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Past studies show that Graphene Oxide (GO) enhances the structural properties of cement composites.
However, GO reduces its chemical characteristics with ageing. This study determines the effects of the
age of commercial and laboratory-produced GO on cementitious composites. The study considered GO
of up to 35 weeks of age, and specimens were chemically characterised using various techniques. The
ageing effects were evaluated using consistency, initial setting time, compressive strength, splitting
tensile strength, and water absorption. The composite’s thermal resistance was also tested. GO was
found to have a shelf life of 13 weeks from production to achieve favourable results. The morphology
of the cement mortar was studied to determine the reason for the change in performance with GO age.
This study confirms that the carbon-to-oxygen ratio (C/O) and the disorder of graphene oxide sheets
(ID/IG ratio), along with the number of GO layers, govern the performance of GO-incorporated cement
composites. Both ratios increase with GO age. Aged GOs in mortar increased the mean pore radius

and reduced the surface area. Mortar samples with aged GOs have ettringite peaks, while early-age
GO-containing samples lack ettringite peaks. Despite reduced mechanical performance with age, all
mortar samples remained thermally stable at higher temperatures.
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High-Performance Cementitious Composites (HPCC) incorporating various materials as admixtures and
additives have received considerable attention over several decades due to their favourable structural properties! .
In recent years, the focus has shifted to the potential of nanotechnology in construction and building materials,
exploiting the unique properties of nanomaterials to enhance the performance of cementitious composites.
Such composites incorporating nanomaterials, which exhibit enhanced properties due to modified morphology,
have been reported in the literature*-®. Pozzolanic nanomaterials such as nano-silica and nano-alumina are
composed solely of SiO2 and AI203, respectively, and are involved in hydration reactions. They contributed
to excess and denser production of calcium silicate hydrates (CSH) and calcium aluminate hydrates (C-A-H),
respectively®’. Denser hydrates reduce the micropores in the matrix, increasing the fracture energy required for
failure, but unfortunately, they also elevate brittleness**. Non-pozzolanic nanomaterials such as graphene oxide
(GO), carbon nanotubes, and titanium oxide can form excess hydration products with an organized crystalline
structure, thereby enhancing the performance of cementitious composites!®-13.

Graphene Oxide (GO), a nanosheet, has attracted the attention of researchers in recent years due to its
ability to enhance the properties of cement composites'®!>14, The incorporation of GO into cement composites
modified the morphology of the hardened cement matrix, thereby altering its properties. Oxygen functional
groups of GO act as a platform and nucleation sites to attract Ca2+ions in cement and assist in the denser
formation of CSH and Ca(OH),'®"3. The denser GO-containing cement matrix consists of more micropores and
fewer mesopores. Additional hydration products enhance the compressive and tensile strengths, as extra energy
is required for failure. The consistency and setting times of cement pastes with GO decrease compared to pastes
without GO'>!>. However, adding GO into an alkaline medium agglomerates the GO nanosheets, leading to a
non-uniform nanomaterial dispersion. Hence, to overcome GO agglomeration and improve workability, GO is
sonicated with polycarboxylate ether (PCE)- based admixtures before being added to the cement mixture!>1617,
The presence of GO in cement composites also improves durability properties such as water absorption, water
sorptivity, resistance to combined acid and Sulphur attack, chloride penetration'®-2!, and residual compressive
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strengths at higher temperatures?2. However, the repeatability of durability properties remains questionable, as
only a few studies have been reported.

Past studies on GO-enhanced cementitious composites have used GO with a carbon-to-oxygen (C/O) ratio
of almost 1.90, demonstrating optimal enhancement in all structural properties with the addition of 0.03% of
dry laboratory- or commercial-grade GO relative to the weight of cement'>!>. However, a decrease in oxygen
functional groups is recorded with ageing, increasing the C/O ratio while the average interlayer distance of GO
reduces. Moreover, the ratio of the D-band intensity to the G-band intensity (ID/IG) increases with ageing,
indicating an increase in defect density due to the desorption of oxygen functional groups®>?*. Yet, in a highly
acidic aqueous medium, the oxidation of GO is slightly improved over the long term?°.

Grounded in past studies of GO ageing, the number of nucleation sites that augment the formation of
hydration products decreases with a decrease in oxygen functional groups. Hence, a reduction in the strength of
GO-enhanced cementitious composites can be expected due to the reduced hydration products. Due to limited
studies on GO stability, the effects of GO age and reduced characteristics on the properties and morphology of
cement composites remain poorly understood and warrant in-depth research. This study, therefore, aims to fill
this gap and focuses on the morphology and mechanical properties of cement mortar incorporating commercial
and laboratory-produced GO at different ages (4 to 35 weeks after production). It is expected that this research
will yield important results that significantly impact the manufacture of GO-enhanced cementitious composites
and their application in construction.

GO production in laboratories typically uses deionised or distilled water, which is not economical from a
commercial perspective!>?%?’, Since the majority of water consumption occurs during the cleaning of graphene
oxide (GO), this study will employ tap water for the purification of laboratory-synthesized GO as a cost-
effective alternative, while maintaining consistency with the production methods utilized by a commercial GO
manufacturer in Sri Lanka. As the tap water is used only after oxidation and quenching, its ions are not expected
to chemically react with GO. The GOs were characterized using Fourier-transform infrared spectroscopy (FTIR),
X-ray Photoelectron Spectroscopy (XPS), X-ray powder diffraction (XRD), and Raman spectroscopy, along with
scanning electron microscope (SEM) imaging. The impact of GO age on the consistency of cement paste and
initial setting time was studied. The mechanical properties—compressive strength, indirect tensile strength, and
density—of cement mortar were measured at 7 and 28 days, with the optimum GO content. In addition, the
expiry periods of commercial and laboratory-produced GO were identified based on the compressive and tensile
strengths. Cement mortars of varying ages were also tested for water absorption resistance. The results obtained
are supported by the morphological study of cement mortar via XRD, Brunauer-Emmett-Teller (BET) analysis,
Thermogravimetric analysis (TGA), and SEM with Energy-dispersive X-ray spectroscopy (EDX).

