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ABSTRACT

The impact of graphene oxide (GO) on the hydration process, calcium silicate hydrate
(C—S—H) gels structure, and macro-mechanical properties were systematically researched
by combinatorial techniques. Findings from 2°Si MAS-NMR and nitrogen adsorption (BET)
revealed that the effect of GO on the hydration degree of the cement paste, and the main
chain length (MCL) is more pronounced at advanced ages (from 28 days), due to its act as
a nucleation site. Moreover, the results of Raman spectroscopy tests showed that GO has a
strong interaction with the cement matrix. Due to the increase in the degree of hydration,
the lengthening of the chain length (MCL), and the formation of strong bonds, both compres-
sive and flexural strength tests also improved. Therefore, the effect of GO as a nucleation
site has a positive effect on the cement paste nano-properties at advanced ages.
© 2024 Published by Elsevier Espaiia, S.L.U. on behalf of SECV. This is an open access
article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Efecto del 6xido de grafeno en el proceso de hidratacién y las propiedades
macro mecanicas del cemento

RESUMEN

El impacto del 6xido de grafeno (GO) en el proceso de hidratacién, la estructura de los geles
de silicato de calcio (C—S—H) y las propiedades macro mecdnicas, se investigd sistemati-
camente mediante técnicas combinadas. Los resultados de la resonancia magnética (RM)
de silicio de ?°Si y la adsorcién de nitrégeno (BET) revelaron que el efecto del GO en el
grado de hidratacién y la longitud de cadena media (MCL) de la pasta de cemento es més
pronunciado a edades avanzadas (desde los 28 dias) debido a su funcién como sitio de
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nucleacién. Ademads, los resultados de los ensayos de espectroscopia Raman mostraron que

el GO tiene una fuerte interaccién con la matriz de cemento. Debido al aumento del grado de

hidratacién, el alargamiento dela MCL y la formacién de enlaces fuertes, también mejoraron

tanto la resistencia a la compresién como las de flexién. Por lo tanto, el efecto del GO como

sitio de nucleacién tiene un efecto positivo en las nano propiedades de la pasta de cemento

en edades avanzadas.

© 2024 Publicado por Elsevier Espaia, S.L.U. en nombre de SECV. Este es un articulo

Open Access bajo la licencia CC BY-NC-ND
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Nanotechnology is a growing area of science and engineer-
ing that seeks to understand and manipulate matter at the
nanometer scale [1]. Consequently, it is regarded as one of
the most promising research areas in several sectors, includ-
ing building materials. In recent years, the advanced state
of nanotechnology has paved the way for nanomaterials as
the most reliable way to enhance cement composite per-
formance such as strength and durability [2]. Overall, two
significant mechanisms have been highlighted for improving
the cement composite performance through the incorporation
of nanomaterials. First, nanomaterials with a high specific sur-
face area may serve as hydration products nucleation sites,
resulting in an acceleration of the hydration process and the
generation of more hydration products such as (C—S—H) gel,
therefore achieving the desired results [3,4], since the (C—S—H)
gel is the main component that contributes significantly to
the cohesion and strength of cement composite [5]. Second,
nanomaterials can plug and seal the pores in cement, making
it more compact [6,7].

Several research findings have shown that including nano-
materials can achieve better strength and durability of cement
composites to varying degrees. For example, nano-silica (n-
Si0,) can enhance the hydration degree, especially early due
to its nucleation effect and the pozzolanic reaction [8,9].
Nano-alumina (n-Al,03) may provide more surface area for
precipitation and the development of hydration products due
to its high specific surface area [10]. Carbon nanotubes (CNTs)
may lower the porosity of Portland cement since it can func-
tion as a filler between hydration products [11,12].

