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 ABSTRACT 

Penta-graphene (PG), a newly proposed two-dimensional material composed 

entirely of carbon pentagons, is believed to possess much lower failure stress 

and strain than those of graphene. An open question is whether and how these

properties can be enhanced. Herein using molecular dynamics simulations, we

examine the deformation and failure processes of PG functionalized with different

functional groups. We reveal that complete chemical functionalization leads to

remarkable increases in the failure stress and strain of PG by up to 86.6% and

82.4%, respectively. The underlying reason for this enhancement is that the

buckled pentagonal rings in pristine and partially functionalized PGs can easily

transform into planar polygon rings under stretching; in contrast, complete

functionalization of PG strongly stabilizes its structure and prevents such

transformation, thereby significantly increasing the failure stress and strain. 

Our findings suggest a possible route to enhance the mechanical properties of

PG for potential applications in nanocomposites and nanodevices. 

 
 

1 Introduction 

Graphene, a two-dimensional (2D) carbon allotrope 

with a hexagonal lattice structure, possesses many 

fascinating electronic properties [1–3] such as an 

exceptionally high charge carrier mobility of 2.5 × 

105 cm2·V–1·s–1 [4], and thus has great potential to be 

used in next-generation electronics [5–9]. Graphene 

also possesses superior mechanical properties [10–13], 

with an intrinsic tensile strength of 130 GPa and a 

Young’s modulus of 1.0 TPa, rendering it an ultra-strong 

reinforcing material for polymer-based nanocomposites 

[14, 15], as well as for various nanodevices [16, 17]. 

Since graphene has no bandgap, chemical function-

alization, in particular hydrogenation, has been 

widely employed to open a bandgap and tune its 

electronic properties [18–25]. Hydrogenated graphene 

with 100% functionalization has been shown to possess 
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a bandgap as large as 3.5 eV [26]. Hydrogenation is 

also used to control the deformation and morphology 

of graphene for particular applications [27–29]. 

Moreover, chemical functionalization of graphene 

has been widely used to improve the mechanical 

performance of graphene/polymer nanocomposites 

[30, 31]. For example, by adding functional groups 

such as epoxide (–O–) and hydroxyl (–OH) groups 

on its basal plane, graphene becomes hydrophilic, 

and thus can be dispersed well into a polymer matrix 

and form strong interfacial interactions with the 

surrounding matrix. Consequently, the high strength 

and rigidity of graphene can be utilized to obtain 

advanced graphene-based nanocomposites with 

improved overall properties.  

On the other hand, chemical functionalization of 

graphene is often accompanied with a significant 

deterioration in its intrinsic mechanical properties. 

Using atomistic simulations, it has been reported that 

the Young’s modulus, failure strength, and strain of 

graphene reduced drastically with increasing hydrogen 

functionalization [32–34]. The fully hydrogenated 

graphene showed 65% reduction in the failure strength 

as compared to that of pristine graphene [32]. Both 

simulations and experiments showed that graphene 

oxide, an oxidized form of graphene functionalized 

with oxygen-containing groups, has a much lower 

Young’s modulus and tensile strength than those of 

pristine graphene [35–38]. 

Recently, a new 2D carbon allotrope, composed 

entirely of carbon pentagons and resembling a Cairo- 

pentagonal tiling pattern, called penta-graphene 

(PG) has been theoretically proposed [39]. PG has a 

regular local buckled geometry containing sp2- and 

sp3-hybridized carbon atoms. It was predicted that PG 

is thermodynamically and mechanically stable, and 

can withstand high temperatures up to 1,000 K. PG, 

with an assumed wall thickness of 4.8 Å, has a high 

tensile strength of 40 GPa [39] and a relatively high 

thermal conductivity of 350 W·m–1·K–1 [40]. In spite of 

the higher tensile strength (130 GPa) and higher ther-

mal conductivity (3,590 W·m–1·K–1) [40] of graphene, 

it has a zero band gap. PG, however, possesses an 

intrinsic quasi-direct bandgap as large as 3.25 eV 

[39, 41]. Clearly, these remarkable properties make PG 

a suitable candidate for applications in nanoelectronics 

and optoelectronics, as well as in mechanical and 

thermal applications of nanodevices and nano-

composites. Very recently, Xia et al. [42] reported the 

growth of oriented large-area pentagonal single-crystal 

graphene domains on Cu foils by chemical vapor 

deposition (CVD), which is a big step toward the 

experimental fabrication of PG. 