Methodology

Materials

Portland Pozzolana Cement (PPC) of grade 42.5 adhering to ASTM C595/C595M-16?® and oven-dried river
sand passing 4.75 mm sieve size adhering to ASTM C 144 -18% were used in cement mortar at a weight ratio of
1:3. Poly Carboxylic Ether (PCE) based superplasticizer and tap water conforming to ASTM C-494/C494M-08*°
and ASTM C1602/C1602M -18%1, respectively, were used in dispersing the GO uniformly in the cement mix.
The cement and PCE used in this study were within their expiry period. Hence, there is no ageing effect on these
materials. It is also not the standard practice to use these materials beyond their expiry period. The commercial
GO was obtained from commercial GO manufacturers in Sri Lanka and will hereinafter be abbreviated as CGT-
GO. All chemicals required for the laboratory synthesis of GO were procured from suppliers in Sri Lanka. Sri
Lanka is well known for high-quality pure graphite®2. The 99% carbon grade graphite powder with a particle size
of 40 um was obtained in Sri Lanka.

Synthesis of GO

In addition to the commercial GO (CGT-GO), this study used laboratory-synthesised GO prepared at the
chemical laboratory at the Sri Lanka Institute of Information Technology. Viscous GO suspension was
prepared using a modified version of Tour’s method™. Initially, the graphite powder was mixed with potassium
permanganate (KMnO,) at a weight ratio of 1:3. Separately, an acid mixture consisting of concentrated
phosphoric acid and concentrated sulfuric acid at a volume ratio of 1:9 was placed in an ice bath. Next, the acid
mixture was transferred to the powder mixture and stirred at 550 rpm, maintaining the reaction temperature
below 50 °C for 24 hours. The mixture was cooled to below 10 °C with ice, and after 12 hours, the excess KMnO4
was removed by reacting with 3 ml of 30% hydrogen peroxide. The final mixture was repeatedly washed with tap
water until the supernatant was free of sulphate ions and the GO suspension was slightly acidic (pH 5.0-6.0)>%.
Using tap water for washing after the oxidation and quenching steps may introduce low levels of residual ions
into the GO suspension. However, these ions are not expected to chemically react with graphene oxide®. Then,
the suspension was sonicated for one hour at 60 kHz, followed by stirring at 550 rpm for 30 minutes to form a
uniform GO paste. The moisture content of the GO paste was determined by heating it in an oven at 100 °C for
24 hours, after which the dry content of the GO in the paste was calculated. All materials used to synthesise the
laboratory GO were within their expiry periods.

Cement paste and mortar preparations and testing

Consistency and setting times were determined using cement paste. As per ASTM standard, 650 g of Ordinary
Portland cement and 200 g of potable water were used to obtain the normal consistency (10 + 1 mm)*”%. The
overall water weight was adjusted based on the GO suspension’s water content. The GO concentration was set
to 0.03% by weight of cement, based on a previous study that investigated the effects of GO concentration over
the range 0-0.04% and determined its optimal value'. The cement paste was mixed per the ASTM standards to
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obtain normal consistency. Next, the cement paste was placed in a moist cabinet at 25 °C with humidity above
95%. The initial setting time of the paste was measured when it reached 25 mm, and the final setting time was
measured when the circular impression was not formed on the cement paste’s surface.

Cement mortar comprising a cement-to-river sand (CM/RS) ratio of 1:3 and a water-to-cement (W/CM)
ratio of 0.6, with 0.03% GO paste content with respect to the weight of cement, was prepared at a laboratory
environmental temperature of 28 + 2 °C?*%. The river sand was sieved through a 4.75 mm sieve, oven-dried
at 110 °C for 24 h, and cooled to room temperature for 12 hrs before casting?. Potable water of 26+1 °C was
used to mix mortar. The PCE superplasticiser (0.6 L/100 kg of cement) was sonicated with GO at 0.03% by dry
weight relative to the cement before adding it to the cement paste and mortar mixes. This optimal GO ratio is
based on a previously conducted comprehensive study by the authors examining the effect of the GO ratio on
the mechanical and microstructural properties of GO-enhanced cement mortar?>,

Cement mortar mix was cast into moulds of 50 mm x 50 mm x 50 mm cubes and 80 mm x 160 mm
cylinders*®*!. The casting of cylinders and cubes was executed per the ASTM standards, ensuring constant
compaction energy employing a concrete vibrating table. The specimens were detached after 24 hours and
immersed in saturated lime water at 3.0 g/L concentration at 26 + 1 °C*%. The compressive strength of the cube
samples was then tested at 7 and 28 days, while the cylinders used to determine splitting tensile strength were
tested at 28 days'®*!. Despite compression being the primary property, the splitting tensile strength indicates
the mortar’s resistance to cracking and its ability to withstand tensile stresses, which control the initiation and
propagation of structural failures. The use of mortar specimens isolates binder-matrix effects and minimizes the
variability introduced by coarse aggregates. This approach enables a more precise interpretation of binder-level
tensile mechanisms. Previous studies**** have shown that trends observed at the mortar scale correlate well
with, and can often be extrapolated to, the behaviour of concrete. The samples were loaded at a rate of 0.3 kN/s
using a universal testing machine (UTM), and the load-displacement curve was obtained.

