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Abstract: In this study, the combination of freeze-drying and high-temperature thermal reduction
methods was employed to in situ prepare reduced graphene oxide (rGO)-Cement based on graphene
oxide (GO)-Cement. The electrical conductivity and mechanical properties of the rGO-Cement were
investigated. Microscopic analysis methods such as Raman spectra, X-ray photoelectron spectroscopy
(XPS), and scanning electron microscopy (SEM) were used to confirm the successful transformation
of GO-Cement to rtGO-Cement. The research results demonstrated that with an increase in rGO
content, the electrical resistivity of the rGO-Cement decreased first and then increased, reaching
a percolation threshold at the dosage of 0.7 wt.%. The compressive strength and flexural strength
of the rGO-Cement increased first and then decreased. The optimal dosage of rGO was 0.7%. The
in situ preparation of rGO-Cement using the thermal reduction method holds a great potential for
various applications, providing new ideas and methods for the modification and enhancement of

cement materials.

Keywords: GO; rGO; cement-based materials; thermal reduction; freeze-drying

1. Introduction

Graphene is a unique 2D nanomaterial widely used in various fields, possessing
excellent mechanical, electrical, and thermal properties [1,2]. Graphene oxide (GO) and
reduced graphene oxide (rGO) are the primary derivatives of graphene [3]. In recent
years, GO and rGO have been extensively utilized in cement-based materials to enhance
their mechanical properties, electrical conductivity, and durability [4-6]. GO, due to its
abundance of oxygen-containing functional groups on the GO sheet, exhibits excellent
dispersibility in aqueous solutions [7]. This characteristic enables GO to interact well with
cementitious materials, resulting in the enhanced properties of GO-modified cementitious
composites [8]. However, the presence of oxygen-containing functional groups introduces
numerous defects, leading to a loss of conductivity in GO [9]. To overcome this issue and
improve the conductivity of composites, many researchers have used various methods to
convert GO into rGO in cement-based composites [10]. This transformation is crucial for
the widespread application of graphene in cement-based composites.

Currently, there are mainly two methods for converting GO to rGO: chemical reduc-
tion and thermal reduction. GO was prone to substantial deoxygenation in an alkaline
environment (NaOH/KOH) [11]. It was found that cement-based composites can provide
an alkaline environment for GO during the hydration process, enabling the conversion of
C=0 functional groups to C-O bonds and eliminating residual oxygen-containing func-
tional groups [12,13]. The chemical reactions between GO and hydration products (CSH,
Ca(OH);, and AFt) in the cement paste can even produce more CaCOj; through the release
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of CO, CO,, and Ca(OH); [14]. These interactions not only promote cement hydration but
also densify the microstructure, thereby enhancing the mechanical properties. The reduc-
tion temperature and duration have been reported as crucial factors influencing the extent
of GO reduction [15,16]. Under alkaline conditions, the degree of reduction increases with
temperature and time [16-18]. Common reducing agents include NoHy4, HpS, NaBHy, and
BoHg [19]. However, the in situ reduction of GO in cement-based composites is somewhat
limited due to the toxicity of these reducing agents [20-22].