Similar to graphene, chemical functionalization of 

PG may create opportunities to broaden its potential 

applications. The question then arises: How does 

chemical functionalization affect the mechanical 

properties of PG? A recent study into the thermal 

transport properties [40] of PG showed that its 

complete hydrogenation results in an unexpected 76% 

increase in thermal conductivity, which is in strong 

contrast to the 65% reduction for graphene [43]. This 

counterintuitive thermal conductivity enhancement 

in hydrogenated PG is thus the motivation to further 

explore the mechanical properties of chemically 

functionalized PG. Clearly, if functionalization can 

improve the mechanical properties of PG, it might 

introduce new ways to substitute graphene in nano-

composites and nanodevices. 

In this work, we investigate the mechanical pro-

perties of PG and chemically functionalized PG using 

molecular dynamics (MD) simulations. In addition 

to hydrogenation, the influences of other functional 

groups such as –O– and –OH groups are explored to 

reveal the best functional groups for modulating the 

mechanical properties of PG. We find that complete 

hydrogenation of PG can significantly increase its 

failure stress and strain by 74.9% and 52.8%, respec-

tively. This enhancement in the mechanical properties 

persists for the temperature range of 200–600 K. 

Remarkably, the hydroxyl functional groups can lead 

to even larger enhancement in mechanical properties, 

with 86.6% increase in failure stress and 82.4% in 

failure strain, while the epoxide group increases  

the failure stress and strain by 49.3% and 45.2%, 

respectively. The failure mechanisms of pristine and 

functionalized PGs are also explored. Our work  

not only provides a fundamental understanding of 

the mechanical behaviour and failure mechanisms 

of PG, but also shows a viable way to enhance   

its mechanical properties by means of chemical 

functionalization. 
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2 Results and discussion 

We first study the effect of hydrogenation on the 

mechanical properties of PG. MD simulations were 

performed at 300 K for the pristine and hydrogenated 

PGs with four different hydrogenation coverages of 

25%, 50%, 75%, and 100%. The atomic configurations 

of pristine and hydrogenated PGs are shown in 

Fig. 1.   

Figure 2 shows the stress-strain curves of the 

pristine and hydrogenated PGs under uniaxial tensile 

deformation at 300 K. All the stress-strain curves start 

from the origin, indicating that all the models are 

fully relaxed before the application of external tensile 

loading. With the increase of tensile strain, the stress 

increases until it reaches the maximum value, and 

then drops sharply, resulting in material failure. 

Herein, the maximum stress is defined as the failure 

stress and the corresponding strain is the failure 

strain. The calculated failure stress and strain values 

of pristine PG are 50.2 GPa and 0.127, respectively.  

 

Figure 1 Atomistic configurations of (a) pristine PG, (b) 50% 
hydrogenated PG, and (c) 100% hydrogenated PG. Hydrogen 
atoms are colored in yellow; h is the out-of-plane “buckling” 
distance. For clarity, the top view and side view are shown in the 
top and bottom panels, respectively. 

 

Figure 2 Stress–strain curves of pristine and hydrogenated PG 
at different hydrogen coverages. 

These values are much lower than those of graphene 

as determined experimentally (130 GPa and 0.25) [10] 

and by MD simulations (125.2 GPa and 0.191) [44]. 

From Fig. 2, it is surprising to see that fully hydro-

genated PG possesses the highest failure stress and 

strain, which means that the mechanical strength of 

the PG can be significantly enhanced by hydrogenation 

to achieve complete H-functionalization. This unex-

pected phenomenon is in striking contrast to graphene. 

When graphene is functionalized with hydrogen atoms, 

the transformation of planar sp2 carbon bonds to 

out-of-plane sp3 carbon bonds significantly deteriorates 

the mechanical properties of graphene [32, 34]. 

The failure stress and strain of pristine and hydro-

genated PGs, as summarized in Fig. 3, exhibit an 

unusual down-and-up trend. When PG is hydrogenated 

to 25%, the failure stress and strain decrease by 16.9% 

and 22.8%, respectively. They then increase slightly 

with increasing the hydrogenation from 25% to 50%, 

and further to 75%. Interestingly, the failure stress 

and strain of the fully hydrogenated PG are enhanced 

by 74.9% and 52.8%, respectively, in comparison with  

 

