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Abstract: Hydroxyl groups play an important role in friction of graphene oxides. In this paper,
the influence of hydroxyl groups on friction of graphene is investigated by molecular dynamics
simulation. The results show that the friction does not always go up with the rising of hydroxyl
groups ratio, and reaches the maximum when the hydroxyl groups ratio between interfaces is about
10%. The reason is that hydrogen bonds tend to form in interlayers when the hydroxyl groups
ratio is high. The formed hydrogen bonds between interfaces are closely related to the friction.
However, the analysis of the component of van der Waals, Coulomb’s forces and hydrogen bonds
interaction between interfaces indicates that van der Waals forces are dominant in friction, which can
be attributed to the influence of interface distance on friction.
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1. Introduction

Graphene and graphene oxides have attracted a lot of attention owing to their excellent electronic
and mechanical characteristics [1-3]. Friction and adhesion play significant roles in their application.
Raman results have shown that graphene oxides contained large density structural defects, and the
XPS results suggested that these defects were epoxy and carbonyl/hydroxyl functional groups at
the basal plane and the edges of the graphene sheets, respectively [4]. The friction of graphene and
graphene oxides are very different from each other because of these functional groups. The friction of
graphene has been investigated sufficiently in recent years [5-9], and the influences of layer stacking
and the other structural properties are clear. However, research on the friction of graphene oxides and
how their related functional groups influence friction is relatively little. In a previous experimental
work, graphene oxides, as lubricant addictive, were found to reduce friction and wear [10]. The role
of oxygen functional groups of graphene oxides for lubrication were also discussed by measuring
the friction coefficient and the wear of two reduced graphene oxides terminated with hydroxyl and
epoxy-hydroxyl groups and polyethylene glycol [4]. The authors indicated that the strong coupling
between two graphene sheets through hydroxyl units caused the interaction of polyethylene glycol
with the graphene oxides to be non-effective for lubrication. In microscale, Wei [11] and Byun [12]
measured the friction of graphene, graphene oxide and reduced graphene oxides by AFM. They both
indicated that graphene oxides presented much higher friction than graphene. Berman [13] confirmed
that the oxidation resulted in dramatic increase of multilayer graphene friction.

Because functional groups trigger the big difference of friction between graphene and graphene
oxides, researchers have started to focus on explaining why functional groups influence the friction
behavior of graphene. Dong [14] revealed that atomic roughness induced by hydrogenation was
the primary cause of friction enhancement. Kwon [15] and Ko [16] associated enhanced friction of
chemically modified graphene with the increased out-of-plane elastic characteristics after chemical
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modification. However, because carboxyl, epoxide and hydroxyl groups on graphene oxides may
lead to the formation of hydrogen bonds between interfaces, interface interaction is more complicated
than hydrogenation and fluorination. Medhekar [17] investigated hydrogen bond networks in
graphene oxides using ReaxFF reactive force field. Wang and Ma [18] pointed out that the interlayer
hydrogen bond interaction resulted in high static lateral force between two graphene oxide layers
by density functional theory. Gupta et al. [4] indicated that the strong coupling between graphene
sheets through hydroxyl units obviously affected their lubrication. In fact, the influence of hydrogen
bonds on interface distance [19,20] and friction were also discussed in other materials; for example,
silica/silica interfaces [21], and biomatter [22]. However, when hydrogen bonds form between
interfaces, how several kinds of forces between interfaces influence friction, and whether hydrogen
bond interactions are dominant in friction are still not clear. In this study, we build three simulation
models including two-layer graphene, the lower layer of graphene grafted with hydroxyl groups
and the two layers of graphene both grafted with hydroxyl groups between interfaces by molecular
dynamics simulation. The contributions of hydrogen bond interaction, van der Waals forces and
Coulomb’s forces on friction is made clear, and the influence of hydroxyl groups ratio on friction of
graphene are also investigated.

