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Abstract 

 

Phenol (C6H5O‒H) dissociation on both pristine and defective graphene sheets in terms of 

associated enthalpic requirements of the reaction channels was investigated.  Here, we 

considered three common types of defective graphene, namely, Stone-Wales, monovacancy 

and divacancy configurations. Theoretical results demonstrate that, graphene with 

monovacancy creates C atoms with dangling bond (unpaired valence electron), which 

remains particularly useful for spontaneous dissociation of phenol into phenoxy (C6H5O) and 

hydrogen (H) atom.  The reactions studied herein appear barrierless with reaction 

exothermicity as high as 2.2 eV.  Our study offers fundamental insights into another potential 

application of defective graphene sheets. 

 

Keywords: density functional theory (DFT), nudged elastic band (NEB), graphene, phenol, 

phenoxy, Stone-Wales, vacancy defects 

1. Introduction 

 

Phenol (C6H5OH), a planar aromatic compound with singular hydroxyl group (OH), has 

ubiquitous industrial and pharmaceutical applications.  It widely serves in the production of 
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plastics, dyes, resins, nylon, throat sprays, aspirin and other important commodities [1,2].  

These applications have led to various phenolic-based pollutants wastes (e.g. dioxin [3]) that 

constitute negative impacts on public health and the environment alike.   As a solution, 

adsorption processes stand out in providing a viable clean-up treatment for this matter due to 

their relatively simple implementation [4]. Moreover in theory, ultrathin nanomaterials, such 

as graphene, exhibit remarkable properties to assist the adsorption procedure. Graphene 

represents a two-dimensional sheet of pure sp
2
-hybridised carbon atoms, arranged in a flat 

single-atomic-layer hexagonal lattice, and for a decade now, it has gained significant 

recognition within the scientific community as a result of its excellent electronic, mechanical, 

optical and chemical properties[5]. Due to its delocalized π-electron system, which can form 

strong interactions with various chemical species; graphene display remarkable properties 

towards adsorption of various pollutants as experimentally proven in case of pharmaceutical 

pollutants [6], reactive black 5 (RB5) [7], and methylene blue [8] and many other water and 

gaseous pollutants [9].  

 

The weakest bond in phenol is the hydroxyl’s O-H bond amounting to nearly 4.0 eV.  

However, O/H radical pool could readily abstracts the hydroxyl’ H atom affording a phenoxy 

radical [10]. On the other hand, the saturated bonds in pristine graphene renders it relatively 

inert. Nonetheless, the material is capable of forming weak interlayer bonds (as in 

graphite)[11], strong multi-functional bonds (as in graphene oxide)[12] and various covalent 

bonds with halogens (as in fluorographene )[13] and other pure elements[14–17]. In relations 

to phenol-graphene interaction, phenolic materials have been used to adsorb epoxy (O) or 

hydroxyl (OH) in graphene oxide to synthesize graphene [18,19].  For the reverse process, 

Luz et al. reported from their experiment that, phenol adsorbed weakly on graphene in a 

graphite-like interaction [4].  An experiment by Huang et al. suggested the application of 

defective oxygenated graphene to attract water molecules for humidity sensor[20].  

 

Computational simulation by Hernandez et al.[2] revealed that pristine graphene-phenol 

interaction is weak (0.1 eV).  However, by doping graphene with Al, the graphene-Al-phenol 

interaction becomes stronger (2.6 eV). Another simulations by Avila et al. [21] show that 

pristine graphene and B-doped-graphene exhibit weak interaction with phenol; while Al- and 

Ga-doped-graphene exhibit strong interaction. In another related study, Kang calculated that 

dioxin is effectively adsorbed by Ca-doped graphene, with binding energy of 3.0 eV[22]. 
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Indeed, elemental doping certainly presents an opportunity to strengthen the interaction 

between phenol and graphene, and as such, the primary objective of this work is to 

investigate the interaction between phenol and undoped defective graphene. This is motivated 

by the work of Hassan et al. [23] and Sanyal et al. [24] in which the former reported in their 

simulation that, undoped defective graphene lowers its interaction with benzene (C6H6) as 

compared to the pristine graphene.  However Sanyal et al.’s showed that, the 585 divacancy 

assists the molecular adsorption on graphene by breaking the adsorbate’s bonds that 

subsequently saturate the dangling bonds on the divacancy sites.  Hence, the contrast 

conclusions remain open to further investigation. 