The graphene oxide (GO) nanomaterial has attracted the
interest of many researchers as a viable nano-strengthening
agent in cement composites [4,6,13,14]. GO contains oxy-
genated functional groups, such as hydroxyls and epoxides
at the basal plane and carbonyls and carboxylates at the
edge. These functional groups facilitate its dispersion in aque-
ous solutions. This remarkable property, coupled with its
outstanding mechanical properties, renders GO a promising
and versatile nanomaterial for enhancing the performance of
cementitious composites [15].

Most studies are focused on the mechanical strength and
durability of GO-modified cement such as concrete mortar
and paste. Mokhtar et al. [7] showed that when 0.02% GO
nanoplatelets were added to cement paste, the compressive
strength grew by 13% while the indirect tensile strength rose
by about 41% when 0.03% was added, compared with the refer-

ence sample. Gong et al. [16] showed that the admixture of GO
nanosheets at 0.03% in cement paste increases the compres-
sive and tensile strength by more than 40% and decreases the
overall porosity of the cement paste. According to Pan et al.
[13] cement composites compressive and flexural strengths
are increased by 33% and 58%, respectively, when 0.05% GO is
added.

In this context, more rigorous research at the nanoscale
is needed to research the function of GO in the hydration
process of cement composites and to establish the source
of macro-level enhancements or constraints. According to
the above-cited study of Pan et al. [13], the mechanical
strength of GO-modified cement composite can be enhanced
owing to the ability to react carboxylic acid groups with
(C—S—H) gel to generate strong covalent bonds and may also
increase of (C—S—H) gel specific surface area. The study by
Lin et al. [4] has shown the significant role of GO in stimulat-
ing the cement hydration process, as the oxygen-containing
functional groups of GO serve as adsorption sites for both
water and cement components as well as seeding sites for
cement hydration products. Furthermore, nuclear magnetic
resonance 2°Si MAS-NMR studies on tricalcium silicate (C3S)
conducted by Kang and Yang [17,18] showed that adding GO
in different proportions increased the hydration degree but
no change was noticed in GO-modified cement paste struc-
ture.

However, according to contradicting research, GO had no
substantial influence on the hydration of cement. As stated by
Wang et al. [19] GO does not enhance the process of hydration
but affects the hydration product morphology and crystalliza-
tion. Horszczaruk et al. [20] also showed that the incorporation
of GO into the cement has no strong effect on the hydration
process. Additionally, the GO-modified sample had a nearly
similar morphology to the reference material, which means
that the crystal phases were retained when GO was incorpo-
rated.

This research aims to elucidate the role of GO in the
performance of cementitious materials. The influence of GO-
modified cement paste on the hydration kinetics and the chain
structure of calcium silicate hydrate (C—S—H) was investigated
by means of 2°Si MAS-NMR characterization method. Addi-
tionally, Raman spectroscopy was employed to explore the
possible interactions between GO and the hydration products
of cement. Moreover, the impact of GO on the specific sur-
face area of C—S—H gel was assessed by nitrogen adsorption
technique. Based on the results acquired at the nanoscale, the
metrics for boosting the mechanical properties of GO-modified
cement mortar are also detailed in this study.
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Table 1 - Chemical composition of Portland cement used by XRF (wt.%).

Wt.% Al,03 SiO, CaO Fe, 03 K,0
CEM I 5.03 20.5 61.5 3.20 1.05

MgO Na,0 TiOQ P,0s SO3 Lol
1.45 0.15 0.25 0.19 3.35 2.39

Note. Lol: loss on ignition; XRF: X-ray fluorescence.

Table 2 - Chemical composition of GO (www.graphenea.com).

Carbon Hydrogen

Nitrogen

Sulphur Oxygen

49-56 0-1 0-1

0-2 41-50

Fig. 1 - GO-water suspension prepared.

Materials and methods
Materials

The cement used in this study was ordinary Portland cement
I 52.5R, and its chemical composition is shown in Table 1.
A GO commercial solution with a concentration of 4 g/l was
used. Table 2 shows the chemical composition of GO. Fur-
thermore, CEN-NOMRSAND standardized sand was used for
mortar, according to the EN 196-1 standard [21], arranged in
bags with 1350 +5 g content.