The durability properties, such as water absorption and tensile and compressive strengths at higher
temperatures (200 to 400 °C), were tested. The 28-day-aged cubes were oven-dried at 110 °C for 24 hours before
being used in the water absorption test. The weight was measured after the cubes’ temperature was reduced to
ambient (26 + 1 °C). Then, the samples were placed in a water uptake container, and their weights were measured
after 24 hours. Water absorption in grams per 100 cm? was determined by measuring the change in weight over
time*. The average test values in the results section are the mean of three values with a standard deviation of
less than 10%.

Characterization
GOs of different ages were characterised using various techniques. Fourier-transform infrared spectra (FTIR)
to study the functional groups present in the samples. For X-ray Photoelectron Spectroscopy (XPS) was used to
study the surface chemistry of the composite materials. X-ray powder diffraction (XRD) was performed using
Cu K (A = 0.154 nm) radiation, varying 20 from 5 to 80 at a scan speed of 2/min to study crystallography. A
Raman microscope spectrophotometer was used to confirm the structure proposed by XRD.

SEM equipped with an EDS system were used to collect images and elemental composition to study the
morphology of the samples. Thermogravimetric analysis (TGA) was conducted in air. The samples used for BET
analysis were degassed at 200 °C for 10 hours to determine their surface area and pore volume.

Results

FT-IR analysis

Based on Fig. 1, the FT-IR spectra of freshly produced CGT and laboratory-produced GO (Lab-GO) display
similar bonding and functional groups with variations in intensity. The broadband peak centred at about 3254
and 3261 cm™! represents the O-H stretching of alcohol in CGT-GO and Lab-GO, respectively. The sharp
peaks at 1616 and 1620 cm™ of those two samples are attributed to conjugated C=C bonds of alkenes. CGT-
GO showed more intense peaks at 1039 cm™! and 1163 cm™!, corresponding to C-O stretching in aldehyde,
carboxylic acid, ester, and ketone groups. The stretching frequency of C-O was observed at 1064 cm™! in Lab-
GO, but the frequency at 1039 cm! was not observed. The peaks at 1718 and 1730 cm™! in CGT-GO and Lab-GO,
respectively, are attributed to the C=0O stretching frequency. Based on FT-IR observations, Lab-GO contains
more C-H and C-C stretching, indicating more unaffected graphene layers than CGT-GO. However, grounded
on the intensities of O-H and C=0 bonds, CGT-GO contains more hydroxyl groups than carboxylic groups in
Lab-GO.

FT-IR spectra of Lab-GO were collected at 4, 10, and 18 weeks after production (Fig. 2) to examine changes
in functionality over time. Lab-GO was selected to acquire FT-IR spectra because the synthesis procedure and
properties are well defined in the study and are the focus. The appearance of a peak at 2928 cm-1 with ageing
(at 18 weeks) compared to 4 and 10 weeks indicates C-H stretching of the CH2 group, resulting from defects in
the graphene layers. In addition, the O-H stretching frequency has shifted slightly to 3296 cm™ (18 weeks) from
3279 cm™! (4 weeks), indicating a weakening of the hydrogen bonding interaction with age, as evidenced by a
shift towards a higher wavelength. The intensity of the cyclic alkene’s C=C stretching observed at 1624 cm™ (4
weeks) decreases with age. Likewise, the intensity of the C-O stretching of alcohol at 1072 cm™ (4 weeks) also
shows a drop with age.

XPS analysis

Figures 3 and 4 illustrate the XPS spectra of Cls and Ols of freshly manufactured Lab-GO and CGT-GO,
respectively. The Cls spectrum of Lab-GO (Fig. 3a) is deconvoluted to four peaks at 284.80, 285.70, 287.70, and
289.15 eV representing sp2 hybridized C-C, sp3 hybridized C-C, C-O-C, and COOH, respectively. The same
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Fig. 1. FT-IR of Lab-GO and CGT-GO at 0-1 weeks of age.
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Fig. 2. FT-IR spectra of Lab-GO at 4, 10, and 18 weeks after production.

chemical environments of C were observed in CGT-GO (Fig. 4a), where the corresponding peaks appeared
at 284.50, 285.35, 287.40, and 289.10 eV, respectively. The higher resolution XPS spectrum of Ols of Lab-
GO (Fig. 3b) is deconvoluted to two peaks at 532.75 and 533.60 eV, which are attributed to C=0 and C-O,
respectively. In contrast, the chemical states were observed in the higher-resolution O1S spectrum of CGT-GO,
which appeared at 532.60 and 533.60 eV, respectively (Fig. 4b).

