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Abstract Penta-graphene (PG) is a new theoretical two-dimensional metastable carbon 

allotrope composed entirely of carbon pentagons. In this paper, molecular dynamics 

simulations are performed to investigate the effects of the hydrogenation on the tensile 

and shear mechanical properties, together with the failure mechanism of PG with 

vacancy defects. The results show that hydrogenation can effectively tune the 

mechanical properties and failure mechanism of PG with vacancy defects. The 

defective PG (DPG) with low hydrogenation coverages exhibits obvious plastic 

deformation features under tensile and shear loading, and pentagon-to-polygon 

structural transformation is observed, while complete hydrogenation can change the 

failure mechanism of DPG from plastic deformation to brittle fracture. Both the tensile 

and shear moduli and elastic limit of DPG first decrease dramatically and then increase 

slowly with the increase of hydrogenation coverage, while tensile and shear strain 

increases almost monotonically with rising hydrogenation coverage. Complete 

hydrogenation can result in large enhancement of tensile and shear elastic stress limit 

and strain. These results may provide an important guideline for effectively tuning the 

mechanical properties of PG and other two-dimensional nanomaterials. 
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dynamics 

1. Introduction 

Penta-graphene (PG) [1] is a newly proposed quasi two-dimensional metastable carbon 

allotrope composed entirely of carbon pentagons. While graphene is made by sp2 

hybridized carbon atoms only, PG is constructed from a mixture of sp2 and sp3 

hybridized carbon atoms. The key difference between PG and graphene is that graphene 

is a zero band gap material, whereas PG is a semiconductor with a finite band gap of 

~3.25 eV. The presence of this finite band gap provides opportunities to use 

pentagraphene in a broad series of applications related to photovoltaics. First-principle 

calculations show that PG is not only dynamically and mechanically stable, but can also 

withstand temperature up to 1000 K [1]. Due to its unique atomic structure, PG exhibits 

unusual negative Poisson ratio and high ductility better than graphene. Some of the 

reported unique electronic [1-3], thermal [4-6], mechanical [7-11], magnetic [12] and 

optical features [13] and their tunability via suitable functionalization [4, 5, 14-17] 

suggest a significant potential in terms of using this new material in nano-electronics 

and nano-mechanics. Recently, the successful production of oriented large-area single 

crystal pentagonal graphene grown on copper foil by chemical vapor deposition [18] 

marks a major advancement in the experimental preparation of PG. Experimental and 

simulation studies have confirmed that there exist various types of defects in graphene 

[14, 19-21], including monovacancy defects, divacancy defects, Stone-Wales-like 

topological defects etc. There may exist similar defects in PG[1, 9]. Zhang et al. [1] 

investigated the stability of PG in the presence of several typical types of defects and 

found that the defective PG (DPG) still maintains structural and thermal stability. The 

defects can also adjust the broadness of the band gap. The PG with monovacancy 

defects has relatively unstable energy and the band gap value is significantly lower than 

that of pristine PG. The Stone-Wales-like topological defects may decrease slightly the 

band gap of PG. 

Hydrogenation is an effective method to tune the properties of 2D materials. It is 



 3 

reported [22, 23] that hydrogenation can change the electrical and mechanical 

properties of graphene. Complete functionalization with hydrogen atoms can make 

graphene become an insulator with a wide band gap greater than 5 eV. In addition, 

hydrogenation may deteriorate its mechanical properties [24]. The mechanical 

parameters of graphene including Young’s modulus, strength and strain decrease 

drastically with the rising hydrogen coverages. The hydrogen functionalized PG also 

exhibits different physical and chemical properties compared with pristine PG. 

Hydrogenation can dramatically increase the band gap of PG and turn it from a 

semiconductor to an insulator, change the sign of Poisson's ratio from negative to 

positive, and reduce the Young's modulus [15]. Hydrogenation are also found to have 

great influence on the thermal conductivity of PG. Wu et al. [4] revealed that 

hydrogenation can lead to large enhancement in thermal conductivity. Contrary to 65% 

decrease for graphene, fully hydrogenation leads to a 76% enhancement in the thermal 

conductivity for PG. The reason for this phenomenon is found to be the weaker bond 

anharmonicity and phonon scattering in hydrogenated PG than pristine penta-graphene. 