 

During the fabrications of nanomaterials such as graphene, defects are unavoidable.  

Therefore, the importance of defective graphene has attracted significant number of 

studies[25–28]. In the view of its application in supercapacitor electrodes, Wood and co-

workers reported in their theoretical study that, defects in graphene enable increasing 

capacitance by several fold [29]. Basically, three types of graphene defects exist, i.e. 

dislocation, vacancy, and combined dislocation and vacancy (Figure 1). In the dislocation 

defects, the C atoms form a non-hexagonal network, i.e. Stone-Wales[26], whereas, vacancy 

defects are characterised by loss of C atom, i.e. monovacancy.  Also, in some other cases, 

vacancy defect is followed by dramatic atomic dislocations, i.e. 555777 divacancy.  There are 

unlimited combinations of these types of defects.  As such, only three common defects have 

been selected in this study; Stone-Wales, monovacancy and divacancy[28] whereby Stone-

Wales defect is a 90 rotated C‒C bond in graphene.   

 

Figure 1. 

 

Despite of Sanyal et al.’s hint on the molecular adsorption on graphene with vacancy, it does 

not provide the detail of its reaction pathways.  In this work, we deploy density functional 

theory (DFT) [30], to investigate the chemical interaction of phenol with both pristine and 

undoped defective graphene. We explore the enthalpic requirements of the reaction channels, 

as well as charge transfer analyses. Result presented herein provides more insight into 

adsorption treatment of phenol-like waste substances by defective ultrathin graphene sheets. 
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2. Methods 

 

VASP code [31] was used in all structural relaxation and energy calculations. The details 

include the plane wave DFT, with spin-polarized PAW-GGA functional[32], Grimme[33] 

van der Waals correction, and a Gaussian smearing. The reaction paths/transition energies 

were calculated using the nudged elastic band (NEB) method[34].  All calculations uses plane 

wave cut off energy of 500 eV, energy tolerance of 0.1 meV and atomic force tolerance of 

0.02 eV/Å.  The reaction modellings employ a monolayer pristine/defective graphene with 

the size of 5 × 5 supercell, and an adequate spacing to avoid adsorbate-adsorbate interaction.  

We have applied this theoretical approach in our recent studies on elemental adsorption on 

graphene [10].   

 

Countless orientation possibilities exist in the phenolgraphene interaction, but in this work, 

we chose an orientation suggested by Hernandez et al.[2], i.e. phenol was dropped onto the 

pristine/defective graphene with CO bond oriented perpendicularly to the surfaces.  Our 

theoretical calculation proceeds in five steps.  First and foremost, we calculate the gas-phase 

dissociation energies of phenol into different radical products, i.e. C6H5O + H, C6H5 + OH, 

C6H5 + O + H, according Equation (1). 

 

               (∑         )          (1) 

 

Then, we assess the stability of defective graphene sheets.  For this purpose, we have selected 

the pristine graphene, graphene with Stone-Wales defect, asymmetric monovacancy [35] , 

and 555777 divacancy[36], as shown in Figure 1.  The asymmetric monovacancy has one 

dangling bond and it appear relatively more stable than the symmetric monovacancy with 

three dangling bonds.  Whilst in divacancy, 555777 structure eliminates all the dangling bond 

and results in better stability.  Moreover, Haldar et al. also showed that 555777 structure is 

more stable than 585 structure [36].  The dangling bonds for both the radicals and the 

surfaces are expected to play a role in the reaction channels.  In the third step, we optimise 

the reacting species, i.e., phenol on pristine/defective graphene, with a separating distance of 

10 Å such that they do not interact with each other (Figure 2a).  Afterwards, we optimise the 

products by selectively placing phenol in tight proximity to the surface of the 
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pristine/defective graphene (Figure 2b).  Although are unlimited possible product 

configurations, as shown in Figure 3, the hollow site has been selected based on the 

assumption that, the combined reactivity of surrounding carbon atoms will preferentially 

support the dissociation of OH bond in phenol.  Subsequent to obtaining the most favorable 

product configurations, the last step was to calculate its reaction paths using the NEB method 

[34]. 

 

Figure 2. 

 

Figure 3. 

 

Charge transfers from the (dissociated) phenol to the surfaces (or vice versa) have also been 

estimated using Bader analysis[37]. 