Based on the atomic percentages of carbon and oxygen, the mean carbon-to-oxygen (C/O) ratio of Lab-
GO was 1.802, while the C/O ratio of CGT-GO was 1.896 at 18 weeks of age. Surface bonds identified by XPS
are consistent with the FT-IR results and further confirm the presence of functional groups (esters, ketones,
aldehydes/carboxylic acids) in GO. The average carbon-to-oxygen (C/O) ratios vary with the ageing of the lab
and CGT-produced GOs, as presented in Table 1. The C/O ratio increased by 13.5% and 14.9% with Lab and
CGT-GO at 18 weeks compared to 4 weeks. C/O ratios increase with age in both GOs, as GO reduces with time
when exposed to normal environmental conditions for longer periods. On average, the reduction rates for both
GOs are similar. Overall, the increase in the C/O ratio with ageing for both GOs reflects a continuous reduction
under ambient conditions, probably due to loss of oxygen functional groups. The XPS confirms GOs’ functional
groups; however, the synthesis method affects the initial oxidation state, and long-term reduction is primarily
governed by environmental exposure.
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Fig. 3. XPS of fresh Lab-GO (a) Narrow Cls spectrum (b) Narrow Ols spectrum.
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Fig. 4. XPS of fresh CGT-GO (a) Narrow Cls spectrum (b) Narrow O1s spectrum.
Age of GO (weeks) 4 7 10 13 18 28
Atomic C/O ratio of Lab-GO | 1.588 | - 1.690 | - 1.802 | 1.826
Atomic C/O ratio of CGT-GO | 1.650 | - - - 1.896 | -
ID/IG ratio of Lab-GO 0932 | - 0943 | - |1.048 | 1.263
ID/IG ratio of CGT-GO - |woze | - 1142 - -
Table 1. C/O ratio of Lab-GO and CGT-GO with the age of GO.
GO is known to enhance the cement strength via several mechanisms. Oxygen functional groups on GO
serve as nucleation sites, enhancing the formation of more homogeneous, regular calcium silicate hydrate.
Further, GO fills the nanoscale pores in the porous network of cement, leading to a less porous and denser
cement material. The high surface area and mechanical strength of GO deflect the microcracks, inhibiting their
propagation and thus improving the strength and toughness of cement. However, an optimal dose of oxygen
would play the crucial role. High oxygen content leads to strong interactions with calcium hydroxide, which
causes the aggregation of GO, which retards the overall strength, whereas low oxygen content is less effective in
strengthening cement, resulting in poor interaction with cement due to its low chemical compatibility and poor
dispersibility in water.
Raman spectroscopic analysis
The stacked Raman spectra in Figs. 5 and 6 show the variation in D, G, and 2D bands, and their intensities, with
the ageing of Lab-GO and CGT-GO, respectively. The G and D bands appear around 1340 cm™! and 1590 cm™!,
respectively, and the wide 2D band occurs at about 2700 cm™!. The G band is the primary mode in all graphene-
based materials, corresponding to carbon-bond stretching in sp? rings and chains. The degree of disorder is
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Fig. 5. Raman spectroscopy of laboratory-produced GO at different ages.
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Fig. 6. Raman spectroscopy of CGT-GO at different ages.

observed via the D band, which arises from defects and gaps in sp2 carbon rings formed by sp3-hybridised
carbon resulting from oxidation. The 2D band arises from second-order Raman scattering.

The ageing of Lab-GO and CGT-GO alters the ratio of the D peak to the G peak (ID/IG). At 4, 10, 18, and
28 weeks, the average ID/IG ratios of Lab-GO are 0.932, 0.943, 1.048, and 1.263, respectively. While the ID/IG
ratios of CGT-GO are 1.076 and 1.142 at 7 and 13 weeks, respectively, the increase in the ID/IG ratio suggests
that the structural disorder of GO has increased with age. A rise in the degree of disorder due to the reduction
(removal of oxygen) when exposed to environmental conditions. Sunlight and ultraviolet radiation can reduce
GO, even if it is placed indoors. The ratio of the intensities of the 2D peak and the G peak (I12D/IG) reflects the
GO layer thickness. The I2D/IG ratio of Lab-GO ranges from 0.046 to 0.073, while the 12D/IG ratio of CGT-GO
lies between 0.045 and 0.096. 12D/IG ratios of 0.07 represent multilayered GO. Hence, both Lab-GO and CGT-
GO used in the experiments are multilayered.

XRD analysis

XRD patterns were acquired to study the crystallography of the synthesized materials. Figure 7 shows the XRD
patterns of Lab and CGT-GO. Both GOs display a strong peak around 8-12° (20) with a lower full width at half
maximum (FWHM), indicating higher crystallinity. The FWHM of Lab-GO is 0.898, while that of CGT-GO is
0.952, indicating that Lab-GO is slightly more crystalline than CGT-GO. The corresponding crystallite sizes are
9.28 nm and 8.76 nm, respectively. The interlayer spacing (d) between the GO layers was calculated using Bragg’s
law equation (Eq. 1). The spacing between the Lab-GO sheets was found to be 0.841 nm, while that of the CGT-
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Fig. 7. XRD patterns of fresh Lab-GO and fresh CGT-GO.
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Fig. 8. Consistency of 0.03% CGT-GO and Lab-GO added cement paste with different GO ages.

GO sheets was calculated to be 0.778 nm. This nanoscale spacing indicates that several GO layers are stacked
(multilayered), as shown by Raman spectroscopy.

A = 2dsin (), 1)

where X is the wavelength of the bombarded X-ray beam (0.154 nm), © is the diffraction angle, and d is the
interlayer spacing between the GO sheets.

Properties of cement paste and mortar with aged GO consistency, setting times and
densities

The addition of GO affects the rheological, mechanical, and durability properties of cement paste and mortar.
Figure 8 illustrates the consistency of HBC cement pastes containing 0.03% Lab and 0.03% CGT-GO of different
ages. In general, consistency increased for GOs at lower ages and was similar to that of the control at higher
ages for CGT-GO- and Lab-GO-incorporated pastes. The consistency of pastes thickened by 19.2% and 21.2%
with 9-week-old CGT-GO and 12-week-old Lab-GO, respectively, while those of 18-week-old CGT-GO and
28-week-old Lab-GO increased only by 5.8% and 1.9%, respectively. For 18-week-old CGT-GO and 28-week-old
Lab-GO, the results were closer to the control value of 8.7 mm. Due to ageing, the C/O ratios vary, impacting
the number of nucleation sites present and the amount of water absorbed during hydration. At higher C/O
ratios, as in 9 and 12 weeks of GO, the functional groups present were higher, leading to greater and quicker
hydration reactions. However, at lower C/O, although some oxygenated groups are present, the increased defects
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Fig. 9. Initial setting times of 0.03% Lab-GO and CGT-GO added cement paste at. different GO ages.
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Fig. 10. Densities of 0.03% Lab-GO and CGT-GO added cement mortar at different ages.

and non-uniform attachment of functional groups on graphene surfaces have slightly decreased the consistency
compared to that obtained at lower ages.

