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ABSTRACT: Graphene oxide(GO) as a nano-reinforcing material has received extensive attention in
cement composite materials. This paper employed molecular dynamics to simulate the friction process
of calcium silicate hydrate (CSH) particles in the presence of double-sided and single-sided GCOOH
(graphene oxide with a -COOH functional group, covering 10% of the surface). The investigation
uncovered the lubricating effects of bifacial and unifacial GCOOH on the CSH interface. The findings
indicate that the interfacial friction among CSH particles follows the sequence of double-sided
GCOOH > pure CSH > single-sided GCOOH. In the double-sided GCOOH system, a greater external
force is needed on the opposing side to alter the interaction with water molecules, calcium ions, and
silica-oxygen tetrahedra, thereby enhancing friction. In contrast, the majority of the carboxyl groups
on the single-sided GCOOH surface are strongly adsorbed onto the CSH surface, facilitating the entry

of additional water molecules into the interlayer. Conversely, the unmodified side of the GCOOH has
1
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lower interactions with water molecules, hence improving its lubricating properties.

Keywords: Graphene oxide; fluidity; Calcium Silicate Hydrate; Molecular Dynamics.

1 Introduction

Concrete is a crucial material used extensively in construction and infrastructure, and the mechanical
properties of concrete play a vital role in ensuring the stability and durability of structures'2.
Researchers have been actively exploring different methods and materials to enhance the performance
of concrete. Among these, carbon nanomaterials have garnered significant attention as a promising
option to improve the mechanical properties of concrete due to their unique structure and exceptional
performance®*. Carbon nanomaterials, such as carbon fibers and carbon nanotubes, possess
remarkable strength, stiffness, and electrical conductivity. By incorporating these nanomaterials into
concrete, it becomes possible to enhance its mechanical properties and improve the overall structural
quality>~’. The inclusion of carbon nanomaterials can augment the tensile strength, toughness, and
durability of concrete, thereby enhancing its resistance to external loads and environmental factors.
GO is a carbon nanomaterial that is gaining popularity for its use in concrete®-12. It has a unique
two-dimensional structure and excellent properties that can significantly improve the mechanical
properties and functionality of concrete. The addition of GO can work in several ways to improve the
quality of concrete. Firstly, it has a nanoscale flake structure that can fill microscopic defects in
concrete, such as cracks and pores, thereby improving the denseness and reducing the porosity of the
concrete!3~15, This, in turn, enhances its mechanical properties and durability. Secondly, the addition
of GO can reduce the penetration of water and harmful substances in concrete, thanks to its high

specific surface area and barrier effect'®!?. It prevents the penetration of water and gases while
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reducing water absorption and chloride ion attack in concrete. This improves the water resistance and
corrosion resistance of concrete. GO possesses excellent mechanical properties, including high
strength and modulus, and exhibits a reinforcing effect?®22. When dispersed and uniformly introduced
into concrete, GO can enhance its strength and stiffness. The interaction between GO and the concrete
matrix effectively prevents the expansion of cracks, thereby increasing its tensile and flexural strength.

However, the mechanical performance of GO in concrete has sparked controversy. While Peng et
al. 132324 conducted experimental studies demonstrating that GO effectively enhances the compressive
strength of concrete, Dimov's research? found that the addition of GO did not significantly improve
the mechanical properties of concrete, failing to achieve the desired outcomes. Currently, there is no
reasonable explanation for these contrasting results. An alternative perspective suggests that
incorporating GO noticeably increases the viscosity of the cement paste, thereby reducing workability
and impacting compressive strength!22%27. Conversely, Qin et al. 28 discovered that the addition of GO
at a dosage of 0.02% led to a significant increase in the fluidity of the cement paste. Different dosages
of GO have varying effects on both the flowability and mechanical properties of concrete. It remains
uncertain whether the influence of GO on strength affects flowability. Currently, despite several
studies on the integration of nanomaterials like GO in concrete, there are still substantial study
deficiencies in our comprehension of the molecular-level mechanisms that take place at the CSH-GO
interface during shear. The specific mechanisms behind lubrication and friction, as well as the impact
of alterations to functional groups on these interactions, remain incompletely investigated. The lack of
understanding in this area is a significant obstacle to effectively using nanoparticles in concrete
technology. In recent decades, the technology of and molecular dynamics (MD) simulations have been

