Pis’ma v ZhETF, vol. 112, iss. 2, pp. 119 – 120 © 2020 July 25

Thermal conductivity of graphene oxide: A molecular dynamics study

J. Chen^{1)}, L. Li

Department of Energy and Power Engineering, School of Mechanical and Power Engineering, Henan Polytechnic University, Jiaozuo, 454000 Henan, Peoples republic of China

Submitted 30 May 2020 Resubmitted 9 June 2020

Accepted 9 June 2020

DOI: 10.31857/S1234567820140104

Graphene is a particularly unique form of carbon that can possess a number of desirable properties [1, 2]. The atomic structure of graphene enables it to conduct heat and electricity with great efficiency [3, 4]. In effect, graphene can dissipate heat more efficiently than copper or aluminum [5, 6]. The introduction of graphene oxide into both metals and polymers has yielded materials with enhanced thermal properties [7, 8]. However, the potential has not been fully exploited [9, 10]. Recent efforts have shown promise for enhancing thermal conductivity [11, 12]. The success has been driven by continuing technical advances in the surface chemistry of graphene [13] and a fundamental understanding the role of defects and grain-boundaries in thermal conductivity [14]. Chemical functionalization has especially great potential for improvements in composite thermal properties [15], thus stimulating intense research effort in this area [16].

The thermal conductivity of graphene oxide is much lower than that of pristine graphene due to enhanced phonon-boundary scattering resulting from surface functional groups [17, 18]. However, graphene oxide is dispersible in water, organic solvents, and different matrixes [19, 20], making it particularly desirable for certain applications. Previous theoretical studies have developed molecular dynamics models in which functional groups are substantially homogeneously distributed on the whole edge or surface of graphene oxide [21, 22]. However, this assumption is not necessarily completely correct, especially for chemically derived graphene oxide. It is therefore necessary to develop a molecular dynamics model in which functional groups are present in nonuniform distribution on the whole edge or surface of chemically functionalized graphene oxide.

This study relates to the mechanism of phonon transport in graphene oxide containing hydroxyl and epoxy functional groups. The thermal properties of graphene oxide are studied using non-equilibrium molec-

1)e-mail: yangyangdepe@yandex.com, cjjmmm@163.com

ular dynamics to understand the thermal transport phenomena involved and the structure factors limiting heat conduction. Estimates are given in terms of phonon mean free paths for the reduction in thermal conductivity by interior defects due to scattering. The mechanism of phonon transport in the graphene oxide is discussed. The objective is to evaluate the effect of the degree of oxidation on the thermal properties of graphene oxide in order to understand the nanoscale thermal transport phenomena involved. Particular focus is placed on how sensitive the thermal conductivity of graphene oxide is to the concentration of oxygen-containing functional groups.

The graphene oxide modeled in this study contains hydroxyl and epoxy functional groups in the basal plane. Oxygen is present in the form of the above oxygen-containing functional groups with a molar ratio of 3 : 2. These functional groups are present in nonuniform distribution on the two sides of the graphene oxide sheet. The degree of oxidation ranges from 0 to 0.35. The graphene oxide sheet is 2.4 nm in width and varies in length from 5 to 40 nm. Atomistic simulations are carried out using reverse non-equilibrium molecular dynamics. The Müller-Plathe algorithm [23] is used to exchange kinetic energy, which is implemented in LAMMPS [24]. The atomistic interactions in the graphene oxide are treated with the reactive force-field interatomic potential. The carbon atoms that are chemically bonded thereto hydroxyl and epoxy functional groups in the graphene oxide are treated as interior defects. The effective mean free path for phonon scattering can be determined.

The results indicated that the degree of oxidation can significantly affect the thermal conductivity of graphene oxide. Oxygen-containing functional groups reduces the efficiency of phonon transport in graphene oxide, and they can adversely affect the thermal performance due to the mean free path of phonons limited mainly by interior defects. The effect of scattering from interior defects on the thermal conductivity

Письма в ЖЭТФ том 112 вып. 1 – 2 2020 119

120 J. Chen, L. Li

becomes more pronounced with increasing the sheet length.

The thermal performance can be enhanced with low degrees of oxidation by effectively eliminating or reducing phonon-defect scattering within graphene oxide, and can be improved by increasing the sheet length due to the reduced probability of phonon-boundary scattering.

The thermal properties of the graphene oxide sheet with different lengths and with different degrees of oxidation are investigated. The calculated intrinsic thermal conductivity of single layer pristine graphene is around 2480 W/m · K at room temperature, which has good consistency with that determined by experiments [25]. Consequently, graphene nanoribbons, by their very nature, can conduct heat efficiently. This unique feature makes graphene particularly desirable for certain applications [26]. The intrinsic thermal conductivity of graphene oxide is around 72 W/m · K at room temperature with an oxidation degree of 0.35 and around 670 W/m · K with an oxidation degree of 0.05.