Figure 9 displays the impact of two different ages of Lab and CGT-GO solutions on the initial setting times of
HBC cement paste. The 9- and 12-week GOs decreased the initial setting times by 6.6% and 7.6%, respectively,
while the 28-week GOs increased the setting time only by 0.64%. The 18-week CGT-GO reduced the setting time
by only 1.1%. The 9-week CGT-GO and 12-week Lab-GO have more oxygenated groups than those of 18 and
28 weeks, resulting in more nucleation sites and an enhanced hydration process. At long-term ageing (18 and 28
weeks for CGT and Lab-GOs, respectively), the increased defects on GO sheets and fewer nucleation sites result
in fewer hydration products, leading to setting times similar to those of the control.

The average wet and dry densities of control cement mortar are 2235 kg/m> and 2092 kg/m?, respectively.
Figure 10 illustrates the change in wet and dry densities of Lab and CGT-GO-added cement mortar (W/CM
0.6) at different ages of GO. In both types of GO, density decreases with age. Compared with the control sample,
the maximum increases in wet and dry mortar densities with Lab-GO were 11.1% and 8.6%, respectively, and
were observed at 4 weeks. At the same age, the mortar with CGT-GO showed wet and dry densities that were
improved by 9.7% and 9.1%, respectively. The lowest densities were observed at 35 weeks, when the dry density of
mortar with CGT-GO remained 0.6% above the control, while the dry density of mortar with Lab-GO decreased
by 0.1% compared to the control.
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Compressive and tensile strength of cement mortar

Table 2 shows that the compressive strengths decrease with increasing GO age. The 7-day and 28-day
strengths of Lab-GO mortar are above the control until the 15th week by 0.76% and 3.86%, respectively. Till
about 15 weeks, the compressive strengths (28 days) are about the same for both Lab and CGT-GOs. However,
afterwards, the performance of Lab-GO dropped below the control (by 26% at 35 weeks), while the CGT-GO-
added mortar’s 7-day and 28-day compressive strengths reached similar levels to the control.

Table 2 presents the 7-day and 28-day compressive strengths of Lab GO and CGT GO dispersions added to
cement mortar at different ages, along with their standard deviations. It is evident that the compressive strength
decreases with increasing GO age, but indicates a long-term asymptotic value. The 7-day and 28-day strengths of
Lab GO mortar are above the control until the 15th week by 0.76% and 3.86%, respectively. Till about 15 weeks,
the compressive strengths (28 days) are about the same for both Lab and CGT GOs. However, after 35 weeks,
the performance of Lab GO dropped below the control (by 26%), while the CGT GO-added mortar’s 7-day and
28-day compressive strengths reached levels similar to those of the control.

Figure 11 shows that an exponential decay model fitted the experimental data well, with R? values of 0.95 for
the Lab GO 28-day and CGT GO 7-day samples, and 0.86 for the CGT GO 28-day samples. The Lab GO 7-day
data showed a weaker fit due to experimental variability, yet provided critical insights into GO ageing behavior.
Overall, Lab GO showed superior initial performance but faster degradation than CGT GO, which maintained
a reasonable enhancement throughout the study period compared to the control.

The exponential decay model (y=a + b*e(-ct)) fitted well with the experimental data, with R2 of 0.97 for the
CGT GO 7-day, 0.87 for the Lab GO 28-day, and 0.82 for the CGT GO 28-day samples, as shown in Fig. 11. The
Lab GO 7-day data showed a weaker fit due to experimental variability, yet provided critical insights into GO
ageing behavior. Overall, Lab GO showed superior initial performance but faster degradation compared to CGT
GO, which maintains a reasonable enhancement throughout the study period, compared to the control.

The Lab GO 28-day showed an exceptional early-age performance with an initial enhancement of 42.10
MPa, but degrades rapidly, as indicated by the high decay rate resulting in a short half-life of 5.8 weeks. The
lower asymptotic strength (18.5 MPa), which is below that of the control, suggests that the age of the GO has a
detrimental effect on the strength of the mortar with Lab GO. The behavior of Lab GO 7-day further validates the
findings with a lower asymptotic strength of 12.0 MPa, which is 35% below the 7-day control. In contrast, CGO
GO 28-day demonstrated a more sustainable behavior with a strong initial enhancement (32.46 MPa). CGT-GO
maintains a noticeable enhancement in compressive strength throughout the study period, without showing
detrimental behavior when aged, with an asymptotic strength of 26.15 MPa, which is identical to the control.
Similarly, CGT-GO 7-day exhibited a significant initial enhancement, which decreases gradually, maintaining a
near-control asymptotic strength. The 15-week threshold identified in the study for Lab GO samples is further
validated by model fit, as the strength drops near the control level for both samples.

