
bending), and 713 cm−1 (in-plane vibration) in Figure 5b
could be ascribed to the presence of both carbonated
hydrates and mixed limestone [29]. These chemical compo-
sitions were also confirmed by TGA/DTG analysis in a later
section.

The in-depth analysis of FTIR data suggests that the
admixed GO improved the polymerization degree of binder
hydrates, which is consistent with the compressive strength
results and the later SEM analysis of the LCC paste. Figure 6
depicts the deconvolution analysis of FTIR from 750 to
1,250 cm−1, and Figure 7 summarizes the relative area of
these deconvoluted sub-peaks. The deconvolution of FTIR
sub-peaks in Figure 6 followed the methodology detailed
by Zhang et al. [30], and the results illustrate the influence
of GO on the critical hydrates (e.g., C–(A)–S–H and
C–Na–(A)–S–H) in the hydrated LCC paste. In general, Q0

represents the cement monomer, Q1 represents the Si–O
tetrahedron located at the end of the C–S–H chain, Q2 repre-
sents the Si–O tetrahedron located in the middle of the
C–S–H chain, Q3 represents the Si–O tetrahedron in the
C–S–H network, and Q4 represents the Si–O tetrahedron
in the quartz structure [23]. In this study, the sub-peak
located at around 865 cm−1 was assigned to Si–O terminal
vibrations in C–S–H/C–A–S–H gel (a.k.a., Q1 tetrahedron),
the sub-peak at around 962 cm−1 was assigned to Q2 tetra-
hedron, the sub-peak at around 1,026 cm−1 was assigned to
Si–O stretching in C–Na–(A)–S–H gel which was ascribed to
the binding of Na onto C–(A)–S–H gel, the sub-peak at

1,097 cm−1 was assigned to Q3 tetrahedron, and 1,175 cm−1

was assigned to typical bands of Q4 tetrahedron, respec-
tively [31,32]. It is worth noting that these sub-peaks shifted
and varied slightly in other samples, likely due to the fitting
error and the potential chemical reaction/change during the
hydration process of LCC samples. The intensity (proportion
of relative area) of the Si–O (Q3) bond in all GO-LCC paste
decreased along with the increase of GO (Figure 7b),
whereas the intensity of Q4 increased (Figure 7c), indi-
cating that GO converted more Q3 into Q4 [33]. The trans-
formation from Q3 to Q4 corresponds to the generation of
more complex hydrates.

Yang et al. [34] reached a similar conclusion in their
study on GO-OPC binders from a nuclear magnetic reso-
nance (NMR) perspective. Their findings provide addi-
tional evidence to support the deconvolved FTIR analysis
conducted in this study. After 28 days of curing, it was
observed that in the OPC binder, more Q0 structures were
transformed into higher-polymerized Si–O tetrahedra (Q1

and Q2) in the presence of GO. Specifically, the inclusion of
0.15 and 0.2 wt% of GO led to an increase in the mean chain
length by 3.5 and 1.9%, respectively, suggesting the genera-
tion of more complex hydration products.

Figure 8 reveals the various carbonated phases in the
hydrated LCC paste, demonstrating the influence of GO on
the carbonation behavior of LCC paste samples. Generally,
Ca-based carbonate could be divided into calcite, arago-
nite, and vaterite, which are characteristic of different
FTIR patterns (Figure 8a), as verified by Chakrabarty and
Mahapatra [35]. In this study, the calcite mainly came from
the admixed limestone and the carbonated portlandite [31],
whereas the aragonite and vaterite mainly came from the
carbonated C–S–H/C–A–S–H. The unique two peaks (700

Figure 5: FTIR patterns of selected GO-LCC paste samples from (a) 1,200–4,000 cm−1 and (b) 600–1,300 cm−1 wavenumber length.
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and 712 cm−1) of aragonite were not observed after admixing
GO (Figure 8b), suggesting that during the carbonation of
LCC paste in the air, the presence of GO mitigated the for-
mation of unstable orthorhombic crystal systemic aragonite

but facilitated the formation of stable trigonal crystal sys-
temic calcite. This result was also confirmed by XRD analysis
(Figure 8c) in which the intensity of aragonite in 0.09% GO-
LCC was weaker than its counterpart without the admixed

Figure 6: Deconvoluted FTIR patterns of selected GO-LCC paste samples from 750 to 1,250 cm−1 wavenumber length: (a) no-GO, (b) 0.045% GO, (c)
0.090% GO, (d) 0.135% GO, and (e) 0.180% GO. Note: due to the potential chemical reaction and fitting error, the center location for each sub-peak was
slightly different.
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GO. The quantification of carbonate phases will be discussed
in the TGA/DTG section later.