utilized for the examination of concrete materials**34, proving valuable in the exploration of the
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characteristics of graphene oxide and oxide functionalized materials®>3¢. These studies have yielded
useful knowledge about the behavior of nanomaterials in different situations and have established the
basis for our research on the lubrication of the CSH-GO interface. . This technology has played a
crucial role in understanding the nano-level information about the microstructure of cement-based
materials. In a previous work4, we conducted a molecular dynamics simulation to evaluate the fluidity
of concrete and proposed an interfacial lubrication model. This model covers the complexity of cement
hydrate interface interaction and can simulate the cement hydration process to a great extent. This
study aims to clarify the fundamental mechanism of frictional contact between GO and CSH particles
at the molecular scale. Simulations are employed to thoroughly examine the microstructural alterations
and interaction dynamics that occur throughout the shearing process of the CSH-GO interface, thereby
uncovering the intricate correlation between GO and CSH substrate movements. This study examines
the impact of two-sided and one-sided functional group changes of GO on the interface of CSH. This
work is unique because it thoroughly investigates the friction dynamics of the CSH-GO interface and
how it improves the fluidity of cement paste. Through comprehending and capitalizing on these
mechanisms, we have made a significant contribution to the progress of concrete technology by

offering a fresh outlook on enhancing construction materials at the molecular scale.

2 Models and Simulation Details

2.1 Modelling Details

The 11A tobermorite is a type of CSH mineral with a layered crystal structure’’3°. The CSH
configuration was simulated using a three-dimensional structure of 33.79Ax30.68Ax23.02A, obtained

by processing the 11A tobermorite unit cell. The graphene model is derived from a single sheet of
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graphite crystal with cell dimensions of 2.46 A x 4.26 A x 3.4 A%041 For the graphene simulation, a
three-dimensional structure of 29.82Ax24.6Ax6.8A was generated from the graphene unit cell. The
surface of graphene was functionalized with carboxyl groups (-COOH) randomly terminated on the
carbon atoms, covering both sides or one side of the graphene with 10% coverage. The coverage ratio
may vary depending on the degree of oxidation, and the 10% coverage of groups falls within the range
reported in the referenced publications for common surface-treated carbon fiber materials®4>-44, As
shown in Fig. 1¢ and Fig. 1d, the interface configuration was prepared by sandwiching GO between
two CSH sheets. In addition, 400 water molecules were randomly distributed in the interval. The
number of water molecules is roughly converted from the density of pure water at one standard
atmospheric pressure. The initial simulation box had dimensions of 33.79 A x 30.68 A x 100.57 A in

three dimensions. The height of 100.57 A was chosen to minimize the impact of periodic boundaries

on the upper and lower sheets.

(a)

F=kx

(b)

11A tobermorite bmglc-sndcd GCOOH

Fig. 1. (a) The geometry of the simulation system. The simulation system consists of solid sheets held

(c)
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together by a constant normal load F. The upper sheet moves at a constant velocity V,, while the
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substrate sheet is connected to a fixed stage through a spring with stiffness k. (b) The structures include
the 11A tobermorite cell structure, the double-sided graphene carboxyl (-GCOOH) model, and the
single-sided -GCOOH model. (¢)The 400 water molecules and the double-sided GCOOH are confined
between two CSH sheets with a thickness of 20.23 A. (d) The 400 water molecules and the single-
sided GCOOH are confined between two CSH sheets with a thickness of 20.23 A. The snapshots
illustrate the identification of Ca, Si-O tetrahedron, water molecules, and -GCOOH, with color scheme
representation as follows: red = oxygen, yellow = silicon, white = hydrogen, green = calcium, and gray

= carbon.