On the other hand, high-temperature thermal reduction is suitable for the in situ prepa-
ration of rGO-Cement composites by deoxygenating GO at a high temperature [23-25]. It
has been reported that GO could be well dispersed in cement particles for high temper-
ature thermal reduction and the in situ preparation of rGO-Cement. The incorporation
of rGO-Cement in cementitious composites can increase the compressive strength and
durability [15]. The main challenge of employing the thermal reduction method for the in
situ preparation of rGO-Cement lies in the dispersion of GO in cement particles. Using
water as the solvent of GO suspension for dispersion in cement particles will inevitably
trigger cement hydration. Thus, Ruttanapun et al. [26] used an organic solvent (acetone) to
prepare GO suspension for dispersion in calcium aluminate (GO@CA) cement, which was
then converted to rGO@CA cement powder at 300 °C. They observed that the collaborative
impact of electron transfer and diffusion at the interface between cement particles and rGO
augmented the conductivity of cementitious composites incorporating rGO-cement. In ad-
dition, Zhong et al. [27] compared the methods of traditional /microwave drying, vacuum
drying, and freeze-drying for inhibiting cement hydration and found that freeze-drying is
an effective method for preventing cement hydration. Currently, there are fewer and more
complex methods for adsorbing carbon materials onto the surface of cement particles [28],
such as chemical vapor deposition (CVD) [29]. In summary, in the silicate cement system,
GO exhibits a better dispersibility than graphene/rGO [30]. Therefore, graphene oxide in
the form of water solution can be more uniformly adsorbed onto the surface of cement
particles. It is well known that cement is a water-hardening binder material [31], initiating a
rapid reaction when in contact with water. Freeze-drying technology can quickly inhibit the
hydration of cement [32]. The electrical conductivity of rGO is superior to that of GO. By
using a high-temperature thermal reduction method, GO can be reduced to rGO, imparting
a better electrical conductivity to cement.

In this study, we propose a novel method for the in situ preparation of rGO-cement
based on freeze-drying and high-temperature thermal reduction. The ultrasonic dispersion
method is employed to mix the GO suspension and cement particles at a high speed
(1000 r/min). The GO-Cement mixture is subjected to freeze-drying, followed by the high-
temperature thermal reduction, for the in situ preparation of rGO-Cement. The cement
particles before and after reduction are characterized to verify the effectiveness of the
reduction method. The electrical conductivity and mechanical properties of cementitious
composites incorporated in rGO-Cement are further tested.

2. Raw Materials and Experimental Methods
2.1. Raw Material

The cement used was a type of P O 42.5 R Portland cement produced by Anhui Hailuo
Cement Company Limited (Wuhu, China). The chemical composition and crystalline
mineral phases of OPC are summarized in Table 1 and Figure 1, respectively. The GO aque-
ous suspension was provided by Angxing New Carbon Materials Co., Ltd. (Changzhou,
China). The original GO solution has a concentration of 7 mg/mlL, with a thickness of 1 nm
for a single layer of GO and a lateral size ranging from 5 to 40 um. A high-performance
polycarboxylate superplasticizer was used as a surfactant to enhance the dispersibility of
GO in cement slurry [13]. The solid content of the water-reducing admixture was 28%.
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Table 1. Chemical compositions of cement (mass %).
CaO SiOZ A1203 SO3 MgO F8203 Kzo Ti02 LOI
49.7% 24.1% 9.5% 5.7% 3.4% 2.7% 0.9% 0.3% 3.7%
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Figure 1. XRD pattern of cement.

2.2. Sample Preparation

The procedure of preparing (GO/rGO)-Cement and the cement paste with (GO/rGO)-
Cement are shown in Figure 2. GO suspension with various concentrations were prepared
by mixing the original concentrated GO solution with deionized water. The diluted GO
suspension was ultrasonically dispersed for 60 min to achieve a good dispersion. The
well-dispersed GO suspension was then mixed with cement at a high speed of 1000 rpm
for 3 min. The mixture was quickly transferred to a freeze-dryer containing liquid nitrogen
and was freeze-dried for 24 h, which produced the GO-Cement particles. Subsequently, the
GO-Cement particles were rapidly heated up to and kept under 1000 °C for 30 s in a muffle
furnace for the conversion to rGO-Cement particles. The produced rGO-Cement particles
were then characterized. The GO-Cement and rGO-Cement paste specimens were prepared
using the produced GO-Cement and rGO-Cement powder, and their electrical resistivity
and mechanical properties were studied. The water/binder ratio of the cement paste was
0.35, and the sample was cured in the standard curing room (T = 20 °C + 2, RH = 95%) to
the specified age.