Preparation of GO-water suspension

This study utilized a GO solution with a concentration of 0.05%
(by mass of cement). A control batch without GO (0% GO)
was also prepared for comparative purposes. The two dosages
were denoted as BDGO_0 and BDGO_05, respectively, indicating
‘Basic Dilution of Graphene Oxide’ (Fig. 1 shows the prepared
solutions). The volume of the GO solution corresponding to the
weight of the dose was pipetted into a pipette and then poured
into the distilled water. Next, the solution was stirred with a
magnetic stirrer for 5min at a rotational speed of 800 rpm. It
is important to mention that in the preparation of the cement
paste and mortar, graphene oxide (GO) was added to the mix-
ture without reducing the total weight of the cement. The
weight of the GO used is so small that it does not significantly
affect the overall mass of the cement. Therefore, adding GO
supplements the cement rather than replacing any part of it.

Preparation of GO-cement paste

Once the dose of GO-water was prepared, the dose was placed
in an automatic rotary mixer containing the required cement
(Table 3 lists the mix proportions of the GO-modified cement
paste, with a constant 0.5 w/c ratio). The kneading process
starts at a low speed and lasts 90s. After a 30-s pause, the
paste was mixed again at low speed for 90s. After the mix-
ing process was completed, the cement paste was poured into
molds in the form of a prismatic bar (10 mm x 10 mm x 60 mm)
in two layers, each layer being compacted with 60 strokes.
Lastly, the mold was covered with a plastic sheet and placed
in a curing chamber with controlled ambient conditions
(20+£2°C/RH>95%). All samples were de-molded after 24h
and kept in the curing chamber at the same conditions until
the test day.

Preparation of GO-cement mortar

To test the mechanical properties (compressive and flexural
strength), cement mortar named MBDGO_0 and MBDGO_05
were prepared following the European standard EN 196-1:2018
[21]. The prepared GO-water solution was placed in the mixing
bowl along with the required cement (Table 3 lists the mix pro-
portions of the GO-modified cement mortar with a constant
0.5 w/c ratio). The process of mixing began at a slow rate for
30s, followed by a consistent addition of sand for a further
30s, then a 90-s pause, after which the mixing process recom-
menced at a rapid pace for 60s. After completion of the mixing
process, the fresh mixture was poured into prismatic molds
(160mm x 40mm x 40mm) in the form of two layers, each
layer was compacted with 60 strokes, then the mixture was
covered with plastic sheet and the molds were kept in the cur-
ing chamber under ambient conditions (2042 °C/RH >95%).
All samples were de-molded after 24 h and stored in the curing
chamber for different times until testing.

Characterization techniques

29Si magic angle spinning nuclear magnetic resonance 2Si
MAS-NMR

295i MAS-NMR was performed on crushed cement paste sam-
ples (BDGO_0 and BDGO.05) at 7, 28 and 90 days using a
Bruker Spectrometer model AV400 MHz WB with a resonant
frequency of 79.5MHz, spinning speed of 10kHz and 4ps
for pulse width. Chemical shifts of 2°Si were referenced to
tetramethylsilane (TMS) at O parts per million (ppm). The
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Table 3 — Mix proportions of cement paste and mortar.