The enhanced initial performance of Lab GO is due to the high density of functional groups that provide
nucleation sites. However, this is countered by low functional group stability. These groups deteriorate with age,
resulting in agglomeration that disturbs hydration kinetics, particularly at early ages, and forms weak places
in the cement matrix. Conversely, CGT-GO maintained its effectiveness over the study period with noticeable
enhancement in the mortar strength. The differences in the ageing behavior are due to the functional group
stability of the CGT GO, with more stable oxygen-containing groups, and the ability of CGT GO to maintain
cement hydration nucleation sites effectively with ageing.

The reason for the strength change lies in the number of oxygenated functional groups, as indicated by
GO’s C/O ratio and its defect (ID/IG) ratio. Lab-GO is less stable than CGT-GO, leading to a significant drop
in oxygen functional groups, as shown in Table 1 and discussed in the Section. 4.3. In addition, the intensity of
defects increased in Lab-GO with time compared to CGT-GO, as noticed in the previous sections. More defects
and fewer nucleation sites reduced compressive strength with age in both GOs. However, the CGT-GO-added
mortar performed better than the Lab-GO-added mortar despite the strength drop, as the GO is more stable.

Figure 12 illustrates the splitting tensile strengths of Lab-GO and CGT-GO-added cement mortar with
varying ages (4 weeks to 35 weeks). At early ages (until about 13 weeks), tensile strength is higher than the
control, and after 13 weeks, it decreases. Compared to the control (W/CM 0.6) in Fig. 12, the maximum strength

Lab GO CGT GO

7-day+SD | 28-day+SD | 7-day+SD | 28-day+SD
GO Age (weeks) | (MPa) (MPa) (MPa) (MPa)
4 24.63+0.84 | 42.31+0.79 |28.15+1.33 | 35.43+1.25
7 23.06+0.45 | 38.84+0.94 |27.18+0.80 | 34.70£1.72
10 24.80+1.25 | 32.61+1.24 |2490+1.89 | 33.63+£1.61
13 23.41+1.21 [31.45+1.99 |22.58+0.85 | 31.52+1.49
15 18.56+£1.25 | 27.40+£1.70 | 22.21+2.43 | 30.26+0.94
18 14.47+£1.17 | 22.05£0.79 | 19.42+0.49 | 26.42+1.25
28 13.08+0.65 | 19.24+2.16 | 18.48+0.51 | 26.65+0.57
35 13.64+£0.55 | 19.81£1.02 | 18.19+0.21 | 26.18+0.28
Control 18.42+1.32 | 26.38+1.72 | 18.42+1.32 | 26.38+1.72

Table 2. Compressive strengths of GO-added mortar for different GO ages.
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is observed at 10 weeks (by 60.7%) in CGT-GO, while with Lab-GO, the peak strength is observed at 13 weeks
(by 52.9%). Greater improvement is observed when GO has more nucleation sites, resulting in more hydration
products. Till the 15th week, the tensile strength of Lab-GO is above the control by 16.4%, and subsequently, the
strength drops, reaching 1.07 MPa in the 35th week. However, despite the drop after 13 weeks with CGT-GO,
the splitting tensile strength was still above the control by 2.14% (35th week). After 18 weeks, the performance
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of the CGT-GO-incorporated mortar remained almost constant. CGT-GO performed better than Lab-GO due
to fewer defects and a more uniform arrangement of the material during production.

The radar chart (Fig. 13) presents the 28-day compressive strengths of cement mortars with varying C/S
cement sand ratios (1:3, 1.25, 1.2, and 1:1.15) and the compressive strengths of Lab-GO and CGT-GO-added
mortar at a C/S ratio of 1:3. With increasing cement content (or decreasing C/S ratio), the compressive strengths
increase. The compressive strengths of 13-week GOs lie within the strengths of C/S ratios 1:2.5 and 1:2. However,
the GO-added mortar was prepared with a C/S ratio of 1:3. The introduction of 0.03% Lab-GO and 0.03% CGT-
GO in 1:3 (C/S) mortars obtained strengths similar to those obtained with C/S 1:2. Therefore, the addition of
Lab-GO and CGT-GO decreased the amount of cement required to achieve the same strengths by almost 41.3%
and 33.8%, respectively.

Water absorption of GO-enhanced cement mortar

Figure 14 displays the absorption rate (in %) of Lab and CGT-GO-incorporated samples relative to the control
at different ages. Positive values indicate absorption above the control sample, while negative values indicate
lower absorption. Compared with the control, the water absorption rate increased with GO ageing. The peak
performance of mortar with Lab-GO is observed at 4 weeks (-20.69%), while the worst is at 35 weeks (12.33%).
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The absorption rate of CGT-GO-added mortar was higher than that of Lab-GO at 18, 28, and 35 weeks of age, as
CGT-GO is more stable and less affected by ageing. The poor water absorption in aged GO-incorporated mortar
is due to the porous cement matrix, leading to fewer hydration products. The formation of hydration products
depends on the number of nucleation sites present on GO.

Strength of GO-enhanced mortar at high temperatures

The compressive strengths of mortar with Lab-GO (10 weeks) and CGT-GO (10 weeks) exposed to different
temperatures (200 °C, 300 °C, and 400 °C) apart from room temperature (25 °C) for a period of two hours are
displayed in Fig. 15. Overall, like the control mortar, the compressive strengths of all samples increase at 200
°C and decrease at 300 °C and 400 °C. At 200 °C, the strengths increased by 1.84% and 1.49%, in Lab-GO-and
CGT-GO-added mortar, respectively. These results are observed because internal steam hydrates the unreacted
cement particles, thereby improving compressive strength. At higher temperatures, such as 300 °C and 400 °C,
strength reductions of 3.7% and 14.7% were observed for mortar with Lab-GO and 7.1% and 14.6% for CGT-
GO—the decrease in strength results from the loss of hydration products.