. Stz =

- > ‘ e —_

= S
[ L ‘+ GO solution  ______

GO solution — D
Ultrasonic dispersion )

(60 min) $:1000 r/min

T: 3min
Ctmﬂll

Si= ,\ \.
4
Deionized v\alcr 500
rGO-Cement

ngh temperature reduction
(1000°C 30s)

2y

]
!
ls
|

W g

rGO-Cement paste

£

™

Samples =P
Electrical resistivity test

Freeze drying
(24h)

GO-Cement

T
TSN~

Mechanical property test

Figure 2. Preparation of tGO-Cement powder and its pure slurry.
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2.3. Performance Testing
2.3.1. X-ray Fluorescence (XRF) Characterization

The chemical element composition and the content of ordinary Portland cement were
determined using the Thermo Scientific ARL Perform’X X-ray Fluorescence instrument
(Thermo Fisher Scientific, Waltham, MA, USA). A specific quantity of the cement sample
was passed through a 200-mesh square sieve and then dried in a vacuum-drying oven at
60 °C for 24 h. The sample was tested after it underwent compression molding.

2.3.2. Raman Spectra Analysis

The experiment employed the Horiba LabRAM HR Evolution Raman spectrometer
(Horiba, Kyoto, Japan), produced in Japan, for qualitative analysis of the samples. The laser
power used for testing was 5%, with a laser wavelength of 532 nm, and a measurement
time of 10 s. The changes in peak intensity of the Raman spectrum allowed for the analysis
of functional groups before and after sample reduction, while the changes in peak width
enabled the analysis of material disorder and defect changes in the samples.

2.3.3. X-ray Photoelectron Spectroscopy (XPS) Characterization

The experiment used the Thermo Scientific K-Alpha XPS (Thermo Fisher Scientific,
Waltham, MA, USA), from the United States, to perform XPS analysis on the samples. It
was used to identify the material composition of GO-Cement before and after reduction.
The intensity changes of the C=0, C-C, O-C=0, and C-O peaks in the cement powder
before and after reduction were analyzed to investigate whether the GO-Cement sample
was successfully reduced to rGO-Cement.

2.3.4. X-ray Diffraction (XRD) Characterization

The Bruker D8 XRD instrument was employed to analyze the hydration products of
GO-Cement paste and rGO-Cement paste after 28 days of curing. The sample is immersed
in a plastic tube containing anhydrous ethanol to halt the cement’s hydration process. After
a 3-day soaking period, the sample is extracted and dried in a vacuum-drying oven at
45 °C for 24 h. The bulk samples are subsequently ground into a powder using an agate
mortar and screened through a 200-mesh screen for the XRD test. This test used Cu Ko
radiation in the 20 region between 5° and 70° with a scanning rate of 10°/min. The XRD
images were analyzed utilizing the Jade 6 software. The utilized PDF cards are as follows:
C3S: PDF# 86-0402, C,S: PDF# 83-0460, C3A: PDF# 38-1429, C4AF: PDF# 71-0667, Ca(OH);:
PDF# 50-0008, and AFt: PDF#41-1451.

2.3.5. Scanning Electron Microscope (SEM) Characterization

The microstructures of GO and rGO exhibit significant differences, and the surface of ce-
ment powder with GO/rGO can be easily distinguished through scanning electron microscopy
(SEM). The Gemini SEM 300 field SEM microscope (Carl Zelss Co., Ltd., Jena, Germany) was
employed to study the microstructure of GO-Cement and rGO-Cement particles. First,
GO-Cement powder and rGO-Cement powder were placed in a vacuum-drying oven at
45 °C for 24 h. Subsequently, the powder was uniformly spread on conductive adhesive
and spray platinum on the sample surface for clearer observation. The acceleration voltage
used during testing was 15 kV, with a working distance of 10 mm.

2.4. Electrical Resistivity Testing

As illustrated in Figure 3, the electrical resistivity of mortar was measured using
a four-electrode method. The sample used for resistivity testing is shown in Figure 3a. The
Dc-regulated power supply was used as the power source (2 V), and a multimeter was used
to measure the voltage (U) and current (I) across the middle two electrodes. The current
and voltage readings were taken after a uniform waiting period of 60 s. The resistivity
(p, Q3 cm) of the mortars can be calculated using Equation (1):



Materials 2024, 17, 1209

50f 14

U A
7><7
I L

p= 1)

where U denotes voltage (V), I represents current flowing through the mortars (A), A denotes
the cross-sectional area of the mortar (cm?), and L represents the distance between the two
inner electrodes (cm).