Mix proportion Cement (g) Sand (g) w/c Water content (ml) GO (%) GO (mg)
Distilled water GO dispersion 4 g/1 Total water
Cement paste
BDGO.0 450 - 0.5 225 0 225 0 0
BDGO.05 450 - 0.5 168.75 56.25 225 0.05 225
Cement mortar
MBDGO.0 450 1350 0.5 225 0 225 0 0
MBDGO_05 450 1350 0.5 168.75 56.25 225 0.05 225
data were processed using the commercial NMR software a) b) . 5
MestRenova, and the curve generated was constrained by the o ¢
Gauss-Lorentz function. 2 l l
0! 0¥ 0¥ or o

BET

Nitrogen adsorption test was performed on crushed cement
paste samples powder (BDGO_0 and BDGO_05) at 28 days to
determine the specific surface area as well as the pore size
distribution. The samples were degassed for 2 h at 90 °C before
analysis to remove water and organic vapor, roughly 0.5g of
powder was measured from each cement paste sample. The
specific surface areas of cement samples were evaluated using
the Brunauer-Emmet-Teller (BET). The BET study relies on the
amount of N (nitrogen) gas adsorbed at different partial pres-
sures (from 0.01 to 0.30 P/Py).

Raman spectroscopy

Confocal Raman spectroscopy was used to assess whether GO
and cement gel (C—S—H) form an interaction at 28 days of cur-
ing. The experimental Raman spectra were obtained using a
Witec Micro-Raman Confocal coupled with an AFM (ALPHA
300RA), with a Nd:YAG laser excitation at 532 nm (green laser)
and an oil immersion 100 objective (NA =0.9). The laser power
used for the measurements was as low as 0.7 mW to minimize
as much as possible the heating effect over the powders due to
the high absorption of GO powders. The optical resolution of
the confocal microscope was limited to 200 nm in the lateral
direction and to 500 nm in the vertical direction.

Raman spectral resolution of the system is down to
0.02cm~!. The microscope base was also equipped with
an active vibration isolation system, active in the range of
0.7-1000 Hz. The acquired spectrum was processed and ana-
lyzed using the WITec Project 2.02 program, which allows a
specific, sensitive, immune to interferences and non-intrusive
analysis of crystals and provides a method for characterizing
chemical properties of heterogeneous samples, with greatres-
olution and rapid data. The duration for spectrum collection
was 10s and the laser spot size was 50 pm. The spectra were
scanned across a range of 100cm~? to 3700 cm 1.

Macro-mechanical strength

Flexural and compressive strength testing of GO-modified
cement mortar samples (MBDGO.0 and MBDGO.05) was
carried out using a three-point bending machine (Ibertest
C1B1400) and a hydraulic machine (Ibertest model HIB 150),
respectively, with 40 mm x 40 mm x 160 mm prismatic speci-
mens at2, 7,28 and 90 days, following the procedures specified
in the standard EN 196-1: 2018 [21]. The average flexural
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Fig. 2 - Schematic diagram of silicate chain. (a) Dimeric and

(b) octameric.
Adapted from Ref. [26].

strength was obtained after conducting a test of three samples
for each type and the remaining two halves of each sample of
flexural test were used to test the compressive strength and
calculate the average.

Results and discussion
293i MAS-NMR analysis

The hydration degree and (C—S—H) gel structure of crushed
cement pastes (BDGO-0 and BDGO_05) were determined using
295i MAS-NMR spectroscopy after 7, 28, and 90 days of curing
to obtain a deeper insight into (C—S—H) gel, which is the main
hydration product contributing to the cohesion and strength
of cementitious materials [5]. Furthermore, this allows for the
observation of GO-induced changes in the (C—S—H) gel struc-
ture. According to Taylor’s research [5], the (C—S—H) gel is a
poorly crystalline product with a tobermorite-like structure,
which is composed of a layer of CaO and two silicate tetrahe-
dral chains, where the structural alterations in (C—S—H) gel is
mainly caused by the change in the peak intensity and chem-
ical shifts.