Figure 3 (a) Failure stress and (b) failure strain of pristine and 
hydrogenated PGs with different hydrogenation functionalities. 
The fully (100%) hydrogenated PG shows much higher failure 
stress and failure strain. 
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those of pristine PG. The effect of hydrogenation on 

the mechanical properties of PG is in strong contrast 

to that of hydrogenated graphene. It was shown that 

hydrogenation of graphene resulted in a significant 

reduction in its failure stress and strain [32–34]. The 

mechanical properties of graphene were very sensitive 

to hydrogenation at low functionality (< 30%) and 

became almost insensitive when the functionality is 

increased from 30% to 100% [32]. The unexpected 

enhancement in the mechanical properties of the 

fully hydrogenated PG in this study is consistent 

with that of its thermal conductivity [40]. Clearly, the 

homogenous sp3-hydridized carbon atoms due to 

chemical functionalization give rise to this surprising 

enhancement, suggesting that fully hydrogenated PG 

has a weaker bond anharmonicity than pristine PG. 

In order to explore the underlying mechanisms for 

this unexpected functionalization-induced enhance-

ment in the mechanical properties of PG, we further 

examine the structure change and failure behavior 

of PG during tensile deformation. Snapshots of the 

deformation processes for pristine PG, 50% hydro-

genated PG, and 100% hydrogenated PG are shown 

in Fig. 4. For pristine PG in Fig. 4(a), the pentagonal 

configuration is maintained when the tensile strain 

is increased from zero to 0.1251. However, when the 

strain is increased to 0.1273, bond breaking and 

structural transition occur, leading to the formation 

of hexagonal, heptagonal, and octagonal rings in the 

structure. A further increase in the strain triggers 

more bond breaking with the formation of more 

polygonal rings in the structure. This structure change 

indicates that pristine PG is susceptible to deformation- 

induced transformation from the buckled pentagonal 

rings to planar polygonal rings under external strain. 

This bond breaking and reconstruction is continuous 

and gradually propagates through the whole sheet 

with increasing strain. A similar structural transition 

in pristine PG was also observed in a recent MD 

study [45].  

For hydrogenated PG, it is well known that 

hydrogenation changes the local C–C bonding from 

plane favoured sp2 hybridization to out-of-plane 

favoured sp3 hybridization. Therefore, hydrogenation 

helps to stabilize the local buckled structure of PG. 

However, for the 50% hydrogenated PG, as shown in  

 

Figure 4 Snapshots of the deformation and failure processes at different uniaxial tensile strains for (a) pristine PG, (b) 50% hydrogenated
PG, and (c) 100% hydrogenated PG. The insets show the locations of the initial C–C bond breaking in the structures. 
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Fig. 4(b), similar failure behavior as that of pristine 

PG is observed. The pentagonal configuration in PG 

is well preserved as the tensile strain is increased 

from zero to 0.1110. At the strain of 0.1115, bond 

breaking and reconstruction start, releasing the 

system stress. With further increase in tensile strain, 

more pentagonal rings transform into hexagonal, 

heptagonal, and octagonal rings. For the hydro-

genated PG with 25% and 75% H-functionality, a 

similar structural transition is observed, as shown  

in Figs. S1 and S2 in the Electronic Supplementary 

Material (ESM). The similar structural change for 

pristine and partially hydrogenated PGs with the 

hydrogen functionality of 25%, 50%, and 75% explains 

why the failure strength and strain obtained for these 

PG samples are similar.  

For the hydrogenated PG with 100% H-functionality, 

however, the failure behavior is very different, as 

shown in Fig. 4(c). There is no structure-transition- 

induced failure as observed in pristine and partially 

hydrogenated PGs. In the fully hydrogenated PG, 

all the sp2-bonded carbon atoms become sp3-bonded, 

and thus, the structural stability is greatly enhanced 

for the homogeneous structure. Therefore, the fully 

hydrogenated PG has high structural stability, which 

promotes its mechanical strength in resisting the 

external strain. It is seen in Fig. 4(c) that the 100% 

hydrogenated PG is able to sustain the external strain 

without bond breaking up to 0.1943. Initial C–C bond 

breaking occurs at the strain of 0.1944 and a visible 

crack is formed in the structure. Subsequently, the crack 

rapidly propagates in the direction perpendicular to 

the loading direction when the strain increases from 

0.1945 to 0.1949, causing the fully hydrogenated PG 

to rupture finally. 