The effect of the degree of oxidation on the phonon mean free path due to internal scattering processes is evaluated. Oxygen-containing functional groups cause a sharp decrease in thermal conductivity due to the significantly reduced mean free path of phonons. With a high degree of oxidation, the structure of graphene oxide is ineffective to reduce the probability of phonondefect scattering and enhance the capacity of phonon transport in graphene oxide, making the carbon-based material a poor conductor of heat in comparison with pristine graphene.

A high degree of oxidation causes a decrease in phonon mean free path due to enhanced phonon-defect scattering. A low degree of oxidation enhances the phonon transport properties and reduces the probability of phonon-defect scattering. Phonon transport in graphene oxide with a high degree of oxidation is governed by the phonon-defect scattering mean free path.

With respect to the thermal conductivity, the effective phonon mean free path is more important than the specific heat, especially in the case of high degrees of oxidation or high concentrations of oxygen-containing functional groups.

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364020140015

1. A. K. Geim and K. S. Novoselov, Nature Mater. 6, 183 (2007).

2. A. K. Geim, Science 324, 1530 (2009).

3. K. I. Bolotin, K. J. Sikes, Z. Jiang, M. Klima, G. Fudenberg, J. Hone, P. Kim, and H. L. Stormer, Solid State Commun. 146, 351 (2008).

4. S. Ghosh, W. Bao, D. L. Nika, S. Subrina, E. P. Pokatilov, C. N. Lau, and A. A. Balandin, Nature Mater. 9, 555 (2010).

5. S. P. Clark, Jr., Handbook of Physical Constants, Revised Edition, The Geological Society of America, Inc., N.Y., United States (1966).

6. C. Y. Ho, R. W. Powell, and P. E. Liley, J. Phys. Chem.

Ref. Data 1, 279 (1972).

7. W. Lu, P. Soukiassian, and J. Boeckl, MRS Bull. 37, 1119 (2012).

8. W. Feng, M. Qin, and Y. Feng, Carbon 109, 575 (2016). 9. H. Song, J. Liu, B. Liu, J. Wu, H.-M. Cheng, and F. Kang, Joule 2, 442 (2016).

10. W. Li, Y. Huang, Y. Liu, M. C. Tekell, and D. Fan, Nano Today 29, 100799 (2019).

11. E. Pop, V. Varshney, and A. K. Roy, MRS Bull. 37, 1273 (2012).

12. A. A. Balandin, Nature Mater. 10, 569 (2011). 13. Y. Ouyang, S. Sanvito, and J. Guo, Surf. Sci. 605, 1643 (2011).

14. T. Ma, Z. Liu, J. Wen, Y. Gao, X. Ren, H. Chen, C. Jin, X.-L. Ma, N. Xu, H.-M. Cheng, and W. Ren, Nat. Commun. 8, 14486 (2017).

15. T. Kuila, S. Bose, A. K. Mishra, P. Khanra, N. H. Kim, and J. H. Lee, Prog. Mater Sci. 57, 1061 (2012).

16. D. R. Dreyer, S. Park, C. W. Bielawski, and R. S. Ruoff, Chem. Soc. Rev. 39, 228 (2010).

17. Q.-X. Pei, Z.-D. Sha, and Y.-W. Zhang, Carbon 49, 4752 (2011).

18. W. Huang, Q.-X. Pei, Z. Liu, and Y.-W. Zhang, Chem.

Phys. Lett. 552, 97 (2012).

19. C.-J. Shih, S. Lin, R. Sharma, M. S. Strano, and D. Blankschtein, Langmuir 28, 235 (2012).

20. I. Chowdhury, M. C. Duch, N. D. Mansukhani, M. C. Hersam, and D. Bouchard, Environ. Sci. Technol. 47, 6288 (2013).

21. J. N. Hu, S. Schiffli, A. Vallabhaneni, X. L. Ruan, and Y. P. Chen, Appl. Phys. Lett. 97, 133107 (2010).

22. J.Y. Kim, J.-H. Lee, and J. C. Grossman, ACS Nano 6, 9050 (2012).

23. F. Müller-Plathe, J. Chem. Phys. 106, 6082 (1997). 24. S. Plimpton, J. Comput. Phys. 117, 1 (1995). 25. A. A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F. Miao, and C. N. Lau, Nano Lett. 8, 902 (2008).

26. M. Ye, Z. Zhang, Y. Zhao, and L. Qu, Joule 2, 245 (2018).

Письма в ЖЭТФ том 112 вып. 1 – 2 2020