According to the findings of prior studies. Q" species silicate
structures (n=0-4), where Q denotes the silicate tetrahedron
and n denotes the number of oxygen atoms interacting with
nearby tetrahedrons, according to Fig. 2. The shift around —68
to —74 ppm is associated with Q° which represents the tetra-
hedral silica of unreacted C,S and Cs3S in the cement paste.
The shift located between —76 to —80 ppm is Q', representing
the end of silicate tetrahedra. As well Q? at —81.5 to —85.5 ppm
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(a) BDGO 0 at 7 days (b) BDGO _05 at 7 days

0’ 0'

-66 -68 70 - 74 76 -78 80 -82 -84 -86 -8 -90 -92 66 -68 -0 -2 74 76 78 S0 82 £ -86 8 L

(c) BDGO_ 0 at 28 days (d) BDGO 05 at 28 days

64 66 -8 -0 -2 -74 -% -78 80 -82 -84 86 -8 90 92
pem

(e) BDGO_0 at 90 days () BDGO_05 at 90 days

Fig. 3 - Deconvoluted 2°Si MAS-NMR spectra of BDGO_0 and BDGO_05 at 7, 28, and 90 days: (a, ¢, €) BDGO_0; (b, d, f) BDGO_05.
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Table 4 - Deconvolution results of 2°Si MAS-NMR spectra at 7, 28, and 90 days.

Sample Q (%) Q' (%) Q* (%) Q* (%) a (%) MCL
7 days
BDGO-0 43.53 34.05 8.97 13.45 56.47 3.32
BDGO_05 44.94 34.65 9.20 11.21 55.06 3.18
28 days
BDGO-0 28.56 46.81 9.59 15.04 71.44 3.05
BDGO-05 26.70 44.76 12.06 16.48 73.30 3.28
90 days
BDGO.0 26.33 47.42 10.68 15.57 73.67 3.11
BDGO_05 23.81 44.75 13.71 17.73 76.19 3.41

approximately, represents the center site of the silicate chain,
Q? may be further split into the bridging and pairing sites Q%
and Q% respectively [22]. In this study, comparable results to
previous studies were obtained [17,18,23]. As shown in Fig. 3,
all absorption peaks for both samples (BDGO_0 and BDGO_05)
are situated at the same position which means that in both
samples there are identical elements of the (C—S—H) gel com-
ponents. Furthermore, the changing peak intensities highlight
the variation in the chain structure, from the tabulated data
obtained from the curves, using the integral peaks intensities
Q". The mean chain length (MCL), and the hydration degree («)
of (C—S—H) gel were estimated based Egs. (1) and (2), respec-
tively [24,25].

2 1 2b 2p

meL = 2@ +Q% +Q%) (1)
Ql + QQb + Q2p

a:Q0+Q1+Q2b+Q2PX1OO 2

From the results shown in Table 4, it can be seen that
at 7 days the hydration degree («) together with the main
chain length (MCL) of BDGO.-0 was higher than BDGO_05. The
reason may be related to the large specific surface area and
hydrophilic nature of GO. At the beginning of mixing, GO
absorbs a certain quantity of water, resulting in a deficiency
of water required by the cement for the reaction.

These researchers [27-29] revealed in their studies that the
interlayer spacing of GO influences water absorption in several
ways. They demonstrated that inserting oxygen functional
groups into GO increases the interlayer spacing distances,
which may enhance its absorption capacity. Therefore, since
cement paste containing GO had less water, certain cement
particles did not fully react and remained unhydrated. Con-
sequently, the hydration process is slowed. The research
conducted by Li et al. [30] yielded comparable findings. They
affirmed that GO inhibits a certain way in the hydration pro-
cess at early age due to its absorption of water, which leads to
a decrease in the cement hydration degree.

At 28 and 90 days, the hydration degree and main chain
length (MCL) of BDGO.05 improved compared with BDGO.0.
The hydration degree of BDGO.05 raised by 2.54% and 3.31%
at 28 and 90 days, respectively, compared with BDGO.0. Fur-
thermore, BDGO_05 exhibited greater main chain lengths of
7.01% and 8.80% at 28 and 90 days, respectively, compared with
BDGO.0.