In this simulation, the ReaxFF force field is employed to represent the non-bonding interactions
among all atoms. Specifically, the all-atom (AA) model of the ReaxFF force field is utilized in the
CSH model, which is commonly employed for investigating the hydration products of cementitious
materials*>*°, Within the reactive force field, the bond order is continually updated based on
instantaneous atomic distances and local coordinate structures to accurately capture bond breakage and
formation. This feature is particularly crucial for current modeling efforts involving chemical reactions
between GO and CSH. Hou et al.*'#? have successfully utilized the ReaxFF force field to construct a
CSH surface model and investigate the interfacial reactions between GO and CSH, thus verifying the

transferability and accuracy of the ReaxFF force field.

2.2 Equilibrium Molecular Dynamics Simulation

The MD simulations were performed using the Lammps software with the REAX package to
incorporate the reaction force field. As shown in Fig. 1a, a suitable simulation model was constructed.

The top part of the upper CSH sheet and the bottom part of the bottom CSH sheet (with a thickness of
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4.08 A) were defined as rigid bodies. The rigid body of the upper CSH sheet was subjected to a constant
normal load of F = 1 atm, while the rigid body of the substrate CSH was fixed in the z-direction to
achieve a standard atmospheric pressure state between the CSH sheets. The simulations were
conducted under specific conditions, maintaining a temperature of 298 K. The resulting structures from

these simulations were subsequently employed in the shear process.

2.3 Shear Process Simulation

The shear simulation is conducted using the final equilibrium configuration obtained from the
equilibrium molecular dynamics simulation. In this shear process simulation, a constant velocity(Vy)is
applied to the rigid body of the upper CSH. The movement of the upper rigid body drives the motion
of the interlayer solution, leading to the displacement of the bottom CSH. As shown in Fig. 1a, the
rigid body of the substrate CSH is connected to a fixed location through a spring with a stiffness value
of k = 0.0007418 N/m. The expansion and contraction of the spring represent the frictional force
experienced during the shearing of the substrate CSH.

The atomic trajectories in this simulation were integrated using the Verlet algorithm with a time step
of 0.25 fs. The molecular dynamics simulations were conducted in the Hoover Canonical Ensemble
(NVT) at a temperature of 298 K for a duration of 100 ps, where the temperature was controlled by a
Nose-Hoover thermostat*’4°. Visual Molecular Dynamics (VMD) software was utilized to visualize

and display all snapshots obtained from the simulation®.

3 Results and discussion

3.1 Microscale Lubrication of Water between CSH Sheets

Following the shear simulation, the temporal progression of the spring force acquired by the

7
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simulation corresponds to the friction force across interfaces. This is illustrated in Fig.2, where the
beginning curve of the CSH spring force is derived from a previously conducted lubrication model.
Initially, the friction of all systems experiences a rapid increase followed by oscillations around a mean
value. The graphic clearly illustrates that the initial friction peak is observed in all systems exhibiting
shear motion of approximately 10 picoseconds. The relationship between the peak values is as follows:
The double-sided GCOOH is superior to the original CSH but inferior to the single-sided GCOOH.
Given the aforementioned phenomenon, a set of thought-provoking inquiries have emerged: What is
the reason for the higher friction of the GO system when it interacts with functional groups on both
sides, compared to the friction of the other two systems? What is the mechanism by which the presence
of functional groups on one side of the GO system decreases the friction between sheets? The

subsequent analysis will systematically address these crucial inquiries..

e Double-sided GCOOM
Single-sided GCOOH
0.10 | Original C-S-H
< 008}
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Fig. 2. Time evolution of the friction force of upper and substrate CSH sheets applied by the double-
sided GCOOH, single-sided GCOOH, or non-GCOOH with 400 water molecules.
To gain a more intuitive understanding of the oscillation process, it is helpful to examine the
temporal evolution configuration inside a single oscillation cycle, as shown in Fig.3. The initial