2. Simulation Model

The three simulation models used in this paper are illustrated in Figure 1. The ideal model a is
two layers of graphene. In model b, hydroxyl groups are introduced randomly on the bottom layer.
In model ¢, the interfaces between the two layers are both randomly grafted with hydroxyl groups.
Hydroxyl groups ratio on graphene denotes the number of hydroxyl groups to the number of carbon
atoms on the layer. The x and y dimensions of graphene layers are 7.38 nm and 7.46 nm, respectively.

(a)

(b)

Figure 1. The structures of simulation models (a—c). Blue, red, purple and yellow balls denote C atoms
in the upper graphene layer, C atoms in the lower graphene layer, O atoms and H atoms, respectively.
In model (b) and (c), the hydroxyl groups ratio on graphene layers is 0% /5% and 5% /5% respectively.

The REBO (The reactive empirical bond order) [23] potential is applied to describe the C—-C bond
interactions within graphene. Since the O atoms are not considered in REBO potential, Hughes [24]
indicated that OPLS (Optimized potentials for liquid simulations) force field [25] could be applied
to describe C-O-H interactions. The charges on the hydroxyl groups and corresponding C atoms
on graphene could be found in the literature [26]. Classic 12-6 Lennard-Jones potential [27] is
applied to calculate van der Waals forces between interfaces in three models. The hydrogen bond
in model c is described by the DREILDING [28] force field. The bottom graphene layer is fixed.
The periodic boundary conditions are applied along the x and y directions. The simulations are carried
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by LAMMPS [29]. NVT ensemble with a system temperature of 300 K controlled by the Langevin
thermostat method is used. Velocity—Verlet algorithm with a time step of 1 fs is adopted.

The simulation process is as follows: First, the simulation systems under load relax to reach the
equilibrium. Second, the top layer of graphene slides over the bottom layer at a constant speed in
x direction.

3. Results and Discussion

When hydroxyl groups are introduced between interfaces or only on the bottom layer,
the influence of the groups on friction is apparently different. The lateral forces between interfaces
in model a, b and c are shown in Figure 2. The lateral force in model b is a little larger than in model
a, and they present similar periods. The inset is the lateral force with move distance in x direction in
model a. The period is about 0.12 nm, which is similar to V/3/2 x A, where A denotes C—C bond length.
The reason that causes this phenomenon is that the upper graphene layer slides over the bottom layer
in a periodic zig-zag way. The trajectory of the upper graphene is as shown in the upper right corner
of Figure 2. However, in model ¢, when hydroxyl groups are introduced between interfaces, the lateral
force obviously changes. The average friction force is much higher than 0.67 nN in model b and nearly
zero in model a. The lateral force in model c is not periodic any more owing to the random distribution
of hydroxyl groups. The reason is that hydrogen bonds form between the hydroxyl groups when
their distance and angle are in a certain domain. The formation and break of hydrogen bonds during
sliding increase friction. Wang and Ma [18] indicated that hydrogen bonds formed between interfaces
obviously influenced friction. Our results agree with their conclusion.
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Figure 2. The lateral force between interfaces in models a, b and c. In model b and ¢, the hydrogen
groups ratio on the upper and lower graphene layers is 0% /5% and 5%/5%, respectively. The inset
curve shows the lateral force with move distance in x direction in model a. The trajectories of the upper
graphene layer in model a and b are similar, which is illustrated in the upper right corner.