 

 

3. Results and discussion 

 

Figure 4 illustrates the dissociation energies of phenol into different radical products.   

Severance of O‒H bond in phenol requires the least energy of 4.0 eV, while the dissociation 

of phenol into three radical parts (phenyl (C6H5), O and H) necessitates the highest energy of 

9.9 eV. This Figure also shows that oxygen has a role of lowering the dissociation energy, 

hence phenol is expected to be more reactive than benzene. 

 

Figure 4. 

 

From Figure 1, the most stable surfaces are cases (a), (b), (c) and (d).  Thus, we employ these 

four surfaces in the subsequent calculations.  The trend in Figure 4 concurs with the fact that 

aromatic C-H bonds are significantly stronger than O-H bonds (4.8 eV versus 3.9 eV) [38].  

There are four reactant configurations, i.e. phenol on pristine graphene, Stone-Wales, 

asymmetric monovacancy and 555777 divacancy. However, there are fourteen product 

configurations (Figure 3), and the calculated results for the products are listed in Table 1.  

 

Table 1. 



6 
 

 

As seen in Table 1, cases 1Va and 1Vb respectively incur high reaction exothermicity of 2.1 

and 2.2 eV, large charge transfers of 0.75 and 0.49 electron, dissociate phenol into C6H5O + 

H, and also adsorb the C6H5O and the H.  All other cases relatively show low reaction 

exothermicity (between 0.2 and 0.5 eV), negligible charge transfers (0.010.02 electron) and 

significant separations between phenol and the surfaces (1.862.37 Å).  Thus 1Va and 1Vb 

cases are chemisorption processes, while others are physisorption processes.  Furthermore, it 

is easy to show that the chemisorption conditions rely on: (1) the presence of dangling bond 

on the surface, (2) the proximity of the dangling bond with the adsorbate, and (3) the 

assistance of C atom(s) adjoining the C atom with the dangling bond.  These three conditions 

are fulfilled in 1Va and 1Vb cases.  The low reaction energies of other cases are the result of 

no dangling bond on the surfaces, and thus are physisorption processes which is dominated 

by van der Waals force.  

 

Adsorbing phenol using defective graphene with dangling bonds may not effective in a 

competitive environment in which the concentration of phenol is negligible compared with 

other species.  So we compared adsorption of phenol with the analogous process encountered 

for water a molecule with an OH group.  Sanfelix and Darling have calculated water 

dissociation into OH + H onto asymmetric monovacancy graphene and reported a barrier 

energy of ≈ 0.47 eV and reaction energy of ≈ 3.4 eV [39].  The reaction energy of water is 

higher to that of phenol (2.1 or 2.2 eV).  As such, there might be an adsorption competition 

between phenol and water, with the decisive route being determined by the transition energy 

requirements.  Therefore, we performed transition states calculation for 1Va case, and as 

shown in Figure 5, the reaction occurs without a barrier.  A reaction coordinate for the 1Vb 

case is expected to be similar to the 1Va case.  So in this dissociation process, when 

compared to H atom in water, the C6H5 ring in phenol eliminates the barrier energy and also 

reduces the overall exothermicity of the reaction.  This implies that, the C6H5O radical is 

attached more weakly to the monovacancy graphene than hydroxyl radical.  

 

Figure 5. 

 

In Figure 6, the spontaneous dissociation of phenol can be explained using the equivalency of 

the three asymmetric monovacancy configurations.  Robertson et al. suggested that the 
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bonding in monovacancy graphene might oscillate among atoms BC (Figure 6a), atoms 

AC (Figure 6b), and atoms AB (Figure 6c)[35]. Averaging this oscillation results in a 

symmetric monovacancy image (Figure 6d), as seen in the aberration-corrected transmission 

electron microscopy (AC-TEM) characterizations.  

 

Figure 6. 

 

The dissociation mechanism for the 1Va case is shown in Figure 7.  Initially, the bond length 

of BC is relatively shorter than that of AB and AC (reaction coordinate 7).  As H atom 

approaches atom B, the surface rearranges the ABC bonding configurations, and results in 

a comparatively shorter AC bond length (reaction coordinate 8).  Lastly, the O atom 

attaches to atom A in reaction coordinate 9.  It is surmised that in other cases, O atom may be 

attached to both atom A and C to saturate the dangling bond. 