Based on the foregoing analysis and the snapshots 

shown in Fig. 4, the failure mechanism of pristine 

and hydrogenated PGs is explained as follows: For 

pristine and partially hydrogenated PGs, the failure 

is caused by a structural transformation from 5-atom 

rings to 6-, 7-, 8-, or more atom rings due to the low 

stability of the structure. For the fully hydrogenated 

PG with all sp3 hybridized bonds, the structural 

stability is considerably enhanced. As a result, the 

failure of fully hydrogenated PG occurs at much higher 

stress and strain levels with distinct bond-breaking 

and fracture stages. 

In order to explore whether this significant enhance-

ment in the mechanical properties of PG by complete 

hydrogenation still holds for temperatures other than 

300 K, we performed MD simulations at 200, 400, 500, 

and 600 K for pristine and 100% hydrogenated PGs 

under uniaxial tensile deformation. The corresponding 

stress-strain curves are shown in Fig. S3 in the ESM. 

Figures 5(a) and 5(b) depict the failure stress and strain 

as a function of temperature. It can be seen that with 

the increase in temperature from 200 to 600 K, the 

failure stress and strain decrease for both pristine and 

fully hydrogenated PGs. The temperature-dependent 

failure properties can be attributed to the stronger 

thermal vibrations of atoms at a higher temperature, 

which renders the atomic bonds more likely to reach 

the critical bond length and then break. Despite the 

reduction in the mechanical properties with increasing 

temperature, the failure stress and strain of fully 

hydrogenated PG are still much higher (about 71%– 

88% higher) than those of pristine PG, which means 

that the complete-hydrogenation-induced enhancement  

 

Figure 5 Effect of temperature on (a) the failure stress and (b) the 
failure strain of pristine PG and fully hydrogenated PG. 
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in the mechanical properties persists for different 

temperatures ranging from 200 to 600 K. 

In addition to hydrogenation, other functional groups 

such as –O– and –OH groups are also investigated 

to explore whether they exert similar enhancement 

effects on the mechanical properties of PG. The 

atomic configurations of fully functionalized PG with 

epoxide and hydroxyl groups are shown in Fig. S4 in 

the ESM. Unlike the hydrogen and hydroxyl groups, 

which form C–H or C–O bonds with one sp2 carbon 

atom in PG, the oxygen atom in the oxidized PG is 

bonded to two sp2 carbon atoms as seen in Fig. S4(a) 

in the ESM. The stress-strain curves of fully func-

tionalized PG with –O– and –OH groups are shown 

in Fig. 6(a), in which the stress-strain curves of 

pristine and fully hydrogenated PGs are also plotted 

for easy and direct comparison. It is readily seen 

that all of the fully functionalized PG structures out-

perform the pristine PG in terms of failure stress and 

strain. Among the three different functional groups, 

the fully functionalized PG with hydroxyl groups 

possesses the highest failure stress and strain, followed 

by the hydrogen and epoxide groups (see Fig. 6(b)). 

The hydroxyl group increases the failure stress and 

strain by 86.6% and 82.4%, respectively, as compared to 

that of the pristine PG. The epoxide group increases 

the failure stress and strain by 49.3% and 45.2%, 

respectively, while hydrogenation increases the failure 

stress and strain by 74.9% and 52.8%, respectively.  

The snapshots of the deformation and failure 

processes of the PGs fully functionalized with epoxide 

and hydroxyl groups are shown in Fig. 7. For the PG 

 

Figure 6 (a) Stress-strain curves of pristine and fully functionalized PGs with different functional groups. (b) Failure stress and failure
strain of pristine and fully functionalized PGs with different functional groups. 

 

Figure 7 Snapshots of the deformation and failure processes of PG functionalized with (a) 100% epoxide group and (b) 100% hydroxyl
group. The insets show the locations of initial C–C bond breaking in the structures. The oxygen and hydrogen atoms are colored in red
and yellow, respectively. 
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functionalized with an epoxide group, it is seen from 

Fig. 7(a) that the structure remains stable at a relatively 

large strain of 0.1849. At the strain of 0.1849, initial 

bond breaking appears in the sp3 C–C bonds, which 

connect the epoxide group. Upon further loading, the 

crack quickly spreads perpendicularly to the loading 

direction, leading to the complete failure of the 

structure. The failure behavior is very different from 

that of pristine PG shown in Fig. 4(a). Similar failure 

behavior is also observed for the PG functionalized 

with a hydroxyl group, as shown in Fig. 7(b).  

In comparison with hydrogenation and hydroxyla-

tion, epoxidation is the least efficient functionalization 

in enhancing the failure stress and strain of PG. This 

is because each epoxide group is bonded to two 

carbon atoms in PG, distorting the local sp3 bonds, as 

evidenced by the non-zero initial stress in the stress- 

strain curve of epoxide-functionalized PG in Fig. 6(a). 