The XRD analysis also sheds light on the hydration
process of selected LCC binders. Compared with the ori-
ginal no-GO LCC paste, the intensity of peaks in 0.09%-GO
LCC paste at about 18° (Ca(OH)2), 34°(Ca(OH)2), 36°(CaCO3),
39°(Quartz), and 48°(kaolinite) decreased [32,36,37], sug-
gesting that these components were consumed due to par-
ticipation in the binder hydration process. In other words,
the admixed GO accelerated the hydration process of LCC
paste. This conclusion is consistent with our previous work
that GO accelerated the hydration process of both OPC and
geopolymer binder [11,17]. Furthermore, Lin et al. reported
enhanced carbonation resistance of the LC3 binder by
introducing nano-silica, as observed in a laboratory accel-
erated carbonation test. Their research primarily focuses
on the denser microstructure induced by nano-silica.

3.4 SEM analysis

Figure 9 illustrates the microstructure of 0.09 wt% GO-LCC
paste and its control sample (no-GO) at 28-day curing age,
aimed to evaluate the influence of GO on the morphology
of hydrates of LCC paste. As shown in Figure 9a and b, the
microstructure of 0.09 wt% GO-LCC paste is denser than
the control sample and seems to have fewer defects, sug-
gesting the beneficial effects of GO on the microstructure of
LCC paste. Note that denser microstructure tends to trans-
late to higher compressive performance as well as better
durability performance (through lower water absorption,
lower gas permeability, and lower diffusivity of detri-
mental ions). Our previous research also demonstrated
similar results; specifically, the admixed GO facilitated
more homogenous layer-by-layer hydrates in a fly ash-
based geopolymer paste while the unmodified geopolymer

Figure 7: (a) Relative area of deconvoluted sub-peaks from 750 to 1,250 cm−1 wavenumber length, (b) the relative area of Q3 (1,097 cm−1), and (c) the
relative area of Q4 (1,175 cm−1). Note: due to the bond shift and fitting error, the center location for each sub-peak was slightly different.

Effect of graphene oxide on the properties of ternary LCC paste  9



featured loose and disordered hydrates [11]. This phenom-
enon was also known as the “hydrate growth template
effect.” This effect primarily stemmed from the interaction
between chemical functional groups (such as C–OH) pre-
sent on the surface of GO and the chemical constituents of
hydrates. This interaction facilitated the generation of a
layered structure through a sequential process. A compar-
able outcome has been observed in the current study as
well (Figure 9c).

More obvious differences were detected in SEM at the
magnification of 20,000 times (Figure 9c and d), where the
0.09 wt% GO-LCC paste exhibits a more homogenous and
denser microstructure. It is well known that the morphology
of cementitious hydrates (e.g., C–S–H and C–A–S–H) mainly
depends on the molar ratio of key elements (especially Ca/Si,
S/Al, and Ca/(Si + Al)). The more uniform the molar ratio of
key elements, the more consistent the polymerization degree
of binder hydrates, and the more homogenous the hydration

products [5]. Therefore, the homogeneous hydrates in this
study indicate that the admixed GO facilitated a more uni-
form distribution of key elements. In other words, the pre-
sence of GO reduced the variability in the polymerization
degree of the LCC binder, as suggested by the positive corre-
lation between Ca/Si (or Ca/(Si + Al)) and hydration polymer-
ization degree [38].

The aforementioned advantages of GO likely resulted
from the functional groups on the surface of GO, which
provide the GO nanosheets with a significant negative
charge. The GO nanosheets thus serve as templates to attract
cations (e.g., Ca2+, Na+, and K+). The cations can then react
with Si, Al, and S species to form hydration products (such as
C–S–H, C–A–S–H, AFt, and AFm). In summary, the GO
guided the hydration of the cementitious binder and led to
a more integrated microstructure and better compressive
strengths. Lv et al. [20] reported similar results that the
admixed GO induced homogeneous flower-like hydrates in

Figure 8: (a) FTIR patterns of calcite, aragonite, and vaterite [35], (b) the weak two-peak (700 and 712 cm−1) verified the presence of aragonite, and (c)
the XRD patterns of original LCC paste and 0.09% GO LCC paste.
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an OPC paste matrix. In addition, Lv et al. detailed the tem-
plate mechanism of GO, which is also responsible for the
homogenous hydrates observed in this study.

3.5 Thermogravimetric and differential
thermal analysis

Figure 10 illustrates the thermogravimetric-differential thermal
analysis results of selected GO-LCC paste samples, which help

elucidate the influence of GO on the hydration products of LCC
paste. As shown in Figure 10, this first mass loss was detected
between 50 and 150°C, corresponding to the escape of the
residual water, the decomposition of AFt (Ettringite) and
AFm, and the dehydration of partial C–S–H/C–A–S–H. It was
clear that the admixed GO mitigated the generation of AFt,
inspiring the potential use of GO to mitigate the risk of delayed
ettringite formation in heat-cured concrete [39] or mass con-
crete. Xu et al. also demonstrated a similar result by ana-
lyzing the key elemental information obtained by electron

Figure 9: SEM results of (a) 0.09 wt% GO-LCC paste and (b) control sample at the magnification of 5k times; and (c) 0.09 wt% GO-LCC paste and (d)
control sample at the magnification of 20k times.