configuration is formed through an equilibrium process, where the water molecules and GCOOH
8
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molecules located between the CSH sheets reach a stable state under standard air pressure (as shown
in Fig.3al and 3b1). The basal CSH plate's friction demonstrates elastic qualities in every cycle, as
seen in Fig.3a2 and 3b2. The duration of the elastic phase may vary slightly due to variations in
interlayer friction, but it does not surpass 15 picoseconds. Fig.3a3 and 3b3 demonstrate that the
substrate CSH reaches its peak displacement and the friction begins to decline. In the double-sided
GCOOH system, the substrate CSH experiences a greater maximum displacement compared to the
single-sided GCOOH system. This is consistent with the observation that the peak frictional forces in
the double-sided GCOOH system are significantly higher than those in the single-sided GCOOH
system, as shown in Fig.2. Subsequently, the CSH substrate undergoes a reverse movement but fails
to return to its initial position (as shown in Fig.3a4 and 3b4), initiating a new cycle of friction. Due
to the increased friction in the double-sided GCOOH system, the substrate CSH moves further away
from its initial position after reaching equilibrium. The observed phenomena are likely caused by the
instability of the interaction between water molecules and GCOOH with substrate CSH.
Additionally, the conformation of water molecules and GCOOH may alter between the two systems
as shearing progresses. Therefore, a thorough examination is required to analyze the distribution of

water molecules and GCOOH among the CSH sheets.
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Fig. 3. The time evolution configuration of the double-sided GCOOH system during one oscillation
period is as follows:(al) Initial configuration, (a2) Elastic stage, (a3) Maximum displacement of the
substrate CSH and (a4) Recovery stage. The time evolution configuration of the single-sided GCOOH
system during one oscillation period is as follows:(bl) Initial configuration, (b2) Elastic stage, (b3)
Maximum displacement of the substrate CSH and (b4) Recovery stage. The black vertical line

represents the fixation phase, where a spring force is applied to the substrate CSH.

Fig.4 presents the computed density distribution curves of water molecules in both the double-sided
GCOOH and single-sided GCOOH systems, allowing for the visualization of their distribution under
equilibrium and shear conditions. Adsorption peaks are observed near the surfaces of both the upper
and base CSH sheets, indicating a greater concentration of water molecules. The adsorption peak of
the single-sided system on the CSH substrate surface exhibits a modest elevation in comparison to
that of the double-sided system. However, the adsorption peak on the upper CSH surface is
noticeably smaller in the single-sided system compared to the double-sided system. Furthermore, the
application of shear diminishes the density distribution of water molecules on the substrate CSH
surface, resulting in a minor release of water molecules. The density distribution of water molecules
in pure CSH has a smooth form in the central region due to the absence of external structural
influences on the water molecules located there.These data indicate that shear forces influence the
adsorption of water molecules on the surface of CSH, and the presence of carboxyl groups modifies

10
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the way CSH adsorbs water. To directly compare the distinctions between the equilibrium and shear
configurations, we conducted additional research on the two-dimensional density distribution of
water molecules within the CSH sheets.

0.07

Double-sided GCOOH in Eq.
Single-sided GCOOTT in Lg.
0.06 | = = -Double-sided GCOOH in Neq.
= = - Single-sided GCOOH in Neq.
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Fig. 4. The density profiles of water molecules in equilibrium and shear configuration.

The comparison of the two-dimensions density profiles of water molecules in the equilibrium and
shear process is taken in Fig. 5. First of all, we can see the influence of the GCOOH configuration on
the two-dimensional water distribution in the equilibrium configuration, as shown in Fig. 5al and b1.
The double-sided GCOOH configuration is straight and can be in contact with water molecules to the
greatest extent(as shown in Fig. 5a3). The single-sided GCOOH configuration is arched and the outer
side of the arch is the side containing the functional group (as shown in Fig. 5b3). The arched shape
makes the contact area between the functional group and water larger, which is more conducive to
water adsorption. In the equilibrium state, the water distribution on the CSH side and the GCOOH side
is uneven. During the equilibrium state, there is an unequal distribution of water between the CSH side
and the GCOOH side. Furthermore, as shown in Fig. Sa2 and 5b2, the presence of shear leads to a
more homogeneous dispersion of water molecules between CSH and GCOOH on the upper layer.
However, there is no substantial alteration in the distribution of water molecules near the base CSH.

The density profiles of water molecules undergo substantial changes under shearing action,

11
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necessitating more investigation into the underlying mechanism.