 

Figure 7. 

 

Defective graphene with dangling bond is less stable than the ones without dangling bond.  

So our asymmetric monovacancy case is less favorable than Stone-Wales or even-numbered 

vacancy cases [40]. This can be quantified using energy per carbon atom. Energy/carbon 

atom for pristine graphene, Stone-Wales, monovacancy and divacancy are 9.29, 9.18, 

9.13 and 9.16 eV/atom. At room temperature (300 K), their distributions are determined 

using Maxwell-Boltzmann statistics as 97.7%, 1.5%, 0.2% and 0.6%. This is certainly a 

drawback for our phenol dissociation process but such findings are useful for researchers 

focusing on surface design of nanoporous (activated) carbon for treatment of organics-laden 

wastewater. This is because defective graphene sheets are essentially the building blocks for 

porous carbon materials with eclectic porous structures.   

 

In spite of the fact that monovacancy graphene appears effective in dissociating phenol into 

radical fragments, the practical applications may be somewhat challenging.  The following 

questions are potential, as well as prospective for future studies.   (1) Reusability of vacancy 

sites: effective elutriating and/or desorption methods are needed to remove the dissociated 

fragments from exhausted vacancy sites.  This may include thermal treatments, redox 

recycling and chemical stripping.  However, the stability of the vacancy sites in such 
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conditions must be critically considered.  (2) Competition concern: besides water, the relative 

role of other compound with hydroxyl group requires further scrutiny. Strong attachment of 

adsorbents into graphene might facilitate their oxidative decomposition for instance.  It is 

worthwhile mentioning in this regard that highly re-usable reduced graphene coated with 

ZnO for pollutants adsorptions has been synthesised [41].  Underlying factors for re-usability 

comprise mechanical, photolytic and thermal stability of the graphene composite. 

 

4. Conclusions 

 

Pristine graphene, graphene with Stone-Wales defect and divacancy graphene are not usually 

considered for dissociating phenol, due to their lack of dangling bond.  However, graphene 

with asymmetric monovacancy is able to spontaneously dissociate phenol into phenoxy and 

an H atom, and also adsorb them.  The process is assisted by the conditions of a dangling 

bond at the surface, the proximity of the OH bond at this dangling bond, and the assistance 

of the nearby C atoms at the surface.  It involves spontaneous bond rearrangement of the 

three equivalent asymmetric monovacancy configurations at the surface 

 

 

Acknowledgements 

 

This study has been supported by the IRU-MRUN (Innovative Research Universities – 

Malaysian Research University Network) Collaborative Research Programme, as well as 

grants of computing time from the National Computational Infrastructure (NCI) in Canberra 

and the Pawsey Supercomputing Centre in Perth.  

 

 

References 

 

[1] T.L. Brown, J. H. Eugene LeMay, B.E. Bursten, C.J. Murphy, P.M. Woodward, 

Chemistry The Central Science, 12th ed., Prentice Hall, Boston, 2012. 

[2] J.M.G. Hernández, E.C. Anota, M.T.R. de la Cruz, M.G. Melchor, G.H. Cocoletzi, 

First principles studies of the graphene-phenol interactions., J. Mol. Model. 18 (2012) 

3857–66. doi:10.1007/s00894-012-1382-7. 



9 
 

[3] S.E. Manahan, Fundamentals of Environmental Chemistry, 2nd ed., CRC Press, 2001. 

[4] M. de la Luz-Asunción, V. Sánchez-Mendieta, A.L. Martínez-Hernández, V.M. 

Castaño, C. Velasco-Santos, Adsorption of Phenol from Aqueous Solutions by Carbon 

Nanomaterials of One and Two Dimensions : Kinetic and Equilibrium Studies, 2015. 

[5] K.S. Novoselov, A.K. Geim, S. V Morozov, D. Jiang, Y. Zhang, S. V Dubonos, et al., 

Electric field effect in atomically thin carbon films, Science. 306 (2004) 666–9. 

doi:10.1126/science.1102896. 

[6] L.A. Al-Khateeb, S. Almotiry, M.A. Salam, Adsorption of pharmaceutical pollutants 

onto graphene nanoplatelets, Chem. Eng. J. 248 (2014) 191–199. 

doi:10.1016/j.cej.2014.03.023. 