More detailed: first, the improvement in the hydration
degree of BDGO_05 at an advanced age, can be attributed to
the gradual release of water held between GO sheets over time.
Moreover, the released water reacts with the cement compo-
nents, to form more hydration products such as (C—S—H) gel,
on top of the GO surface. Therefore, an increase in the degree
of hydration was observed compared to the reference sam-
ple. It is also feasible, that the (C—S—H) gel formation may
occur in GO interlayers, whereby, as mentioned previously, an
amount of water can be stored between the GO layers. There-
fore, a hydration process can occur inside GO, and a formation
of (C—S—H) gel on top of the GO layers. This is known as the
effect of GO as a nucleation site. These improvements stem
not only from GO’s nucleation effect but also from its ability
to serve as the internal curing effect of GO after long-term
hydration. Due to its large surface area and hydrophilic oxy-
gen functional groups, GO acts as a water reservoir within
the cement paste, preventing free water from evaporating too
quickly. As the hydration process continues, and free water
becomes less available, GO gradually releases its stored water
to ensure continuous hydration [31,32]. This hypothesis can be
corroborated, by a considerable drop in the Q° peak intensity
with increases in the intensity if Q!, Q2 and Q% peaks, in the
BDGO_05 sample compared with the BDGO_0 sample at 28 and
90 days. Therefore, indicates that more alite (C3S) and belite
(C2S) were consumed and hydrated to produce more (C—S—H)
gel. As a result, the produced (C—S—H) gel, is deposited on
the GO layers, due to the higher surface energy of GO. Con-
sequently, GO might be considered to serve as a nucleation
site.

Secondly, as can be seen from Table 4 and Fig. 3, the
BDGO_05 sample had a higher percentage of tetrahedral SiO4
occupying Q? than the reference sample BDGO_0 at 28 and 90
days. This implies that the cement particles, which underwent
hydration over time, generated more tetrahedral SiO4 occu-
pying Q% sites (bridge). Consequently, these SiO4, which are
formed over time, contributed to chain elongation of C—S—H,
by transforming dimers into n-union monomers (e.g., trimers,
pentamers, octamers), due to its act as a connection point
between two short main chains (Fig. 2(a) and (b)).

Similar results were found by Zhao et al. [23], who reported
that the effect of GO sheet as a nucleation site causes an
increase in the main chain length of (C—S—H) gel. Finally, it can
be concluded that the nucleation site effect of GO enhanced
slightly the hydration process and increased the main chain
length at an advanced age.
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Fig. 4 — BET analysis of nitrogen adsorption isotherm and
specific surface area of BDGO_0 and BDGO_05 at 28 days.

BET specific surface area

Another significant parameter related to the hydration degree
was addressed in this study, which is the specific surface area
of (C—S—H) gel. Nitrogen gas adsorption is a common way to
figure out the cement specific surface area and pore structure.
As mentioned in most studies, the specific surface area mea-
sured by the nitrogen adsorption technique (BET) in cement
paste comes from (C—S—H) gel, where the specific surface area
growth in the cementitious system is closely related to the
development of the highly porous phase [13,23,33-35]. Fig. 4
shows the specific surface area and pore size distribution of
samples BDGO.0 and BDGO.05 at the age of 28 days. Regarding
the adsorption process, in Fig. 4 can be seen at all applied rela-
tive pressures, from P/Po =0.01-0.3. Sample BDGO_05 adsorbed
a greater amount of nitrogen compared with sample BDGO.0.
The difference in the amount of nitrogen adsorbed between
the two samples increases with increasing relative pressure.
At the applied final relative pressure, P/P;=0.3, the amount
of nitrogen adsorbed from the BDGO_05 sample was 26.82%
greater than the amount adsorbed from the BDGO_0 sample.
This result shows that GO can expand the pore volume of the
(C—S—H) gel. As we can see from prior 2°Si MAS-NMR results,
at 28 days, GO enhances hydration process, implying the cre-
ation of more (C—S—H) gel, and it is plausible that increasing
the (C—S—H) gel amount increases the gel pore proportions
and their volume.