Figure 16 shows the indirect tensile strength of 0.03% Lab-GO and CGT-GO-added mortar samples at
different temperatures (200 °C and 400 °C) alongside the results for room temperature (25 °C). All mortar
samples with GO, similar to the control, decreased in tensile strength once exposed to higher temperatures. No
increase in tensile strength is observed at 200 °C, unlike the behaviour observed for compressive strength. At
200 °C and 400 °C, the splitting tensile strengths dropped by 34.1% and 39.1% for mortar with Lab-GO and by
25.3% and 40% for mortar with CGT-GO. The reduction in tensile strength is due to the loss of mass from the
hydration products.

Morphological characterization of GO-added cement mortar

Figure 17a and b show the SEM images of multilayered Lab-GO and CGT-GO. GO sheets are widely spread, as
no mechanical grinding was performed on either GO. As shown in Fig. 17a, torn sheets occur during drying
and sample preparation. The damaged areas of GO display the multiple GO layers, while the crumpled areas on
the graphene’s surface indicate oxygenated functional groups. SEM image of CGT-GO shown in Fig. 17b shows
wavey GO sheets like in Lab-GO*.

Figure 17c and d display the SEM images of the control mortar and the Lab-GO-added cement mortar,
respectively. Based on the elemental composition of the mortar obtained via EDX, the hydration products
displayed on the SEMs are labelled. SEM of control mortar shown in Fig. 17c represents excess delayed ettringite
crystals (spike-like structure) attached to calcium silicate crystals (CSH). In the presence of GO in cement
mortar, CSH has increased, and the delayed ettringite has decreased?’.

The TGA curves in Fig. 18 show the weight reduction of the control, Lab-GO, and CGT-GO-added cement
mortars when exposed to higher temperatures. These TGA curves and the data summarised in Table 3 clearly
show that the mass loss of the control sample is greater than that of the GO-added samples. The weight losses
at 150 °C and 491 °C are more significant. The weight loss at 150 °C corresponds to the decomposition of CSH
and ettringite, and the loss of CH (calcium hydroxide) is demonstrated at 491 °C. The weight loss of CSH and
ettringite (at 150 °C) with control mortar, Lab-GO aged 7 weeks, Lab-GO aged 28 weeks, CGT-GO aged 10
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Fig. 15. 28-day Compressive strength of GO-enhanced mortar at different temperatures and GO ages.
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weeks, and CGT-GO aged 28 weeks was 9.4 %, 3.6 %, 4.1%, 3.3 %, and 4.3 %, respectively. Decomposition
of CH in control was 15.7%, while in Lab-GO of 7 weeks, Lab-GO of 28 weeks, CGT-GO of 10 weeks, and
CGT-GO of 28 weeks, it was 7.2%, 8.6%, 7.2%, and 8.9%, respectively. Due to the organised arrangement of
hydration products in GO-added mortar, thermal stability has increased, leading to lower decomposition of
CSH, ettringite, and CH than in the control. Early aged commercial GOs and Lab GOs were more thermally
stable than older samples.

The BET analysis was performed on control mortar and mortar with 0.03% Lab-GO and CGT-GO. The BET
surface area of cement mortar (25.18 m?/g) increased to 36.77 m2/g upon the addition of 0.03% Lab-GO. The
control mortar’s total pore and micropore volumes were estimated at 0.047 cc/g and 0.010 cc/g, respectively.
Meanwhile, with 0.03% fresh Lab-GO mortar, the total pore volume remained unchanged (0.047 cc/g), but the
micropore volume increased marginally to 0.011 cc/g. Furthermore, the pore radius of mortar with 0.03% Lab-
GO and control mortar was the same (1.54 nm). The total pore volume comprises mesopores and micropore
volumes, so an increase in the volume of micropores decreases the volume of mesopores. This was due to higher
levels of hydration products in cement mortar containing 0.03% GO compared with control mortar. More
hydration products strengthen the cement matrix, requiring more energy for failure. Hence, the mechanical
strength of 0.03% GO-containing mortar has improved.

Incorporation of Lab-GO and CGT-GO into cement mortar impacts the surface area, total pore volume,
and mean pore radius, as shown in Table 4 and Fig. 19. Adding 4-week- and 10-week-old CGT-GO increased
the surface areas by 27.4% and 18.7%, respectively, and slightly decreased the pore volume by 4.3% and 6.4%,
respectively. The average pore radius was lower than the control with 4-week-old CGT-GO (- 8.4%) and
10-week-old CGT-GO (- 3.9%). The incorporation of 7-week-old Lab-GO increased the surface area by 38.2%,
raised the total pore volume by 21.3%, and dropped the average pore radius by 20.1%. However, adding 18-week-
old Lab-GO decreased the surface area and void volume by 20.4% and 8.5%, respectively, while the mean pore
size increased by 6.1%. The general tendency observed is that the surface area remains above the control up to
10 weeks of age for CGT-GO, while for Lab-GO, the surface area decreased below the control for 18-week-old
GO.

The surface area of cement generally increased with the incorporation of GO due to GO’ high surface
area and its ability to serve as nucleation sites for cement hydration, leading to the formation of more C-S-H.
Further, a large surface area increases the absorption of water and cement, improving hydration and forming
a more extensive C-S-H network, which in turn increases the internal surface area. The total pore volume is
expected to decrease at the optimal GO dosage, resulting in a denser, more compact microstructure. The volume
of mesopores decreases due to the pore refinement and densification, while that of micropores increases with
the incorporation of the optimal GO weight. GO serves as a template for C-S-H growth, filling micropores
and controlling crack propagation. Further, GO is embedded in the cement matrix, and during this process, the
larger pores are converted into micropores.