@l) (a3)
35 et

Fig. 5. The two-dimensions density profiles of water molecules between CSH sheets in (al )equilibrium
and (a2)shear configuration in the double-sided GCOOH system, and in (b1)equilibrium and (b2)shear
configuration in the single-sided GCOOH system, respectively. The configuration of (a3)double-sided
GCOOH and (b3)single-sided GCOOH in shear progress.

In summary of Fig. 2 to 5, the microstructure of water distribution and GCOOH in the double-sided
GCOOH and single-sided GOOH system is different, which is the main factor that affects the
interfacial friction. The changes in the microstructure are attributed to the interactions between
molecules. Therefore, the interface interaction mechanism between CSH sheets with double-sided and
single-sided GCOOH is analyzed from two parts: microstructure analysis and intermolecular
interaction analysis. Subsequently, we will elucidate the alterations in the microstructure following the
application of shear and identify the pivotal molecular interactions involved in the shearing process.

12
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3.2 Microscopic Origin of Interfacial Lubrication

The distribution of the order parameter (Sm) in the equilibrium and shear configuration is calculated
to quantitatively evaluate the impact of an aqueous environment on the microstructure of water
molecules. The order parameter is a crucial parameter for assessing the molecular arrangement and
aggregation structure, and it is expressed as follows:

Sm=5{3c0s?2f — 1) (1)

In the equation, B represents the angle between two orientations of the water dipole. A value of Sm
approaching 1 indicates a high order, while a value of Sm approaching -0.5 indicates a low order.

As shown in Fig. 6a, the low-order parameters of the water molecules of the two systems are not
much different in the equilibrium state, but the value of the high-order water is much larger than that
in the shearing state. Under the shearing action, the value of the high-order water of the double-sided
system is significantly reduced. This phenomenon shows that the shearing action has a certain
influence on the microstructure of water aggregation and the interaction between water and water in
the double-GCOOH system. The directional distribution of water molecule dipoles is affected by
shearing, as shown in Fig. 6b and 6c¢, which are concentrated at 0° and 180°. The direction of 0° and
180° represents the adsorbed water on the upper CSH surface, substrate CSH surface, or GCOOH
surface. In the previous work, the shearing action destroyed the adsorption of water molecules on the
CSH surface, which reduced the dipole angle distribution in the 0° and 180° directions. However, in
these two systems, the dipole angle distribution in the 0° and 180° directions increases, which means

that the shearing action also destroys the water molecules adsorbed on the GCOOH surface.

13
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Fig. 6. The distribution of water order parameters between CSH sheets (a) in the equilibrium and shear
progress of the double-sided GCOOH system and the single-sided GCOOH system.The distribution
of dipole direction of water molecules (b) in the equilibrium and shear configuration of the double-

sided GCOOH system and (c) the single-sided GCOOH system

During the shearing process, not only the interaction between the interface and the water molecules
is affected, but what other interactions produce changes? The constant change of friction during the
shearing process means that the interaction between the molecules is constantly changing. The radial
distribution function (RDF) is defined as the ratio of the local density to the average density. We
usually use RDF to characterize the strength of the interaction between atoms. The RDF between the
relevant pairs of water-Ca,water-SiO tetrahedron, water-COOH, COOH-Ca, COOH-SiO tetrahedron,
Water-C, and Ca-SiO tetrahedron, was calculated during the shearing process(as shown in Fig. 7). The
above seven sets of interactions correspond to four parts of the interface interaction: water desorbed
from the CSH surface or GCOOH surface, GCOOH or Ca separated from the CSH substrate.

The RDF between the water and Ca ions and between the water and SiO tetrahedron has an obvious
peak around 1 A and 2.35 A, respectively, and the RDF peak in the double-sided GCOOH system is
higher than that of the single-sided GCOOH system(as shown in Fig. 7a). This phenomenon occurs
because the single-sided GCOOH system only adsorbs water on the side with a higher concentration