However, Zhang et al. [5] using molecular dynamics (MD) simulations showed that 

hydrogenated PG exhibits a down-and-up trend in thermal conductivity with rising 

hydrogen coverages and found that the complete hydrogenation cannot enhance the 

thermal conductivity of PG. These Authors [16] also investigated the role of chemical 

functionalization on the failure stress and strain and concluded that there is a large 

enhancement by complete functionalization by different functional groups. 

In perfect and partially functionalized PG, the carbon pentagons can easily transform 

into flat polygonal rings via strain or increasing temperature [7, 8]. The complete 

functionalization makes the structure more stable and prevents such transformation [8]. 

The reported research on PG mainly focuses on the perfect PG without defects. To the 

best of our knowledge, the effects of hydrogenation on the mechanical properties and 

failure mechanism of PG containing defects haven’t been explored yet. Here we carried 

out MD simulations to study the roles of hydrogenation on the mechanics of DPG under 

tensile and shear loading. The effects of different hydrogenation coverages on the 

tensile and shear mechanical parameters were also studied systematically. Our work 
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may provide a possible route to tune the mechanical properties of PG for potential 

applications in PG-based nanodevices. 

2. Model and Computational Method 

The LAMMPS package [25] developed by Sandia National Labs has been adopted in 

our MD simulations. The accuracy of MD simulations crucially depends on the choice 

of the interatomic potentials. Winczewski et al. [26] have compared 14 interatomic 

potentials suitable for the modeling of elemental carbons and concluded that the 

Tersoff-type potential parameterized by Erhart and Albe [27] is most suitable to 

describe PGs and can provide a robust prediction of the elastic mechanical constants 

that are also consistent with ab initio calculations. However, it is known within the 

community that Tersoff-type potential cannot predict in a accurate manner the 

mechanical properties of graphene/PG under large deformations, and cannot also 

capture the phase-transformation of PG/DPG under nonlinear loading either. The PG 

phase transformation under tension has been observed in previous DFT [28] and MD 

simulations [7-9]. The ReaxFF reactive force field [29] can predict accurately this phase 

transformation, albeit with a slightly lower fidelity in terms of mechanical properties. 

ReaxFF is a bond order-based force field, which allows for continuous bond 

formation/breaking. ReaxFF has been proven to accurately model the atomic 

interactions for PG [7-9, 16] , PG nanotube [30] and graphene [31]. Thus, in the present 

study, the ReaxFF is chosen for the DPG and hydrogenated DPG sheet to describe the 

C-C and C-H interactions under tensile and shear loading at large deformations. At the 

beginning of MD simulations, conjugate gradient method was used to optimize the 

initial configuration, and then the system was relaxed at least 10 ps in the NVT 

ensemble. The Nose-Hoover method [32, 33] was adopted to control the temperature 

constant at 300 K. The Newton equations were solved using the velocity-Verlet 

algorithm [34]. The time step was set to be 0.25 fs for tension and 0.2 fs for shearing, 

respectively. The strain rates were set to 1×109 s-1 and 2×109 s-1 for tension and shearing, 

respectively. The Young’s modulus can be obtained by fitting the linear stress-strain 
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curve or by parabolic fitting the potential energy density-strain curve according to 

classical Cauchy elasticity relation U=Eε2/2 + U0. Both methods can provide very close 

results. In our work, the Young's and shear elastic moduli are obtained by using a linear 

fitting the stress-strain curve in the elastic stage between 0 and 5% strain. The elastic 

strain and elastic limits can be obtained directly from the stress-strain curves. The 

maximum stress of the elastic (linear) stage in the stress-strain curve is defined as the 

elastic limit and the corresponding strain is the elastic strain. It should also be noted 

that the stress in MD simulation is calculated using a virial stress formulation [35]. Like 

all other 2D crystal structures, there is an intrinsic difficulty in defining the thickness 

of PG. Thus, the stress and moduli of PG are reported in force per unit length (N/m) 

rather than force per unit area (N/m2 or Pa).  

Fig.1 is a schematic view of the atomic structures and MD models of the 

hydrogenated DPG. The unit cell of perfect PG contains two sp3- and four sp2-

hydridized carbon atoms, labeled as C1 and C2, respectively. Based on the previous 

work [9], we consider four types of vacancy defects, including monovacancy at the 4-

coordinated C1 site (MVC1), and monovacancy at the 3-coordinated C2 site (MVC2), 

divacancy (DV) caused by missing a pair of 3-coordinated C2 atoms and mixed vacancy 

(MIXEDV) of the above combination of vacancy defects. The existence of vacancy 

defects will change the hybridization of the carbon atoms near the vacancies from the 

original sp3 and sp2 hybridization to sp2 and sp hybridization, respectively. These carbon 

atoms can combine with hydrogen atoms to change the hybridization mode. The 

hydrogenation coverage is defined as the ratio of the number of hydrogen atoms to the 

total number of hydrogen atoms when PG is fully hydrogenated. To investigate the 

effects of hydrogenation coverage on the mechanical parameters and failure mechanism 

of DPG, we build DPG with different hydrogenation coverages. The defect 

concentration considered in our work is 2%, and the defects are randomly distributed. 