The distortion in sp3 bonds could reduce the bond 

stability, and therefore, the PG functionalized with 

epoxide groups has lower failure stress and strain 

than that of PG functionalized with hydrogen or 

hydroxyl groups. 

3 Conclusions 

We have investigated the effect of chemical functio-

nalization on the mechanical properties of PG using 

MD simulations. Our simulation results of pristine 

and hydrogenated PGs with different hydrogen 

show that complete hydrogenation (100% coverage) 

significantly enhance the failure stress and strain by 

74.9% and 52.8%, respectively. This enhancement in 

the mechanical properties of PG by complete hydro-

genation persists for a broad temperature range 

from 200 to 600 K. The other functional groups, 

epoxide and hydroxyl groups, show a similar effect 

in enhancing the failure stress and strain, with an 

increase of the failure stress and strain by up to 86.6% 

and 82.4%, respectively. The mechanisms for this 

surprising increase of mechanical properties of PG 

induced by chemical functionalization lie in the 

associated structural stability. The buckled pentagonal 

structure in pristine PG has a higher potential energy, 

and thus, it is easy to convert to lower-energy 

structures. Complete functionalization stabilizes the PG 

structure by transforming all the sp2 carbon atoms 

into sp3 carbon atoms, thereby causing significant 

enhancement in the failure stress and strain. Our 

findings may have important implications for the 

potential applications of PG in nanocomposites and 

nanodevices.  

4 Methods 

Figure 1 shows the atomic configurations of pristine 

and hydrogenated PGs. The PG lattice exhibits a small 

buckling thickness (h) in the out-of-plane direction, 

in contrast to the planar structure of graphene. Due 

to the out-of-plane buckling, our calculations showed 

that PG has a potential energy of –7.57 eV·atom–1, 

which is 2.48 eV·atom–1 higher than that of graphene 

(–10.05 eV·atom–1). We showed in our MD simulations 

that this energy difference makes PG vulnerable to 

strain-induced transformation to form planar polygonal 

rings. A unit cell of pristine PG contains four sp2- and 

two sp3-hybridized carbon atoms. In the hydrogenated 

PG, hydrogen atoms are bonded to sp2 carbon atoms 

only (Figs. 1(b) and 1(c)). In the case of complete 

hydrogenation, all the sp2 bonds are transformed into 

sp3 bonds (Fig. 1(c)). The functionalization degree (or 

coverage) is defined as the ratio of the number of 

functionalized sp2 carbon atoms over the total number 

of sp2 carbon atoms. 

Our MD simulations were performed using the 

software package LAMMPS [46]. The interatomic 

interactions were described by the ReaxFF potential 

parameterized by Chenoweth [47] for a carbon/ 

hydrogen/oxygen system. ReaxFF is a bond-order- 

dependent potential that allows for fully reactive 

atomistic simulations of chemical reactions, including 

bond breaking and rearrangement. It has been 

proved to accurately characterize the chemical and 

mechanical behaviors of hydrocarbons, diamond, 

graphene, carbon nanotubes, and other carbon nano-

structures [48–50]. The ReaxFF produces a stable 

structure of PG with a buckling distance of h = 0.51 Å 

at room temperature (300 K), and h = 0.66 Å at 0 K, 

which is in good agreement with the first-principles 

calculations [39].  

All the simulation models had in-plane dimensions 

of about 50 Å × 50 Å. Periodic boundary conditions 
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were enforced in the two in-plane directions. Uniaxial 

tensile loading was applied along one of the in-plane 

directions at a constant strain rate of 0.0005 ps–1 with 

a timestep of 0.5 fs. We tested that PG is isotropic  

in the in-plane directions. Prior to loading, the initial 

configuration was optimized by using the conjugate 

gradient method and then the system was relaxed 

fully in an NPT (constant atom number, pressure, 

and temperature) ensemble. During the deformation, 

the stresses in the system were calculated based on 

the atomic virial stress [51]. The atomic volume of 

each carbon atom was calculated from the initial 

relaxed PG sheet with the thickness assumed to be 

4.8 Å [52]. The obtained atomic volume was used for 

calculating the viral stress of carbon atoms in both 

pristine and functionalized PGs. The stress in the 

stress-stain curve was computed by taking the average 

of all the carbon atoms in the sheet. 
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