14
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of carboxyl groups at the same coverage. Furthermore, a significant portion of the carboxyl groups
with the CSH surface for water molecules. As a result, the water molecules adsorbed on the CSH
surface have a higher tendency to desorb. The interaction of GCOOH with CSH in cementitious
systems with carboxyl functionality is an important component of our research since it helps us
understand the mechanism behind the enhancement of cement paste fluidity. As shown in Fig. 7b, the
first peaks of RDFs in both Ocooh-Ca and Ocooh-Osio pairs in single-sided GCOOH system are higher
than those in double-sided GCOOH system, and the position of the first peak in single-sided GCOOH
system is closer to CSH surface, indicating that GCOOH in single-sided GCOOH system is more likely
to be adsorbed on CSH surface. In addition, by comparing the RDF of Ca-SiO tetrahedron and water-
C(up) and water-COOH(up) in Fig. 7¢, it can be observed that the peak value of the double-sided
GCOOH system is much higher than that of the single-sided GCOOH system, and the peak of the Ca
and O,,on bond is higher in the double-sided GCOOH system. Based on the above facts, we can infer
that it is difficult for water molecules to act on single-sided GCOOH, and the interaction between
double-sided GCOOH and water is stronger, and double-sided GCOOH can enhance the Ca-SiO

tetrahedral interaction, thereby inhibiting the move of Ca ions from the CSH substrate.
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Fig. 7. Radial distribution function (RDF) in the shearing process of the noncovalent pairs of (al) @
Water-COOH, @) Water-SiO tetrahedron, (b2) 3 COOH-Ca, @ COOH-SiO tetrahedron and (c3)®

Water-COOH(up), ®Water-C(up), @Ca-SiO tetrahedron.

The strength and stability of molecular and ionic bonds can be quantitatively described using the
Time Correlation Function (TCF). The TCF for noncovalent bonds is calculated using the following

formula:

< 8b(£)5b(0) >
C () =spoysp0)

2
Where the 6b(t) is a binary operator. The 6b(t) equals 1 if the noncovalent bond is generated,
otherwise equals 0.
As shown in Fig. 8, the TCF of the Water-Ca pair decreases significantly, but the double-sided
system decreases more slowly and the final stable value is also higher, which indicates that the
interaction of the non-covalent Water-Ca pair in the system is a bit more stable and is relatively less

affected by the shearing effect. The TCF of the COOH-Ca pair in the two-sided system stays above
16



Page 17 of 27 Physical Chemistry Chemical Physics

0.9, and that of the COOH-Ca pair in the one-sided system stays at 0.8, which proves that the carboxyl
group interaction with the Ca ions on the surface of CSH is not easy to be broken under shear and that
the stability of the COOH-Ca bond is much better in the double-sided GCOOH system so that more
external force is needed for the double-sided GCOOH to be detached from the surface of CSH. Fig.
9 shows the time evolution of relative (non)covalent bond contents of Ca-SiO tetrahedron, Water-SiO
tetrahedron, and Water-COOH in two systems, where the bond time evolution is a parameter used to
estimate the change in the content of molecular or atomic interaction bonds. Firstly, the variation of
Ca-SiO tetrahedron bonding content in the double-sided GCOOH system is smaller than that in the
single-sided GCOOH system, which indicates that the interaction between Ca and SiO tetrahedra in
this system is relatively stable and difficult to be broken under shear. Secondly, the bonding content
of water-SiO tetrahedra fluctuates greatly in the two systems, and most of the values are lower than
1.0, which can be inferred that the water molecules adsorbed on the surface of SiO tetrahedra are
destroyed during the shear process, and the GCOOH weakens the water-absorbing ability of SiO
tetrahedra. Finally, the bonding content of Water-COOH also fluctuates considerably. The overall
bonding content of the double-sided GCOOH system shows an increasing trend, while the overall
bonding content of the single-sided GCOOH system shows a decreasing trend. This phenomenon also
proves that the GCOOH with modified functional groups on both sides has a significantly stronger
ability to compete for water molecules than the GCOOH with modified functional groups on one side.
Increased adsorption of water molecules leads to a decrease in the presence of freely moving water

molecules between sheets, resulting in a reduction of the interfacial lubrication effect.
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Fig. 9. Time evolution of bonding (BTE) of the noncovalent pairs of Ca- SiO tetrahedron, Water- SiO

tetrahedron, and Water-COOH in double-sided GCOOH and single-sided GCOOH systems. The

dotted line is the original data, and the solid line is the trend line.