In general, it will be regarded that more hydroxyl groups will lead to more hydrogen bonds
being formed, which results in higher friction. However, we find that larger hydroxyl groups ratio on
graphene does not mean higher friction. Figure 3a shows the average friction force and the average
hydrogen bond number between interfaces during motion stage in six cases, in which hydroxyl
groups ratio varies from 5%/5% to 30%/30%. Hydrogen bonds are considered to form when the
distances between the acceptor atoms and the donor atoms are smaller than 0.35 nm and the bond
angles between the acceptor atoms, the hydrogen atoms and the donor atoms are larger than 150°.
The average hydrogen bond number between interfaces shows a similar trend to friction, which implies
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that friction is correlated with hydrogen bonds formed between interfaces. Friction force reaches the
maximum when the ratio is about 10%/10%, then decreases with hydroxyl group ratio. To explain
why the higher hydroxyl groups ratio does not lead to more hydrogen bonds between interfaces and
higher friction, the numbers hydrogen bonds formed during the motion stage in the lower graphene
layer, the upper graphene layer and between interfaces when hydroxyl groups ratio is 5%/5% and
20%/20%, are shown as Figure 3b,c. In the case with ratio 20%/20%, the hydrogen bonds formed
between interfaces are obviously less than in the case with the ratio 5%/5%. However, the hydrogen
bonds in interlayers show opposite results. It can be concluded that hydrogen bonds tend to form in
interlayers in cases with high hydroxyl groups ratio, which suppresses the formation of hydrogen
bonds between interfaces and causes a decrease in friction. Besides, it can be seen in Figure 3a that the
average hydrogen bond number between interface is similar when hydroxyl groups ratio is between
20%/20% and 30%/30%, which implies that the formed hydrogen bonds will be stable when the
hydroxyl group ratio reaches a certain value.
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Figure 3. (a) The average hydrogen bonds number between interfaces and the average friction force
during motion stage in six cases with hydroxyl groups ratios of 5% /5%, 10%/10%, 15%/15%, 20%/20%,
25%/25% and 30%/30%; (b) The hydrogen bonds number in the lower graphene layer, the upper
graphene layer and between interfaces in the case with hydroxyl groups ratio 5%/5%; (c) The hydrogen
bonds number in the case with hydroxyl groups ratio 20%/20%.
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To further explain how the hydrogen bond influences friction, interface interaction is analyzed
in details in this paper. When hydroxyl groups are introduced between interfaces, three kinds of
forces including van der Waals forces, Coulomb’s forces and hydrogen bond interactions appear.
Figure 4a shows the x direction component of van der Waals forces, Coulomb’s force and hydrogen
bond interactions between interfaces when the hydroxyl groups ratio is 10%/10%, in which case the
average friction is the largest. The x direction component of van der Waals forces and Coulomb’s
forces can be calculated directly in LAMMPS. The component of lateral force caused by hydrogen
bonds is obtained through the total lateral force minus the other two parts. The results show that
van der Waals forces and hydrogen bond interactions play more important roles in lateral forces.
Moreover, hydrogen bond interaction is not dominant in lateral forces. In the research of frictional
sliding between Cellulose 3 nanocrystals, Wu et al. [30] indicated that although the observed friction
trends could be correlated with hydrogen bonding, it might not be the most significant factor in
determining frictional behavior on cellulose nanocrystal surfaces. In our results, this speculation is
confirmed and the dominant factor is found. In Figure 4a, it can be clearly seen that van der Waals
forces are dominant in friction. Why hydrogen bond interaction between interfaces is correlated
with friction but is not dominant can be explained as follows. Figure 4b shows that the z direction
component of van der Waals forces in models a, b, ¢, and the z direction component of hydrogen bond
interactions in model c. The fluctuation of z direction components of van der Waals forces in model ¢
is obviously larger than in models a and b, which implies high van der Waals forces between interfaces
owing to the introduced hydroxyl groups. Because more formed hydrogen bonds result in smaller
interface distance, larger van der Waals forces and higher friction will occur, therefore, friction is
correlated with hydrogen bonds, however, van der Waals forces still play the most important role.
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Figure 4. (a) The x direction component of van der Waals forces, Coulomb’s forces and hydrogen bond
interactions between interfaces in model c; (b) The z direction component of van der Waals force in
models a, b, ¢, and the z direction component of hydrogen bonds interaction in model c.