S

Figure 3. (a) Schematic diagram of resistivity test sample, (b) schematic diagram of voltage regulator
power supply, and (c) schematic diagram of resistivity test principle.

2.5. Mechanical Property

The compressive and flexure strength tests of the cement paste specimens were carried
out in accordance with the Chinese standard GB/T 17617-2007 [33]. The sample size for
the flexural and compressive strength was 10 cm x 10 cm x 40 cm. The experimental
testing instrument was SFL-50KNAG, a constant-loading cement compressive and flexure
integrated testing machine manufactured by SHIMADZU Experimental Equipment Co.,
Ltd., Tokyo, Japan. The specimens were cured in a standard curing room at a temperature of
20 °C =£ 2 and a relative humidity of 95% for 3 days, 7 days, and 28 days. The compressive
strength of rGO-cement paste was measured on a compression test machine with the
loading rate of 1200 N/s. Three samples were tested for each group, and their average
strength values were calculated, along with the standard deviation.

3. Results and Discussion
3.1. Molecular Structure of GO-Cement and rGO-Cement
3.1.1. Raman Spectra Analysis

Figure 4 shows the Raman spectra of GO-Cement powder and rGO-Cement powder
with a 0.50 wt.% GO content. The D peak and G peak, situated at approximately 1300 cm !
and 1580 cm ™!, respectively, serve as distinctive Raman peaks for carbon atom crystals.
The D peak signifies lattice defects in carbon atoms, while the G peak corresponds to the
in-plane stretching vibration of SP?-hybridized carbon atoms [34]. In the GO/rGO Raman
spectrum, two characteristic peaks appeared at 1350-1650 cm !, representing the D peak
and G peak of the GO/rGO structure [35].

As shown in Figure 4, in the 0.50 wt.% GO-Cement sample, characteristic peaks of
GO, namely, the D peak and G peak [36], were observed at 1322 cm~! and 1600 cm~ [37],
indicating that the cement powder adsorbed a certain amount of GO after freeze-drying.
After being annealed at 1000 °C for 30 s, distinct characteristic peaks appeared at 1341 cm !
and 1600 cm ™!, indicating that high-temperature thermal reduction could transform GO
into rGO [38]. In the study by Hu et al. [39], it was observed that GO could gradually
decompose at 800 °C, reducing the oxygen functional groups on the surface and resulting
in the formation of rGO. Therefore, it could be concluded that in this study, rGO-Cement
powder was synthesized in situ through a high-temperature thermal reduction process. It
was worth noting that compared to GO-Cement sample, the G peak of the rGO-Cement
sample did not show a significant shift, while the D peak shifted to higher wavenumbers.
This indicates that the intensity ratio of the D and G bands (ID/IG) ratio [40] of rGO-
Cement powder is higher than that of GO-Cement powder, as the decomposition of oxygen
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functional groups on the surface of GO at high temperatures released gases and increased
the vibrational energy of the system, leading to a decrease in crystallinity and an increase in
defects. In the study by Sharma et al. [38], similar results were also observed. It could also
be inferred that the GO-Cement particles successfully converted to rGO-Cement particles
through the high-temperature reduction.

0.50 wt.% GO-Cement
0.50 Wt.% rGO-Cement /53 D, 134092
1599.03
S
&
>
‘2
(5]
£
1321.83
1599.03 D
& ¥
3000 2500 2000 1500 1000 500

Raman shift (cm_l)
Figure 4. Raman spectra of GO-Cement particles and rGO-Cement particles at 0.50 wt.% GO.