The hydrogenation coverages include 0, 5%, 10%, 15%, 25%, 50%, 75% and 100%. 

Fig. 1 (a-b) shows the schematic diagram of the MD models of fully hydrogenated DPG 

for tension and shearing. The hydrogenated DPG is approximately 120.12 Å × 61.88 Å 
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in dimension, and contains a total of 33 × 17 unit cells. The hydrogen atoms are 

uniformly and randomly distributed on the upper and lower sides of PG sheets. To 

ensure the stability of the edges of PG, only C2 carbon atoms on the edges are 

hydrogenated, while the internal hydrogen atoms are randomly distributed. 

 
Fig. 1 Atomic structures and MD models of the hydrogenated DPG. (a) and (b) show 

the MD models subjected to tensile and shear loads, respectively; (c) unhydrogenated 

DPG; (d) DPG with a hydrogen coverage of 25%; (e) fully hydrogenated DPG. The sp3 

and sp2 hybridized carbon atom are in red and blue, respectively, and hydrogen atoms 

are marked in yellow. 

3. Results and discussion 

3.1. Effects of hydrogenation on the failure mechanism of DPG 

To validate the present MD simulations, we have carried out the MD simulations of 

fully hydrogenated pristine PG and obtained its stress-strain curve. By linearly fitting 

the tensile stress-strain curve of the elastic stage, we can obtain the Young's modulus 

close to 195.9 N/m. This value is very close to the reported first-principle results of 

205.5 N/m [15] and MD simulation results of 197.18 N/m [8] and 210 N/m [36].  

Fig. 2 (a) and (b) shows the tensile and shear stress-strain curves of hydrogenated DPG 

(HDPG) containing 2% MIXEDV defects, respectively. It can be seen from Fig. 2 that 
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DPGs with low hydrogenation coverages exhibit obvious plastic behavior similar to 

unhydrogenated DPG. However, fully hydrogenated DPG shows characteristics of 

brittle fracture. Taking DPGs with 25% hydrogenation coverage as an example, one can 

observe that the tensile or shear stress first increases linearly and then oscillates with 

the rising strain. With the increase of the hydrogenation coverage, the stress oscillation 

becomes less obvious and the corresponding strain interval become shorter. When the 

hydrogenation coverage reaches 50% and above, there is only one stress peak in the 

tensile and shear stress-strain curves. More interestingly, the fully hydrogenated DPGs 

show brittle fracture features in the process of either stretching or shearing. No plastic 

deformation is observed and the stress increases almost linearly and drops suddenly 

after it increases to the ultimate (elastic) limit. This indicates that full hydrogenation 

can change the failure mechanism of DPG from plastic deformation to brittle fracture. 

More impressively, it is found that the ultimate tensile or shear limit of fully 

hydrogenated DPG is comparable with or greater than that of unhydrogenated DPG. In 

our work, we have considered the DPG containing four types of vacancy defects, 

including MVC1, MVC2), DV and MIXEDV. We also studied and analyzed the effects 

of hydrogenation on the tensile and shear stress-stain response of DPG containing other 

types of defects and with different defect concentrations. We found finally that the 

effects of the hydrogenation on the deformation mechanism of other types of DPG are 

similar with the above discussed DPG containing MIXEDV defects.  
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Fig. 2 Stress-strain curves of DPG with different hydrogen coverages during (a) tensile 

and (b) shear deformation 



 9 

 

 

 

 

Fig. 3 The structural evolution of DPG with 25% hydrogen coverage during tensile 

deformation 

In order to obtain more insight into the failure mechanism of DPG with different 
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hydrogenation coverages, the structural evolution of DPG with low and high 

hydrogenation coverages was investigated and analyzed. Fig. 3 shows the atomic 

configuration of DPG with 25% hydrogenation coverage at different tensile strain 

stages. When the tensile strain is less than 0.06, the C-C bonds are stretched elastically 

and no bond breaking occurs., as shown in Fig. 3(a). With the increase of strain, C-C 

bonds begin to break and rearrange. The original five-membered carbon ring and 

defects begin to transform into a combined structure of five-membered and multi-

membered carbon rings, which can be clearly seen from the enlarged screenshot in Fig. 