4. Conclusions

In this paper, the influence of hydroxyl groups on friction of graphene at the atomic scale is
investigated. The results show that the introduced hydroxyl groups between interfaces will obviously
increase the friction. The friction force and hydrogen bond numbers between interfaces reach the
maximum when the hydroxyl groups ratio is about 10%/10%. The reason is that the hydrogen bonds
formed in interlayers suppress the formation of hydrogen bonds between interfaces. The hydrogen
bonds trend with hydroxyl groups ratio is correlated with friction, however, van der Waals forces are
still dominant in friction. It can be explained that more formed hydrogen bonds decrease interface
distance, which leads to larger van der Waals forces, and then results in higher friction.



Crystals 2018, 8, 167 60f7

Acknowledgments: The work is supported by the National Natural Science Foundation of China (No. 51475039
and No. 51105028).

Author Contributions: Rui Li wrote the paper. Chenggang Song conducted part of the simulations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhu, YW, Murali, S.; Cai, W.W.; Li, X.S.; Suk, ].W,; Potts, ].R.; Ruoff, R.S. Graphene and Graphene Oxide:
Synthesis, Properties, and Applications. Adv. Mater. 2010, 22, 5226. [CrossRef]

2. Robinson, ].T.; Zalalutdinov, M.; Baldwin, ].W.; Snow, E.S.; Wei, Z.Q.; Sheehan, P.; Houston, B.H. Wafer-scale
Reduced Graphene Oxide Films for Nanomechanical Devices. Nano Lett. 2008, 8, 3441-3445. [CrossRef]
[PubMed]

3. Li XM, Tao, L; Chen, ZF; Fang, H.; Li, X.S; Wang, XR,; Xu, ].B.; Zhu, HW. Graphene and related
two-dimensional materials: Structure-property relationships for electronics and optoelectronics. Appl. Phys. Rev.
2017, 4, 021306. [CrossRef]

4. Gupta, B.; Kumar, N.; Panda, K.; Kanan, V.; Joshi, S.; Visoly-Fisher, I. Role of oxygen functional groups in
reduced graphene oxide for lubrication. Sci. Rep. 2017, 7, 45030. [CrossRef] [PubMed]

5. Lee, C;Li, QY. Kalb, W; Liu, X.Z.; Berger, H.; Carpick, R.W.; Hone, J. Frictional Characteristics of Atomically
Thin Sheets. Science 2010, 328, 76-80. [CrossRef] [PubMed]

6. Long, F; Yasaei, P.; Yao, W.; Salehi-Khojin, A.; Shahbazian-Yassar, R. Anisotropic Friction of Wrinkled
Graphene Grown by Chemical Vapor Deposition. ACS Appl. Mater. Interfaces 2017, 9, 20922-20927. [CrossRef]
[PubMed]

7. Shi, RY,; Gao, L.; Lu, H.L.; Li, Q.Y;; Ma, T.B.; Guo, H.; Du, 5.X.; Feng, X.Q.; Zhang, S.; Liu, YM.; et al.
Moire superlattice-level stick-slip instability originated from geometrically corrugated graphene on a strongly
interacting substrate. 2D Mater. 2017, 4, 025079. [CrossRef]

8. Lee, C.; Wei, X.D.; Li, Q.Y.; Carpick, R.; Kysar, ].W.; Hone, J. Elastic and frictional properties of graphene.
Phys. Status Solidi B Basic Solid State Phys. 2009, 246, 2562-2567. [CrossRef]

9.  Grierson, D.S.; Carpick, R.W. Nanotribology of carbon-based materials. Nano Today 2007, 2, 12-21. [CrossRef]

10. Ismail, N.A.; Bagheri, S. Highly oil-dispersed functionalized reduced graphene oxide nanosheets as lube oil
friction modifier. Mater. Sci. Eng. B Adv. Funct. Solid State Mater. 2017, 222, 34-42. [CrossRef]