3.1.2. XPS Analysis

XPS was utilized for the further analysis of changes in oxygen content and oxygen
functional groups in the GO-Cement powder before and after the high-temperature reduc-
tion. Figure 5 presents the full spectra of GO-Cement powder before and after reduction.
As shown in Figure 5, for the 0.50 wt.% GO-Cement, the Cls (At.%) and Ols (At.%) val-
ues were 15.72% and 84.28%, respectively, with an O/C ratio of 5.361. For the 0.50 wt.%
rGO-Cement, the C1s (At.%) and Ols (At.%) values were 19.85% and 80.15%, respectively,
with an O/C ratio of 4.038. It could be observed that a significant deoxygenation process
occurred after the high-temperature reduction [41], which is consistent with the results
of the Raman spectroscopy analysis. The conductivity of graphene was closely related to
the number of C=C bonds, and the C/O ratio could be used to measure the conductivity
of GO [42]. The C/O ratio of rGO was 0.248, which was higher than that of GO (0.187),
indicating that the rGO-Cement paste would potentially possess a higher conductivity than
the GO-Cement paste.

GO
Ols rGO

Intensity (a.u.)

Cls

1200 1000 800 600 400 200 0
Binding energy (eV)

Figure 5. XPS spectra of 0.50 wt.% GO-Cement and 0.50 wt.% rGO-Cement.

Figure 6 displays the fitted Cls peaks of GO-Cement before and after the thermal
reduction. It could be observed that the intensity of the C-C bond increased in the 0.50 wt.%
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rGO-Cement, while the peaks of C=0, O-C=0, and O-C-O weakened, indicating the
decomposition of most oxygen functional groups [43]. Due to the significantly large surface
area of GO, it readily adsorbed onto the surface of cement particles, affecting the complete
decomposition of functional groups during the thermal reduction process. The reduction in
intensity was more pronounced for the C=0 and O-C=0 peaks, indicating easier thermal
decomposition [44]. Based on the results of Raman spectra and XPS, it can be concluded
that the freeze-drying method is capable of addressing the dispersion issue of GO in cement
particles and preparing GO-Cement, and the high-temperature thermal reduction (1000 °C)
method enabled the conversion of the GO-Cement to the rGO-Cement.

@ ™ Goco ®)

1GO C=0
—GO 0-C=0 rGO 0-C=0
—GOC-C —1GO C-C

-GO O-C-O0 -1GO O-C-O

4
i
3

$

AP ol

C-C

Intensity (a.u.)
Intensity (a.u.)

C=0 0-c-0{ [P\{283.7

0-C=0 Y § }
Y /
”{SL s\ >\ ! \
o R )
_f: o200 0 Ny es” 2841

298 296 294 292 290 288 286 284 282 298 296 294 292 290 288 286 284 282
Binding nergy (eV) Binding nergy (eV)

Figure 6. Cls spectra of (a) 0.50 wt.% GO-Cement and (b) 0.50 wt.% rGO-Cement.

3.1.3. Microstructural Morphology of (GO/rGO)-Cement

The binding form of GO/rGO with cement particles had a significant impact on
the modified cement. The microstructure of GO-Cement and rGO-Cement samples were
investigated with SEM. As shown in Figure 7a, it could be observed that through the freeze-
drying treatment, GO tightly adhered to the surface of large cement particles, forming
“core-shell” structures and creating a dense encapsulation layer. However, it was also
noticed that a part of the GO was unevenly dispersed on the cement surface, possibly due
to the friction between particles during the preparation process, resulting in a rough texture.
Adsorption in the form of GO sheets onto the surface of cement particles was also noted.
The amount of GO encapsulated on the surface of extremely small particles was relatively
low, indicating that at a 0.50 wt.% dosage, it was insufficient to fully encapsulate all cement
particles. In Figure 7b, the surface of the dense encapsulation layer exhibits wrinkles,
suggesting that the decomposition of oxygen functional groups results in the bending and
deformation of the edges of rGO structures. Surface folds, a characteristic of graphene, are
evident, i.e., the shape outlined in the yellow box on the right in Figure 7b. Additionally,
it is observed that rGO is adsorbed as small flakes on the surface of cement particles, as
indicated by the shape marked in the yellow box on the left in Figure 7b. This elucidates
the reduction in the quantity of C-C bonds following high-temperature thermal reduction.
This reflects the thermal decomposition process in which large sheet-like GO structures
decompose into smaller flake-like structures, accompanied by a decrease in crystallinity.
The presence of rGO in the microstructure further confirms the successful reduction of GO
to rGO.
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Figure 7. SEM images of (a) 0.50 wt.% GO-Cement and (b) 0.50 wt.% rGO-Cement.