As previously stated, the double-sided GCOOH adheres more securely to the CSH surface, and the

carboxyl groups on the upper surface have a stronger interaction with water molecules, resulting in

increased friction at the GCOOH/CSH contact. The majority of the adsorption sites on the substrate's

CSH surface are taken up by one-sided GCOOH, causing more water molecules to detach from the

CSH surface and contribute to interlayer lubrication. As a result, the interaction between the water
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molecules and the C-atoms of the one-sided GCOOH becomes less strong, leading to a decrease in

interfacial friction.

3.3 Discussion of Mode of Action

These different modes of action between single-sided and double-sided GO can lead to variations in
their effects on the properties and behavior of CSH in concrete systems. Double-sided GO has an
increased friction capacity in cement particles. It offers two functionalized surfaces, allowing for
stronger and more extensive adsorption of water molecules on both sides of the CSH surface. With
functional groups present on both sides, double-sided GO has a higher potential for interaction with
the CSH surface compared to single-sided GO. The insertion of single-sided GO between CSH sheets
can act as a lubricant, reducing friction and enabling easier sliding or movement between the CSH
sheets. It primarily interacts with the CSH surface through the adsorption of its functional groups, such
as carboxyl groups, onto the CSH surface. The groups on single-sided GO can compete with the CSH
surface for water molecules, potentially leading to the desorption of water molecules from the CSH
surface. As single-sided GO only has functional groups on one side, its interaction with the CSH
surface is limited to that side. The carbon atoms on the unaltered side of the single-sided GO exhibit
minimal affinity towards water molecules and the upper CSH interface. Instead, they facilitate
lubrication with other ions or molecules present in the cement paste.For designing GO, double-sided
GO exhibits higher adsorption capability, leading to enhanced mechanical properties of concrete. On
the other hand, single-sided GO demonstrates greater lubrication performance, enhancing the fluidity

of concrete.
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Fig. 10. The comparison of modes of action between double-sided GCOOH and single-sided GCOOH

in concrete systems.

4 Conclusion

In this study, we employed molecular dynamics simulations to investigate the interface friction
between CSH and GO sheets. Through shear MD simulations, we observed the microscopic
enhancement behavior and examined the changes in microstructural parameters during the shearing
process. Our results revealed the strong correlation between GO and the movement of the CSH
substrate, providing insights into the lubrication effect of both double-sided and single-sided modified
functional group GO at the CSH interface. Furthermore, our investigations on the friction between GO
and the CSH substrate demonstrated the redistribution of water molecules between the sheets induced
by the shearing effect. The double-sided GCOOH system has a lower density of functional groups and
occupies fewer adsorption sites on the CSH surface, facilitating the interaction between water
molecules and the CSH substrate. Conversely, the functional groups on the other side exhibit stronger
interaction with water molecules and require a higher external force to disrupt the interaction between
water molecules and the CSH interface or carboxyl groups. The observed increase in friction between
GO and CSH, modified with functional groups on both sides, is considered to be the underlying

mechanism responsible for the enhanced mechanical properties of concrete achieved by GO. Based on
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the investigation of the single-sided GCOOH system, it is deduced that a significant portion of the
carboxyl groups on one side of GCOOH are firmly adsorbed onto the CSH surface. This adhesion
allows for a greater number of water molecules to interact and provide lubrication at the interface.
Conversely, the unmodified side of GCOOH lacks interaction with water molecules, suggesting that
the adsorption of one-sided GCOOH optimizes the CSH surface and mitigates friction at the micro-
interface to some extent. Consequently, the presence of single-sided GCOOH proves advantageous in
enhancing the fluidity of cement slurry.

This study offers a potential avenue for comprehending the mechanism underlying single-sided or
double-sided functionalization of GO in CSH. Future investigations should focus on identifying the
specific types of functional groups modified on the surface of GO and determining if there exists an
optimal coverage of functional groups that can effectively reduce friction between CSH particles after
the incorporation of GO. Unveiling these mechanisms will enhance the theoretical foundation of GO-
cement composites and facilitate the optimization of their properties. Consequently, graphene-

reinforced concrete holds great promise as a promising material.
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