3(b). When the tensile strain reaches 0.25, the structural transformation is completed 

for the entire DPG sheet. The enlarged screenshot in Fig. 3(c) indicates that partially 

hydrogenated vacancy defects are not stable. The combination with hydrogen atoms 

prevents carbon atoms from re-bonding, and C-C bonds are easily broken to form new 

multi-vacancy defects. At this stage, some five-membered carbon rings are transformed 

into six-membered carbon rings and the vacancy defects tend to transform into a more 

stable polygon carbon rings with lower energy. Subsequently, as the strain increases, 

the C-C bonds begin to elongate again. This is exactly consistent with the phenomenon 

that the stress in the stress-strain curve increases again with the increase of strain. When 

the tensile strain increases to 0.325, the structure is completely broken. 

When the hydrogenation coverage increases, fewer and fewer carbon rings undergo 

reconstruction and the stress fluctuation becomes smaller. Thus, the plastic 

characteristics are significantly weakened. For example, when the hydrogenation 

coverage is 50%, as shown in Fig. 2(a), the plastic deformation interval in the tensile 

stress-strain curve is obviously shortened. Although the initial five-membered carbon 

rings undergo transition, the structural transformation does not extend to the entire sheet 

but tends to form new local multi-vacancy defects. The further increase of tensile strain 

will lead to the fracture failure of hydrogenated DPG. The deformation and failure 

process of fully hydrogenated DPG is completely different from that of low 

hydrogenated DPG. Fig. 4 shows the atomic configuration of fully hydrogenated DPG 

under a tensile strain of 0.119. It can be obviously seen from Fig. 4 that the fully 

hydrogenated DPG undergoes brittle fracture. This is because the complete 
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hydrogenation changes the sp2 and sp3 hybrid hybridization of carbon atoms in original 

DPG, so that all sp2 hybridizations are transformed into sp3 hybridizations, thereby 

improving the stability of the entire structure. As shown in Fig. 4, during the 

deformation process, there is no C-C bond breaking and reorganization of the carbon 

rings until the tensile strain reaches 0.119. The fracture crack propagates rapidly normal 

to the loading direction, and a small increase in strain will result in the fracture failure. 

This is exactly consistent with the features showing in the stress-strain curve in Fig. 

2(a). 

 

Fig. 4 The atomic configuration of fully hydrogenated DPG at tensile strain of 0.119 

Fig. 5 shows the structural evolution process of the DPG with 25% hydrogenation 

coverage under shear loading. When the strain reaches the elastic limit strain 

(approximately 0.09), the C-C bond at the vacancy defect begin to break and rearrange 

to form into new vacancy defects. Similar to the axial stretching, the carbon rings 

transformation is also observed during the shear deformation, as shown in the enlarged 

screenshot in Fig. 5(b). When the shear strain reaches 0.40, the carbon rings structural 

transformation is completed, as shown in Fig. 5(c). It can be seen that the vacancy 

defects transform into new multi-vacancy defects and carbon five-membered rings tend 

to transform into more stable carbon six-membered rings. When the shear strain 

increases to 0.64, a crack is observed at the two ends of the diagonal line. Fig. 6 shows 

the atomic configuration of fully hydrogenated DPG during shear deformation. When 

the shear strain is 0.133, the structure breaks directly along the fixed end and propagates 

rapidly in the horizontal direction, and no carbon ring structural transformation is 

observed. Such a failure mechanism of fully hydrogenated DPG under shear loading is 
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similar to the case of axial stretching, showing obvious brittle fracture feature. 

 

 

 

 

Fig. 5 The structural evolution of DPG with a hydrogen coverage of 25% during shear 

deformation 
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Fig. 6 The structure of fully hydrogenated DPG at shear strain of 0.133 

3.2. Effects of hydrogenation on the mechanical parameters of DPG 

Fig. 7 plots the tensile mechanical properties of hydrogenated pristine and defective PG 

as a function of hydrogenation coverage. As shown in Fig. 7(a) and (b), the tensile 

mechanical parameters of the hydrogenated defective PGs are lower than those of 

hydrogenated pristine ones, which indicates that defects can deteriorate the mechanical 

properties of hydrogenated PG. This is consistent with the conclusions showing in Ref. 