Through the high-temperature reduction process, GO on the surface of cement particles
could be converted to rGO, forming a tightly encapsulating layer. The high-temperature
reduction process led to the decomposition of oxygen functional groups and structural
deformations, which helped enhance the conductivity of rGO-Cement [45]. Additionally,
the microstructure analysis confirmed the presence of rGO and revealed the binding forms
between GO/rGO and cement particles.

During the high-temperature thermal reduction process, the Raman spectrum of GO
molecules exhibits the appearance of D and G peaks, as well as the decomposition of
oxygen functional groups in the molecular structure (C=0, O-C=0). Simultaneously, there
is a change in the microscopic structure, providing a molecular-level confirmation of GO
being reduced to rGO. Additionally, through the changes in microscopic morphology,
the similarity to graphene is revealed. This series of observations confirms the feasibility
of using the high-temperature thermal reduction method for the in situ preparation of
conductive cement.

3.2. Electrical Conductivity of the rGO-Cement Paste

rGO could impart excellent conductivity to cement-based materials, and its contri-
bution to the conductivity of cement could be reflected through conductivity tests, which
could also determine the permeation threshold of rGO-Cement. In the rGO-Cement paste,
the initial content of GO in cement powder was 0, 0.25 wt.%, 0.35 wt.%, 0.50 wt.%, 0.70 wt.%,
1.00 wt.%, 1.50 wt.%, 2.00 wt.%, and 2.50 wt.%, respectively. After the high-temperature
reduction, rGO-Cement pastes with different contents were obtained. Figure 8 presents the
resistivity of rGO-Cement pastes with different contents by curing for 1, 3,7, and 28 d.

6000
1d
5000 33
8 28d
< 4000
=
=
Z 3000 1
g
g
£ 2000 -
g
&
1000 -
o L] L] L] L] L] L]
0.0 05 1.0 15 2.0 25

rGO (Wt%)

Figure 8. Effects of GO-doping amounts on the resistivity of rGO-Cement matrix composite.
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As shown in Figure 8, the addition of rGO significantly decreased the electrical re-
sistivity of the cement paste with its dosage. The incorporation of rGO enhanced the
conductivity of the cement paste, although the resistivity of the rGO-Cement samples did
not exhibit a monotonic relationship with the rGO content. In the first stage, at lower rGO
contents (0.25-0.50 wt.%), the resistivity decreased gradually after curing for 1 and 3 d.
For the rGO content of 0.50 wt.%, the resistivity was reduced by 61.7% compared with
pure cement paste after curing for 1 d, and 48.0% compared with pure cement paste after
curing for 3 d. Cement-based composites primarily conducted electricity through ionic
conduction, hole (contact and tunneling effects), and electronic conduction. At this stage,
the rGO content gradually increases, and the electrical conductivity of the cement slurry is
significantly improved. But the formed conductive network is not stable enough. In the
second stage (GO content of 0.70-1.00 wt.%), the trend of the resistivity reduction became
more pronounced. At the rGO content of 1.00 wt.%, the percolation threshold was reached,
and the electrical conductivity was optimal. In the study by Zhai et al. [46], when the
doping concentration of rGO exceeded 1.00%, the decrease in resistivity slowed down with
the increasing concentration, indicating that it reached percolation threshold. Compared to
the pure cement paste, the resistivity reduction after curing for 1, 3, 7, and 28 d was 75.4%,
63.3%, 63.1%, and 73.1%, respectively. This was because rGO gradually formed a complete
conductive network in the cement paste matrix, with contact conduction becoming the pri-
mary mode of conduction [47]. With the high charge carrier mobility of rGO, the resistivity
of the cement paste was significantly reduced, leading to a remarkable improvement in the
conductivity of the cement material [48]. In the third stage (GO content of 1.50-2.50 wt.%),
the resistivity slightly increased compared to the 1.00 wt.% GO content. The resistivity
trend for specimens cured for 7 and 28 d was the same as that of 1 and 3 d, showing a
decreasing trend followed by a slight increase with an increase in the rGO content. There-
fore, it could be inferred that the percolation threshold of the rGO-Cement paste in this
system was 1.00 wt.%. Due to the high conductivity of rGO and the dispersion achieved
through freeze-drying and high-temperature reduction, rGO was uniformly dispersed in
the cement-based material. This led to the formation of a spatial conductive network at a
rGO content of 1.00 wt.%, providing the rGO-Cement based composite material with a low
content and high-conductivity characteristics.