The crystallography of control mortar, Lab-GO, and CGT-GO-modified cement mortar was studied via
X-ray diffraction (Fig. 20). The peaks display the key hydration products of cement mortar, including sand
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Control 9.4 15.7
Lab-GO—7 weeks 3.6 7.2
Lab-GO—28 weeks | 4.1 8.6
CGT-GO—10 weeks | 3.3 7.2
CGT-GO—28 weeks | 4.3 8.9

Table 3. Weight loss of cement mortars at 150 °C and 491 °C.

Surface area (m?%/g) | 25.18 32.083 29.886 34.803 20.032

Table 4. Surface areas of control cement mortar and mortars with CGT-GO and Lab-GO.
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Fig. 19. Total pore volume and average pore radius of 0.03% CGT-GO (4 and 10 weeks) and 0.03% Lab-GO (7
and 18 weeks)added cement mortar.

(Si0,). The presence of early-age GO (7-week Lab-GO and 10-week CGT-GO in mortar significantly increased
CSH peaks, with the most prominent peaks appearing at 27.0°, 29.5°, and 55.0°. The control mortar and the
28-week-old CGT-GO added mortar showed similar ettringite peaks at 8°, whereas the 28-week-old CGT-GO
showed an additional peak at 23°.

Discussion
The improved performance of cement composites is attributed to the number of oxygenated functional groups,
as indicated by GO’s C/O ratio and its defect (ID/IG) ratio. Based on FT-IR results, CGT-GO contains more
hydroxyl and carboxylic groups than Lab-GO. Carboxylic groups are stable compared to hydroxyl groups. Lab-
GO is unstable compared to CGT-GO due to lower carboxylic groups, but both have similar depletion rates of
oxygen functional groups, as shown in Table 3. In addition, the intensity of defects and disorder increased in
Lab-GO with time compared to CGT-GO, as determined via Raman spectroscopy. Both Lab-GO and CGT-GO
are multilayered and highly crystalline in nature.

Based on existing studies and SEM images (Fig. 3c and d), it can be confirmed that oxygen functional groups
serve as nucleation sites and form a backbone for the arrangement of calcium silicate hydrates (CSH)*¢-*8. CSH
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Fig. 20. XRD spectra of control mortar and mortar with 0.03% Lab-GO and 0.03% CGT-GO at different ages.

is the main hydration product of cement, impacting the strength of cement composites. Introducing early-aged
GOs (before 13 weeks of age) into cement mortar significantly enhanced the compressive and tensile strengths
due to higher nucleation sites (oxygen-functional groups) and lower disorder. Additionally, the absorption rate
is lower than that of the control, indicating fewer voids in the cement matrix. However, the BET results of
cement mortar with early-aged GO showed decreased average pore radius due to increased surface area, and
the impact from total pore volume was insignificant. Aged Lab-GO and CGT-GO (after 15 weeks of age) have
more defects and fewer nucleation sites, which decrease the strengths and raise the absorption rate when added
into the mortar. The incorporation of aged GOs into mortar increased the mean pore radius and reduced the
surface area, as determined by BET analysis. In addition, mortar samples with aged GOs have ettringite peaks
(in XRD analysis), while early-age GO-containing samples lack ettringite peaks. Ettringite is a weaker hydration
product compared to CSH. The aged GO-containing mortar contains ettringite and CSH peaks, confirming the
reason for the decreased strength. However, with age, the performance of Lab-GO and CGT-GO-added mortars
decreased. Still, the overall performance of CGT-GO added cement mortar performed better than that of Lab-
GO, despite the drop in strength, as the CGT-GO is stable. Regardless of the reduced mechanical performance
of mortars with older GO, all cement mortar samples remained thermally stable at higher temperatures, as
indicated by TGA results; the hydration products formed are thermally more stable than those in the control
sample.

The expiry period for each type was determined based on the mechanical properties of Lab-GO and CGT-
GO (of different ages) and the added cement mortar. However, the compressive and splitting tensile strengths of
both GO-added cement mortars decreased with the ageing of GO. Still, their performance was at a peak during
the early ages. Hence, an expiry period of 13 weeks can be marked on Lab-GO and CGT-GO, considered in this
study. As the properties of GOs depend significantly on manufacturing processes, it is essential to note that GO
from other sources may exhibit different behaviours. Hence, to validate this claim, more data should be obtained
to confirm the mentioned shelf life.

Conclusions

This study confirms that the carbon-to-oxygen ratio (C/O), the disorder of graphene oxide sheets, and the
number of layers govern the performance of cement composites. With the ageing of GOs (especially after
15 weeks), the performance of cement mortar decreases, ultimately reaching properties similar to those of the
control mortar. Incorporation of early-aged Lab-GO and CGT-GO (up to 10-13 weeks) increased the 28-day
compressive strength of both GOs by 20% and the splitting tensile strengths of both GOs by slightly above 50%.
In general, the addition of Lab-GO and CGT-GO of any age improves the thermal stability of cement mortar. To
achieve the benefits of nanomaterial incorporation, GO must be added to cement mortar before the GO reaches
13 weeks of age. The 13-week shelf life of Lab-GO and CGT-GO is determined based on a small sample size and
depends on the GO production method and the environments to which they are exposed. Hence, to confirm
the shelf life of GO, additional data are needed. Future research should concentrate on improving the chemical,
thermal, and long-term stability of GO by tailored surface functionalization, effective reduction methods, and
the production of protective composite frameworks.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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