The specific surface area of the C—S—H gel of cement is a
measure of how much surface area is available for adsorption
of gas molecules. Regarding specific surface area, the incor-
poration of GO into the cement paste increased the specific
surface area of (C—S—H) gel from 10.42 m?/g to 12.86 m?/g, it is
estimated that the rate of increase is 18.97%. Therefore, a log-
ical interpretation of the results is that the increase in surface
area indicates that the addition of GO promotes hydration over
time. Also, it is plausible that the addition of nanomaterial
such as GO with a high specific surface area can significantly
increase the specific surface area of the sample and especially
could serve for the increasing number of seeding sites. These

Intebsity (arb. units)

( 1574.46

Mo

T T T T T T
400 800 1200 1600 2000 2400
Raman Shift (cm™)

Fig. 5 - Raman spectra of pure GO and BDGO_05 at 28 days.

results are consistent with the previously reported results of
2951 MAS-NMR and are also in agreement with previous stud-
ies [13,23,36]. Furthermore, the BET surface area rises with the
addition of GO, indicating that the presence of GO promotes a
seeding effect, hence increasing the MCL of the C—S—H gel as
seen in NMR results.

Raman

As previously stated, GO can serve as a platform for (C—S—H)
gel deposition. Therefore, this provides the potential for the
formation of bonds between (C—S—H) gel and GO. In order to
ascertain whether there is any interaction between (C—S—H)
gel and GO, Raman spectroscopy was employed due to its high
sensitivity to the electronic structure C=C [37].

Fig. 5 illustrates the Raman spectra of pure GO and GO
embedded in the cement matrix. Raman spectra ranged in
frequency from 200cm~! to 2500cm~'. According to previ-
ous research [38,39] overall, Raman spectra of GO display two
prominent Raman peaks at ~1349 cm~! and 1598 cm~?!, where
1349 cm~? corresponds to the disordered state of carbon (D)
specifically associated with a certain fraction of sp3-bonded
(tetrahedral) carbons, and the second one, 1598 cm~?, corre-
sponds to the graphitic carbon (ordered state, G), sp?>-bonded
(trigonal) carbons.

As depicted in Fig. 5 a considerable shift of the Raman
bands (D) and (G) were observed. Moreover, compared with the
Raman spectrum of pure GO, the Raman shift of the D-band of
GO introduced in the cement matrix shifted from 1337.06 cm !
to 1349.51cm™!, while the second peak corresponding to
the G-band shifted from 1574.46 cm~1 to 1598.62 cm ™1, which
means quite a bit of wavenumber shift with the order of
12.45 cm™? for the D-band and 24.16 cm~? for the D-band. This
behavior would indicate an increase of the bonding force con-
stant, that is, the covalent C—C bond in the graphitic plane
decreases in strength consequence of a strong interaction
with the cement matrix. Therefore both, crystalline and amor-
phous structures of GO could be supporting compression by
the cementitious matrix, also giving place to a broadening of
the Raman modes D and G indicating a decrease in the force
constant of both order and disorder states or bonds.
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Fig. 6 — Mechanical strengths of cement mortar after curing for 2, 7, 28 and 90 days: (a) compressive and (b) flexural.

Similar results were found in the Yushi’s et al. study [40],
where they reported that there is a shift in both bands D and
G estimated by 10cm™1, for CNF embedded in cement matrix
compared to pure CNF (knowing that both GO, and CNF are
carbon-based materials). Consequently, it was argued that the
shift observed provides persuasive and unmistakable proof of
the presence of interaction between CNF and cement matrix.