3.3. Mechanical Properties of rGO-Cement Paste

As a nanofiller materials, rGO in cement-based paste exhibited excellent performances
in promoting cement hydration and improving the microstructure. As shown in Figure 9a,
the compressive strength of rGO-Cement paste increased with the curing age. With the
increase in the amount of rGO doping, compressive strength initially rises and then declines,
following a pattern similar to the findings of Zhang et al. [49]. It is also noted that the
decrease in compressive strength is attributed to the aggregation of rGO.The addition of
a small amount of rGO (0.35-0.70 wt.%) consistently resulted in a higher compressive
strength compared to the pure cement samples, especially for rGO-Cement paste with a GO
content of 0.70 wt.%, which exhibited the highest compressive strength. At a curing age of
3 d, the compressive strength of the rGO-Cement samples with GO contents of 0.35 wt.%,
0.50 wt.%, and 0.70 wt.% was increased by 1.5%, 4.6%, and 9.8%, respectively, compared
to the pure cement. At a curing age of 28 d, the compressive strength of the rGO/Cement
samples with GO contents of 0.35 wt.%, 0.50 wt.%, and 0.70 wt.% was increased by 3.1%,
4.4%, and 6.9%, respectively, compared to the pure cement. However, when the GO content
(0.70-1.50 wt.%) increased, the compressive strength of the rGO-Cement samples was
consistently lower than that of the pure cement samples. With a GO content of 1.50 wt.%,
the compressive strength of the tGO-Cement samples decreased by 1.9%, 4.0%, and 5.6% at
3,7, and 28 d, respectively, compared to the pure cement samples. From the experimental
results, it could be concluded that low contents of GO content (0.35-0.70 wt.%) had a
relatively better effect on improving the early compressive strength of rGO-Cement.
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Figure 9. Mechanical properties of cement with different amounts of rGO: (a) the compressive
strength and (b) the flexural strength.

As shown in Figure 9b, the flexural strength of rGO-Cement continuously increased
with the age of curing. The maximum flexural strength was achieved at a rGO content of
1.00 wt.%, but when the rGO content was further increased up to 1.50 wt.%, the flexural
strength decreased compared to the pure cement specimens. This indicated that the
excessive rGO led to agglomeration, making it extremely difficult to achieve a uniform
dispersion of graphene throughout the entire cement matrix, resulting in a decrease in
mechanical properties. At a curing age of 3 d, the flexural strength of rGO-Cement with
0.35 wt.%, 0.50 wt.%, 0.70 wt.%, and 1.00 wt.% rGO was increased by 3.0%, 5.0%, 7.0%, and
13.8%, respectively, while the flexural strength of the specimen with 1.50 wt.% GO was
decreased by 5.0%. At the curing age of 28 d, the flexural strength of rGO-Cement with
0.35 wt.%, 0.50 wt.%, 0.70 wt.%, and 1.00 wt.% rGO was increased by 1.6%, 2.4%, 4.8%,
and 9.5%, respectively, while the flexural strength of the specimen with 1.50 wt.% GO was
decreased by 3.2%. Similarly, the addition of a small amount (0.35-1.00 wt.%) of rGO had
a better effect on improving the early flexural performance of rGO-Cement.