[9]. One can observe from Fig. 7 that the Young's moduli and elastic limit of the 

hydrogenated DPG with different defects first decrease sharply and then increase 

slowly with rising hydrogenation coverage, while the elastic strain increases almost 

linearly. When the hydrogenation coverage reaches about 15-20%, DPGs have the 

lowest Young's moduli and elastic limit. When the hydrogenation coverage is greater 

than 20%, the Young's moduli and elastic limit increase almost linearly with the 

increase of hydrogenation coverage. However, the values of the Young's modulus of the 

fully hydrogenated DPG are still lower than the corresponding values of 

unhydrogenated DPG, while elastic limit values are enhanced obviously. The 

enhancement can reach 2 times of the values of unhydrogenated DPG. This 

phenomenon seems to be the opposite of graphene, the latter showing that full 

hydrogenation will lead to a 65% reduction in strength. Thus, complete hydrogenation 

can reduce the Young's modulus of DPG, but improve the elastic stress limit. As 

discussed in the previous section, complete hydrogenation changes the sp2 and sp3 

hybrid hybridization of carbon atoms in DPG to sp3 hybridizations, thereby improving 
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the stability of the entire structure. We think this is the main reason for the enhancement 

of the stress of DPG. 

 

Fig. 7 The tensile mechanical properties of hydrogenated DPG as a function of 

hydrogen coverages 

The hydrogenation coverage dependence of the shear elastic moduli, shear elastic 

limit and strain of hydrogenated DPGs is shown in Fig. 8. One can notice from Fig. 8(a) 

that similar to tensile cases the shear elastic moduli and stress of the hydrogenated 

DPGs with different defects first decrease and then increase slowly with the increase of 

the hydrogenation coverage. Different from the tensile cases, when the DPGs are fully 

hydrogenated, the shear elastic moduli are considerably enhanced or comparable with 

those of the unhydrogenated ones, but the shear elastic stresses are significantly 

enhanced, as shown in Fig. 8(b). The enhancement in shear elastic limit can reach 3 

times of the values of unhydrogenated counterparts. For example, for PG with 2% DV 

defects, the value of the shear elastic limit increases from 2.37 N/m to 7.31 N/m when 

the hydrogenation coverage increase from 0 to 100%. The behind physical mechanism 

lies in the improving structural stability of the DPG caused by complete hydrogenation 
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which changes the hybrid hybridization style in DPG. As shown in Fig. 8(c), the shear 

elastic limit strains of hydrogenated DPGs increase almost linearly with the increase of 

hydrogenation coverage. Complete hydrogenation can result in an increase of 110 % - 

170 % in shear elastic limit strains. 

It is noted that the trends related to the shear mechanical properties as a function of 

the hydrogen coverage are not the same as those of the tensile mechanical properties. 

We think that these different behaviors can be attributed to the anisotropic mechanics 

of the PG, as also reported elsewhere [11]. The in-plane mechanical properties depend 

strongly on the direction of the loading. This direction can be defined by the angle 𝜃 

between the direction of the deformation and the crystallographic one [100]. For the 

PG tetragonal structure, the angle 𝜃  is restricted to 𝜃 ∈ [0, 𝜋 4⁄ ] . The two 

deformation directions 𝜃 = 0 and 𝜃 = 𝜋 4⁄  are here the two main key directions 

because of the symmetry of the PG. It has been reported that under the same strain both 

the maximum axial tensile stress and the highest stiffness are observed for 𝜃 = 𝜋 4⁄ , 

which is inherently originated from the different changes of the bond length and the 

bond energies of C1-C2 and C2-C2 bonds in PG with respect to the deformation 

direction. The influence of these two types of bonds on the mechanical properties of the 

PG is significantly different and varies when the loading direction is changed. The C1-

C2 bonds are less stiff than the C2-C2 ones. The deformation carried out along 𝜃 =