[7] J.S. Cheng, J. Du, W. Zhu, Facile synthesis of three-dimensional chitosan-graphene 

mesostructures for reactive black 5 removal, Carbohydr. Polym. 88 (2012) 61–67. 

doi:10.1016/j.carbpol.2011.11.065. 

[8] L. Ai, J. Jiang, Removal of methylene blue from aqueous solution with self-assembled 

cylindrical graphene-carbon nanotube hybrid, Chem. Eng. J. 192 (2012) 156–163. 

doi:10.1016/j.cej.2012.03.056. 

[9] K.C. Kemp, H. Seema, M. Saleh, N.H. Le, K. Mahesh, V. Chandra, et al., 

Environmental applications using graphene composites: water remediation and gas 

adsorption, Nanoscale. 5 (2013) 3149–3171. doi:10.1039/c3nr33708a. 

[10] M. Altarawneh, B.Z. Dlugogorski, E.M. Kennedy, J.C. Mackie, Quantum chemical 

and kinetic study of formation of 2-chlorophenoxy radical from 2-chlorophenol: 

Unimolecular decomposition and bimolecular reactions with H, OH, Cl, and O2, J. 

Phys. Chem. A. 112 (2008) 3680–3692. doi:10.1021/jp712168n. 

[11] M.S. Dresselhaus, Fifty years in studying carbon-based materials, Phys. Scr. T146 

(2012) 14002. doi:10.1088/0031-8949/2012/T146/014002. 

[12] Y. Zhu, S. Murali, W. Cai, X. Li, J.W. Suk, J.R. Potts, et al., Graphene and graphene 

oxide: synthesis, properties, and applications., Adv. Mater. 22 (2010) 3906–24. 

doi:10.1002/adma.201001068. 

[13] F. Karlický, K. Kumara Ramanatha Datta, M. Otyepka, R. Zbořil, Halogenated 

graphenes: Rapidly growing family of graphene derivatives, ACS Nano. 7 (2013) 

6434–6464. doi:10.1021/nn4024027. 

[14] H. Widjaja, Z.-T. Jiang, M. Altarawneh, Trends on elemental adsorption on graphene, 

Can. J. Phys. 94 (2016) 437–47. 

[15] H. Widjaja, Z.-T. Jiang, M. Altarawneh, C.-Y. Yin, B.-M. Goh, N. Mondinos, et al., 



10 
 

Towards a better understanding of the geometrical and orientational aspects of the 

electronic structure of halogens (F–I) adsorption on graphene, Appl. Surf. Sci. 356 

(2015) 370–377. doi:10.1016/j.apsusc.2015.07.219. 

[16] H. Widjaja, Z.-T. Jiang, M. Altarawneh, C.-Y. Yin, B.-M. Goh, N. Mondinos, et al., 

Double-sided F and Cl adsorptions on graphene at various atomic ratios: Geometric, 

orientation and electronic structure aspects, Appl. Surf. Sci. 373 (2016) 65–72. 

doi:10.1016/j.apsusc.2015.12.061. 

[17] H. Widjaja, M. Altarawneh, Z.-T. Jiang, C.-Y. Yin, B.-M.M. Goh, N. Mondinos, et al., 

Geometrical and orientational investigations on the electronic structure of graphene 

with adsorbed aluminium or silicon, Mater. Des. 89 (2016) 27–35. 

doi:10.1016/j.matdes.2015.09.111. 

[18] J. Wang, Z. Shi, J. Fan, Y. Ge, J. Yin, G. Hu, Self-assembly of graphene into three-

dimensional structures promoted by natural phenolic acids, J. Mater. Chem. 22 (2012) 

22459. doi:10.1039/c2jm35024f. 

[19] R. Liao, Z. Tang, Y. Lei, B. Guo, Polyphenol-reduced graphene oxide: Mechanism and 

derivatization, J. Phys. Chem. C. 115 (2011) 20740–20746. doi:10.1021/jp2068683. 

[20] Q. Huang, D. Zeng, S. Tian, C. Xie, Synthesis of defect graphene and its application 

for room temperature humidity sensing, Mater. Lett. 83 (2012) 76–79. 

doi:10.1016/j.matlet.2012.05.074. 