11. Wei, Z; Wang, D.; Kim, S.; Kim, S-Y;; Hu, Y,; Yakes, M.K; Laracuente, A.R.; Dai, Z.; Marder, S.R; Berger, C.; et al.
Nanoscale Tunable Reduction of Graphene Oxide for Graphene Electronics. Science 2010, 328, 1373-1376.
[CrossRef] [PubMed]

12. Byun, LS, Yoon, D.; Choi, ].S.; Hwang, I.; Lee, D.H.; Lee, M.].; Kawai, T.; Son, Y.W,; Jia, Q.; Cheong, H.; et al.
Nanoscale Lithography on Mono layer Graphene Using Hydrogenation and Oxidation. ACS Nano 2011, 5,
6417-6424. [CrossRef] [PubMed]

13.  Berman, D.; Erdemir, A.; Zinovev, A.V.,; Sumant, A.V. Nanoscale friction properties of graphene and graphene
oxide. Diam. Relat. Mat. 2015, 54, 91-96. [CrossRef]

14. Dong, Y.L.; Wu, X.W.; Martini, A. Atomic roughness enhanced friction on hydrogenated graphene. Nanotechnology
2013, 24, 137-144. [CrossRef] [PubMed]

15. Kwon, S.; Ko, ].H.; Jeon, K.J.; Kim, Y.H.; Park, J.Y. Enhanced Nanoscale Friction on Fluorinated Graphene.
Nano Lett. 2012, 12, 6043-6048. [CrossRef] [PubMed]

16. Ko, J.H,; Kwon, S.; Byun, LS.; Choi, ].S.; Park, B.H.; Kim, Y.H.; Park, J.Y. Nanotribological Properties of
Fluorinated, Hydrogenated, and Oxidized Graphenes. Tribol. Lett. 2013, 50, 137-144. [CrossRef]

17.  Medhekar, N.V.; Ramasubramaniam, A.; Ruoff, R.S.; Shenoy, V.B. Hydrogen Bond Networks in Graphene
Oxide Composite Paper: Structure and Mechanical Properties. ACS Nano 2010, 4, 2300-2306. [CrossRef]
[PubMed]

18. Wang, L.F; Ma, T.B.; Hu, Y.Z.; Wang, H. Atomic-scale friction in graphene oxide: An interfacial interaction
perspective from first-principles calculations. Phys. Rev. B 2012, 86, 1595-1599. [CrossRef]

19. Duong, D.L.; Kim, G.; Jeong, HK.; Lee, Y.H. Breaking AB stacking order in graphite oxide: Ab initio
approach. Phys. Chem. Chem. Phys. 2010, 12, 1595-1599. [CrossRef] [PubMed]

20. Lahaye, R;;Jeong, HK.; Park, C.Y,; Lee, Y.H. Density functional theory study of graphite oxide for different

oxidation levels. Phys. Rev. B 2009, 79, 623-630. [CrossRef]


http://dx.doi.org/10.1002/adma.201090156
http://dx.doi.org/10.1021/nl8023092
http://www.ncbi.nlm.nih.gov/pubmed/18781807
http://dx.doi.org/10.1063/1.4983646
http://dx.doi.org/10.1038/srep45030
http://www.ncbi.nlm.nih.gov/pubmed/28344337
http://dx.doi.org/10.1126/science.1184167
http://www.ncbi.nlm.nih.gov/pubmed/20360104
http://dx.doi.org/10.1021/acsami.7b00711
http://www.ncbi.nlm.nih.gov/pubmed/28513130
http://dx.doi.org/10.1088/2053-1583/aa6da2
http://dx.doi.org/10.1002/pssb.200982329
http://dx.doi.org/10.1016/S1748-0132(07)70139-1
http://dx.doi.org/10.1016/j.mseb.2017.04.010
http://dx.doi.org/10.1126/science.1188119
http://www.ncbi.nlm.nih.gov/pubmed/20538944
http://dx.doi.org/10.1021/nn201601m
http://www.ncbi.nlm.nih.gov/pubmed/21777004
http://dx.doi.org/10.1016/j.diamond.2014.10.012
http://dx.doi.org/10.1088/0957-4484/24/37/375701
http://www.ncbi.nlm.nih.gov/pubmed/23965631
http://dx.doi.org/10.1021/nl204019k
http://www.ncbi.nlm.nih.gov/pubmed/22720882
http://dx.doi.org/10.1007/s11249-012-0099-1
http://dx.doi.org/10.1021/nn901934u
http://www.ncbi.nlm.nih.gov/pubmed/20380417
http://dx.doi.org/10.1103/PhysRevB.86.125436
http://dx.doi.org/10.1039/b919683h
http://www.ncbi.nlm.nih.gov/pubmed/20126775
http://dx.doi.org/10.1103/PhysRevB.79.125435