𝜋 4⁄  strongly favours the C2-C2 bonds. Half of those bonds are oriented parallel to the 

deformation direction, while the second half is perpendicular to it. Thus, during 

stretching, half of the C2-C2 bonds are strongly elongated, while the second half are 

even shortened. For the 𝜃 = 0  direction the role played by the C2-C2 bonds is 

somehow limited, as they do not elongate significantly. The role played by the C1-C2 

bonds along 𝜃 = 0  and 𝜃 = 𝜋 4⁄  can be somehow equivalent, as along the two 

directions half of the C1-C2 bonds form a smaller angle and the second half form a 

larger one with the loading direction. In our work, we performed tensile MD 

simulations of DPG along the x direction, i.e. [1 0 0]. In this case, this corresponds to 

the angle 𝜃 = 0. During shear, the bond stretching along the diagonal direction of the 

rectangular model contributes significantly to the shear elastic limit. In this case, the 
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angle 𝜃  is close to 𝜋 4⁄  if the model is square. This may be a likely mechanism 

responsible for the different type of dependence of the tensile and shear mechanical 

properties over the hydrogen coverage. Especially for the case of complete 

hydrogenation, the tensile Young’s moduli are still lower than those of the non-

hydrogenated one, while the shear elastic modulus is considerably enhanced, as well as 

the shear elastic stresses are significantly enhanced.  

It is also worth noting that the effects of hydrogenation on the mechanical properties 

and deformation mechanism of DPG/PG and graphene are however different. In the 

case of graphene, the chemical functionalization is often accompanied with a significant 

deterioration in terms of intrinsic mechanical properties. For example, the Young’s 

modulus, failure strength, and strain of graphene tend to reduce drastically and also in 

a monotonic way with the increasing hydrogen coverage. The fully hydrogenated 

graphene shows a 65% reduction in the failure strength as compared to that of pristine 

graphene. The hydrogenated graphene exhibits a series of progressive brittle fractures 

when it is broken. The transition from sp2 to sp3 bonds is the main reason for the 

decrease in the strength of hydrogenated graphene. The other functional groups such as 

epoxide groups have shown similar effects with hydrogen groups, as reported in Ref. 

[37]. For DPG, the effects of hydrogenation are however very different compared with 

graphene. The Young's modulus and elastic limit of PG both decrease sharply and then 

slowly increase with the increase of hydrogen coverage. The failure mechanism is also 

different from graphene. The DPG with low hydrogenation coverages exhibits obvious 

plastic deformation features under tensile and shear loading, and pentagon-to-polygon 

structural transformation is observed, while fully hydrogenation can change the failure 

mechanism of DPG from plastic deformation to brittle fracture with large enhancement 

of tensile and shear elastic stress limit and strain. We think the behind mechanism for 

the enhancement is that the complete hydrogenation changes the sp2 and sp3 hybrid 

hybridization of carbon atoms in DPG to sp3 hybridizations and improves the stability 

of the entire DPG structure. This is also confirmed by the fact that thehydrogenation on 

pentagraphene provides smoother tensile stress-strain curves and higher failure stresses 

(including shear), whether a vacancy is present or not. The presence of hydrogenated 
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groups provides a further deformation of the PG lattice and the creation of an overall 

more pronounced 3D structure. When the hydrogenated PG is subjected to in-plane 

tensile or shear loading, the hydrogenated groups tend to contribute to the in-plane 

resistance and oppose more local progressive debonding effects that exist in PG and 

vacancy-rich PG systems (see for example Figures XX, or the difference between the 

global type of failure of the hydrogenated DPG in Figure 4 and those more localised 

for the 25% hydrogenated DPG in Figure 5). These interactions between the DPG 

lattice and 3D appended hydrogenated groups give a more monotonic and regular type 

of brittle failure, but also increases the stress levels of the nanolattice under the different 

types of in-plane loading, as it can be appreciated from Figures 7 and 8. 

 

 

 

Fig. 8 The shear mechanical properties of hydrogenated DPG as a function of hydrogen 

coverages 

4. Conclusion 
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In summary, using MD simulations we have investigated here the effects of 

hydrogenation on the tensile and shear mechanical properties and failure mechanism of 

DPG. The results indicate that hydrogenation can effectively tune the mechanical 

properties and failure mechanism of PG with vacancy defects. The DPG with low 

hydrogenation coverages exhibits obvious plastic deformation features under tensile 

and shear loading, and pentagon-to-polygon structural transformation is observed, 

while fully hydrogenation can change the failure mechanism of DPG from plastic 

deformation to brittle fracture. Both the tensile and shear moduli and elastic limit of 

DPG first decrease dramatically and then increase slowly with the increase of 

hydrogenation coverage, while tensile and shear strain increases almost monotonically 

with rising hydrogenation coverage. Complete hydrogenation can result in large 

enhancement of tensile and shear elastic stress limit and strain. 
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