[21] Y. Avila, G. Cocoletzi, M. Romero, First principles calculations of phenol adsorption 

on pristine and group III (B, Al, Ga) doped graphene layers, J. Mol. Model. 20 (2014) 

1–9. doi:10.1007/s00894-014-2112-0. 

[22] H.S. Kang, Theoretical Study of Binding of Metal-Doped Graphene Sheet and Carbon 

Nanotubes with Dioxin Theoretical Study of Binding of Metal-Doped Graphene Sheet 

and Carbon Nanotubes with Dioxin, J. Am. Chem. Soc. 127 (2005) 9839–9843. 

doi:10.1021/ja0509681. 

[23] M. Hassan, M. Walter, M. Moseler, Interactions of polymers with reduced graphene 

oxide: van der Waals binding energies of benzene on graphene with defects., Phys. 

Chem. Chem. Phys. 16 (2014) 33–7. doi:10.1039/c3cp53922a. 

[24] B. Sanyal, O. Eriksson, U. Jansson, H. Grennberg, Molecular adsorption in graphene 

with divacancy defects, Phys. Rev. B. 79 (2009) 113409. 

doi:10.1103/PhysRevB.79.113409. 

[25] O. V. Yazyev, S.G. Louie, Topological defects in graphene: Dislocations and grain 

boundaries, Phys. Rev. B - Condens. Matter Mater. Phys. 81 (2010) 1–7. 



11 
 

doi:10.1103/PhysRevB.81.195420. 

[26] J. Ma, D. Alfè, A. Michaelides, E. Wang, Stone-Wales defects in graphene and other 

planar s p2 -bonded materials, Phys. Rev. B - Condens. Matter Mater. Phys. 80 (2009) 

1–4. doi:10.1103/PhysRevB.80.033407. 

[27] S.H.M. Jafri, K. Carva, E. Widenkvist, T. Blom, B. Sanyal, J. Fransson, et al., 

Conductivity engineering of graphene by defect formation, J. Phys. D. Appl. Phys. 43 

(2010) 45404. doi:10.1088/0022-3727/43/4/045404. 

[28] T. Susi, M. Kaukonen, P. Havu, M.P. Ljungberg, P. Ayala, E.I. Kauppinen, Core level 

binding energies of functionalized and defective graphene., Beilstein J. Nanotechnol. 5 

(2014) 121–32. doi:10.3762/bjnano.5.12. 

[29] B.C. Wood, T. Ogitsu, M. Otani, J. Biener, First-Principles-Inspired Design Strategies 

for Graphene-Based Supercapacitor Electrodes, J. Phys. Chem. C. 118 (2014) 4–15. 

doi:10.1021/jp4044013. 

[30] W. Kohn, Nobel Lecture Electronic structure of matter-wave functions and density 

functionals, Rev. Mod. Phys. 71 (1999) 1253–66. 

[31] G. Kresse, M. Marsman, J. Fürthmuller, Vienna Ab-initio Simulation Package (VASP) 

the GUIDE, 2014. http://cms.mpi.univie.ac.at/VASP/. 

[32] J.P. Perdew, K. Burke, Y. Wang, Generalized gradient approximation for the 

exchange-correlation hole of a many electron system, Phys. Rev. B. 54 (1996) 16533–

9. 

[33] S. Grimme, Semiempirical GGA-type density functional constructed with a long-range 

dispersion correction., J. Comput. Chem. 27 (2006) 1787–1799. 

doi:10.1002/jcc.20495. 

[34] H. Jonsson, G. Mills, K.W. Jacobsen, Nudged elastic band method for finding 

minimum energy paths of transitions, Class. Quantum Dyn. Condens. Phase 

Simulations. (1998) 385–404. doi:10.1142/9789812839664_0016. 

[35] A.W. Robertson, B. Montanari, K. He, C.S. Allen, Y.A. Wu, N.M. Harrison, et al., 

Structural reconstruction of the graphene monovacancy, ACS Nano. 7 (2013) 4495–

4502. doi:10.1021/nn401113r. 

[36] S. Haldar, R.G. Amorim, B. Sanyal, R.H. Scheicher, A.R. Rocha, Energetic stability, 

STM fingerprints and electronic transport properties of defects in graphene and 

silicene, RSC Adv. 6 (2016) 6702–6708. doi:10.1039/C5RA23052G. 