3.4. XRD Phase Analysis of (GO/rGO)-Cement Paste

Due to the promoting effect of rGO on the cement hydration, XRD comparative
analysis was conducted to examine the phase compositions of cement and rGO-Cement
at 28 d. Figure 10 shows the XRD patterns of pure cement and rGO-Cement paste with
a 0.5 wt.% rGO content. At 28 d, the major hydration products observed were calcium
hydroxide (CH), ettringite (AFt), tricalcium silicate (C3S), and dicalcium silicate (C5S) [13].
It could be observed that the peaks corresponding to C3S and C,S were significantly
reduced when rGO was added, indicating a higher degree of cement hydration. CH,
as an early hydration product in the cement system, gradually decomposed during the
later stages of hydration, and the CH peak in the rGO-Cement paste system was slightly
lower. This suggested that rGO promoted the rate of cement hydration to some extent [15],
reflecting an increase in the compressive and flexural strength with the increasing rGO
content. The in situ preparation of rtGO on cement particles and its encapsulation on the
surface of cement particles contribute to better cement hydration. Additionally, the rapid
freeze-drying process did not exhibit any negative effects resulting from the free water
present in the GO solution. Therefore, the combination of freeze-drying and the high-
temperature reduction to produce rGO-Cement paste proved to be an effective method for
cement modification.
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Figure 10. XRD patterns of cement at 28d: (a) 0.50 wt.% GO-Cement and (b) 0.50 wt.% rGO-Cement.

4. Conclusions

After the rapid mixing of GO solution and cement powder, the GO-Cement mixture

maintained a non-hydrated state during the freeze-drying process without affecting the
normal hydration of cement. GO-Cement was prepared in this manner, and subsequently,
the high-temperature thermal reduction facilitated the significant reduction of GO-Cement
to rGO-Cement. Therefore, the transformation process from GO-Cement to rGO-Cement
during the thermal reduction process was studied using Raman spectroscopy, XPS, and
SEM analysis methods. The electrical conductivity and mechanical properties of the cement
materials were investigated with different rGO contents. The main conclusions drawn from
the study are as follows:

@

@

®)

After high-temperature thermal reduction, the Raman spectra exhibit the distinctive
D and G characteristic peaks of graphene. The bonding energy of the O-C=0 bond,
O-C-O bond, and C=0 bond weakens, and their quantity decreases, leading to the
high-temperature decomposition of numerous oxygen-containing functional groups.
This proves the conversion of GO on the cement surface to rGO. The reduction in
the number of C-C bonds indicates the breakdown of large sheets of GO structure
into smaller sheets of rGO. The microscopic morphology on the cement surface transi-
tions from a dense coating layer to fragmented small sheets, and the folding is also
a characteristic feature of graphene. The freeze-drying and high-temperature thermal
reduction method for the in situ preparation of rGO-Cement offers the advantages of
simplicity and efficiency, facilitating a better dispersion of rGO within cementitious
materials.

The rGO coated on the surface of cement particles significantly enhances the electrical con-
ductivity of rGO-Cement paste, reducing its electrical resistivity from 5.58 x 10°> Q-cm to
1.49 x 103 Q-cm, a decrease of 73.3%. When 0.70 wt.% of rGO is coated on the surface
of cement particles, the penetration threshold can be achieved. The best electrical
conductivity is observed at a rGO content of 1.0 wt.%.

The presence of rGO on the surface of cement particles promotes the hydration
of cement, contributing to the enhancement of compressive and flexural strength.
However, an excessive coating of rGO around cement particles hinders the diffusion
of ions, impeding the formation of hydration products and consequently reducing the
mechanical properties. Therefore, with an increase in the rGO content, the mechanical
performance initially increases and then decreases. The optimal mechanical properties
were obtained when the content of rGO was 0.70 wt.%. At a hydration age of 28 days,
the contents of C3S and C;S in the phase of rGO-Cement are lower than those in
GO-Cement. The later-stage hydration of rGO-Cement is more thorough, leading to
an improvement in the mechanical properties of the paste.
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