Figure 10: (a) TGA and (b) DTG analysis of selected GO-LCC paste.
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probe microanalysis; specifically, they reported that 0.02wt%
GO facilitated the transformation from AFt to other Al-rich
phases [17].

The second mass loss in Figure 10 was detected between
350 and 450°C, corresponding to the decomposition of por-
tlandite. The DTG peak of portlandite in the curve of 0.09wt%
GO-LCC paste was sharper than in other samples, suggesting
that the admixed GO induced the formation of more and
better crystallized portlandite. This result agrees with the
study by Mokhtar et al. [40] in which GO induced a higher
content of portlandite in OPC binder and they attributed this
higher content of portlandite to the GO-accelerated hydra-
tion process of OPC. Yang et al. also reported that the content
of portlandite was slightly increased along with the incre-
ment of GO dosage in OPC binder [34].

The last mass loss in Figure 10 was detected between
450 and 750°C, corresponding to the decomposition of car-
bonate. It was clear that the admixed GO mitigated the
carbonation of the LCC paste, because 0.045, 0.090, 0.135,
and 0.180% GO decreased the relative amount of total carbo-
nate by about 19.7, 25.1, 17.5, and 23.6%, respectively. This
result agreed well with our previous work that the admixed
GO improved the carbonation resistance of an OPC paste [17].

It is noteworthy that the third main mass loss consists
of multiple peaks, suggesting that multiple decompositions
or transformations occurred simultaneously. As confirmed
by FTIR, two other types of Ca-carbonates: vaterite and ara-
gonite, were also detected in the carbonated LCC paste. Both
of them not only decomposed in the temperature range Ⅰ
(Figure 10b) but also transformed into calcite and then
decomposed in the temperature range Ⅱ [41], which made
the quantification of each component much more complex.

4 Concluding remarks

This work proposed an innovative strategy to employ GO to
enhance unconventional LCC paste. To elucidate the mechan-
istic roles played by GO in the LCC paste system, this labora-
tory study explored the influence of GO on the compressive
strength and flowability of the designed paste, and the micro-
scopic investigation further shed light on the microscopic
change of LCC paste induced by GO. The main conclusions
are drawn as follows:
1) GO effectively improved the compressive strength of

LCC paste samples. The optimal dosage of GO in this
study was 0.09% by weight of the LCC paste, which
improved the compressive strength at 7, 14, and 28 s
by 25.6, 21.6, and 20.3%, respectively. However, when
the dosage of GO exceeded 0.09 wt%, the benefit to the

compressive strength of the LCC paste declined, likely
due to undesirable agglomeration of GO and pores
resulted from GO-accelerated hydration of LCC. In addi-
tion, the admixed GO reduced the flowability of fresh
LCC paste, due to the accelerated hydration of LCC
induced by GO. These results provide a promising strategy
for engineers to enhance the performance of LCC paste in
the field while balancing the constructability of the fresh
concrete and the mechanical properties of the hardened
concrete.

2) GO played several critical roles in the LCC paste. It
served as the hydration growth templates and regulated
the hydrates, as evidenced by the layer-by-layer hydrate
structures observed in SEM. GO also accelerated the
hydration process, as indicated by the presence of
more crystalline portlandite phases, as shown by TGA,
and the consumption of more mineral phases, as demon-
strated by XRD. GO improved the polymerization degree
of hydrates, as evidenced by a higher content of complex
hydrates observed in FTIR. Moreover, GO enhanced the
carbonation resistance of hydrates, as supported by the
various carbon-related peaks observed in FTIR and TGA.
In addition, GO converted the unstable orthorhombic
crystal systemic aragonite to the stable trigonal crystal
systemic calcite. All these roles are similar to the roles
played by GO in cement and geopolymer binders.

Future work should further investigate the fundamen-
tals underlying the mechanical properties and durability per-
formance of GO-modified LCC composites, using advanced
tools (e.g., nanoindentation and NMR spectroscopy), to offer
in-depth insights and fundamental understanding. Additional
research may also explore the use of higher content of cal-
cined clay and limestone (i.e., lower content of cement) to
further greening the LCC technology with the aid of nano-
technology. While this study did not directly assess the dur-
ability performance, the results suggest that the admixed GO
is beneficial to the durability of LCC composites, including
slowing down the ingress of moisture, gases, and detrimental
ions (in light of the denser microstructure), and improving
chemical resistances (in light of the higher polymerization
degree of hydrates).
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