[37] W. Tang, E. Sanville, G. Henkelman, A grid-based Bader analysis algorithm without 

lattice bias., J. Phys. Condens. Matter. 21 (2009) 84204. doi:10.1088/0953-



12 
 

8984/21/8/084204. 

[38] Y.-R. Luo, Handbook of Bond Dissociation Energies in Organic Compounds, CRC 

Press, 2002. 

[39] P. Cabrera-Sanfelix, G.R. Darling, Dissociative adsorption of water at vacancy defects 

in graphite, J. Phys. Chem. C. 111 (2007) 18258–18263. doi:10.1021/jp076241b. 

[40] J.M. Carlsson, M. Scheffler, Structural, electronic, and chemical properties of 

nanoporous carbon, Phys. Rev. Lett. 96 (2006) 1–4. 

doi:10.1103/PhysRevLett.96.046806. 

[41] J. Wang, T. Tsuzuki, B. Tang, X. Hou, L. Sun, X. Wang, Reduced graphene 

oxide/ZnO composite: Reusable adsorbent for pollutant management, ACS Appl. 

Mater. Interfaces. 4 (2012) 3084–3090. doi:10.1021/am300445f. 

 

Table 1. Phenol adsorption on hollow site of graphene surfaces: G, SW, 1V and 2V signify 

pristine graphene, Stone-Wales, monovacancy and divacancy, respectively. 

Case
1
 Reaction energy 

(eV) 
Phenol height

2
 (Å) Charge transfer

3 

(electron) 

Phenol 

dissociated 

into C6H5O + H 

Ga -0.2 2.21 0.02 No 

Gb -0.2 2.18 0.02 No 

SWa -0.3 1.98 0.01 No 

SWb -0.3 1.88 0.02 No 

SWc -0.5 1.86 0.02 No 

SWd -0.4 1.92 0.01 No 

1Va -2.1  0.75 Yes 

1Vb -2.2  0.49 Yes 

1Vc -0.2 2.20 0.02 No 

1Vd -0.2 2.21 0.02 No 

2Va -0.2 2.27 0.02 No 

2Vb -0.2 2.22 0.01 No 

2Vc -0.2 2.26 0.02 No 

2Vd -0.2 2.37 0.01 No 

1 
refer to Figure 3 

2
 the distance between the bottommost H atom in phenol and the average height of C atoms at 

the surface 
3
 charge transfer from the surface to the (dissociated) phenol 
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Figure 1. Graphene surfaces: (a) pristine graphene, (b) graphene with Stone-Wales defect, (c) 

asymmetric monovacancy graphene, (d) 555777 divacancy graphene, and (e) 585 divacancy 

graphene. Green circle is the vacancy and green dashed line is dangling bond. 
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(a) 

 

(b) 

Figure 2. Phenol on graphene surfaces, typical initial configuration of (a) reactants, (b) 

products. Brown, red and white are C, O and H. 
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Figure 3. Phenol penetrates the hollow site of graphene surfaces. G, SW, 1V and 2V are 

pristine graphene (2 cases), Stone-Wales (4 cases), monovacancy (4 cases) and divacancy (4 

cases). Large red and small white spheres denote O and H; respectively. 
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Figure 4. Products of phenol dissociation with its dissociation energies with respect to phenol 

in the gas phase. Brown, red and white are C, O and H. Green dashed line is dangling bond.
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Figure 5. Reaction paths for phenol (1Va case, calculated in this work) and water (Figure 8 in 

Ref. [32]) dissociated onto asymmetric monovacancy graphene.  The ordinate is relative to 

energy of the reactant.
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Figure 6. (a), (b) and (c) are equivalent configurations of monovacancy graphene. (d) is the 

average image of (a), (b) and (c) as seen in the aberration-corrected transmission electron 

microscopy (AC-TEM) characterizations. 
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Figure 7. Phenol dissociation mechanism onto asymmetric monovacancy graphene (1Va). 

Brown, red and white are C, O and H. For the top view, phenol’s atoms that are not 

connected to the surface are not shown for clarity.  

 

 

 

Highlights 

 This contribution inspects phenol dissociation on both pristine and defective 

grapheme. 
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 Graphene with asymmetric monovacancy dissociates phenol into phenoxy and an H 

atom. 

 Fission of the phenol O-H bond on this defective grapheme appears barrierless with 

reaction exothermicity as high as 2.2 eV. 

 