Crystals 2018, 8, 167 7of7

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Li, A; Liu, Y,; Szlufarska, I. Effects of Interfacial Bonding on Friction and Wear at Silica/Silica Interfaces.
Tribol. Lett. 2014, 56, 481-490. [CrossRef]

Erbas, A.; Horinek, D.; Netz, R.R. Viscous Friction of Hydrogen-Bonded Matter. . Am. Chem. Soc. 2012, 134,
623-630. [CrossRef] [PubMed]

Brenner, D.W,; Shenderova, O.A.; Harrison, J.A.; Stuart, S.J.; Ni, B.; Sinnott, S.B. A second-generation reactive
empirical bond order (REBO) potential energy expression for hydrocarbons. J. Phys. Condes. Matter 2002, 14,
783-802. [CrossRef]

Hughes, Z.E.; Shearer, C.J.; Shapter, ].; Gale, ].D. Simulation of Water Transport through Functionalized
Single-Walled Carbon Nanotubes (SWCNTs). J. Phys. Chem. C 2012, 116, 24943-24953. [CrossRef]

Damm, W.; Frontera, A.; Tirado-Rives, J.; Jorgensen, W.L. OPLS all-atom force field for carbohydrates.
J. Comput. Chem. 1997, 18, 1955-1970. [CrossRef]

Kony, D.; Damm, W.; Stoll, S.; van Gunsteren, W.F. An improved OPLS-AA force field for carbohydrates.
J. Comput. Chem. 2002, 23, 1416-1429. [CrossRef] [PubMed]

Ruoff, R.S.; Hickman, A.P. Van der Waals binding of fullerenes to a graphite plane. J. Phys. Chem. 1993, 97,
2494-2496. [CrossRef]

Mayo, S.L.; Olafson, B.D.; Goddard, W.A.,, IIL. Dreiding: A generic force field for molecular simulations.
J. Phys. Chem. 1990, 94, 8897-8909. [CrossRef]

Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics. . Comput. Phys. 1995, 117, 1-19.
[CrossRef]

Wu, X.W.; Moon, R.].; Martini, A. Atomistic Simulation of Frictional Sliding Between Cellulose I beta
Nanocrystals. Tribol. Lett. 2013, 52, 395-405. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s11249-014-0425-x
http://dx.doi.org/10.1021/ja209454a
http://www.ncbi.nlm.nih.gov/pubmed/22098642
http://dx.doi.org/10.1088/0953-8984/14/4/312
http://dx.doi.org/10.1021/jp307679h
http://dx.doi.org/10.1002/(SICI)1096-987X(199712)18:16&lt;1955::AID-JCC1&gt;3.0.CO;2-L
http://dx.doi.org/10.1002/jcc.10139
http://www.ncbi.nlm.nih.gov/pubmed/12370944
http://dx.doi.org/10.1021/j100113a004
http://dx.doi.org/10.1021/j100389a010
http://dx.doi.org/10.1006/jcph.1995.1039
http://dx.doi.org/10.1007/s11249-013-0223-x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Simulation Model 
	Results and Discussion 
	Conclusions 
	References