Besides, the ratio intensity of the D and G bands (Ip/Ig) is
performed to determine the defect density of GO embedded
in the cement matrix compared with pure GO. In our study,
it was found that the Ip/Ig ratio of GO embedded in a cement
matrix is 1.08 while the Ip/Ig ratio of pure GO is 0.96. That
is an estimated difference of approximately 12.38%. Whereas
the difference in the intensity of the two ratios, confirms the
change in the carbon structure, i.e., the presence of intrin-
sic defects such as point defects caused by induced vacuum
atoms in GO when mixed into the cement matrix [38,41]. GO’s
intrinsic defects may serve as active sites in chemical interac-
tions, which have a significant impact on cement hydration.
Finally, based on the Raman results, it can be confirmed that
there is a strong interaction between GO and the cement
matrix due to the attachment of hydration products on the
surface of GO. In turn, this supports the above results of 2°Si-
NMR and BET, that GO can act as a nucleation site for hydration
products. As a consequence, an improvement in the degree of
hydration was achieved.

Macro-mechanical strength

The effects of GO on the compressive and flexural strength of
mortars were studied at 2, 7, 28, and 90 days, and the results
are depicted in Fig. 6. At 2 and 7 days, the addition of GO did
not improve the compressive strength of the mortar. In addi-
tion, in the flexural strength test, some improvements were
observed in MBDGO.05, but they are still slight, compared with
the reference sample MBDGO.0.

After 28 and 90 days, the compressive strength of sample
MBDGO_05 increased by 9.33% and 10.45%, respectively, com-
pared to the reference sample MBDGO_0. In terms of flexural
strength, the sample MBDGO_05 outperformed the reference
sample MBDGO_0 by 19.72% and 21.6% after 28 and 90 days,
respectively.

In the first days, until 7 days as can be seen in 2°Si MAS-
NMR results, GO did not affect the hydration process of cement
paste. In GO-modified cement paste BDGO.05, the hydration
degree and main chain length (MCL) were lower compared to
the reference sample BDGO.0. As a conclusion, we found that
GO did not affect the mortar’s strength such as compressive
and flexural, on 2 and 7 days.

Nevertheless, the findings were achieved at an advanced
age, 28 and 90 days. As stated, above in 2°Si MAS-NMR, and BET
results, GO leads to an increase in both the hydration degree
and MCL. Besides, Raman results confirm the existence of a
strong bond between GO and hydration products.

To conclude, considering GO as a nucleation site for the
deposition of hydration products at advanced age, result-
ing in a higher density of C—S—H gel and the establishment
of strong bonds between. Furthermore, main chain length
(MCL) is also a crucial factor that significantly influences the
improvement of mechanical properties. The elongation of
main chains confers superior mechanical performance [8,26].
Most research that employed GO as a reinforcing agent pro-
vided an explanation for improving the mechanical strength
of cement composites through the effect of GO as a nucle-
ation site [7,14,36]. The previous results suggest that the
GO-induced modifications of the cement matrix properties at
the nanoscale level account for a significant portion of the
trends observed at the macro scale experimentally.

Conclusions

The °Si MAS-NMR tests revealed that the addition of GO
increased the main chain length (MCL) value, along as
enhanced the hydration degree, at advanced ages, due to its
effect as a nucleation site.

The nitrogen adsorption results revealed that the addition
of GO increased the BET surface area of the cement paste from
10.42m?/g to 12.86 m?/g. It is obvious, the increase in hydra-
tion shows an increase in the specific surface area of C—S—H.

Raman spectroscopy revealed a significant interfacial inter-
action between GO and (C—S—H) gel of cement paste.

Regarding mechanical strength results, GO was found to be
more effective at advanced ages. With the addition of 0.05%,
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at 28 and 90 days, an increase in compressive strength by
9.33% and 10.45%, while the flexural strength increased by
19.72% and 21.60% respectively, compared to the reference
sample. This enhancement resulted from multiple reinforcing
processes for GO, such as increased hydration degree, develop-
ment of interfacial bonds between GO and hydration products
(C-S-H gel), finally, and main chain elongation.
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