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S1 Effects of temperature and strain rate on the stress-strain response of popgraphene

The results presented in this study were obtained using a temperature of 1 K and a strain
rate of 1x107 ps!. In general, a higher temperature will introduce higher thermal energy to the
material system and result in lower fracture stress (with and without defects), as demonstrated in
the work of, e.g., Dewapriya et al.l and Zhao and Aluru.2 For popgraphene, we also examined a
few high temperatures including 300 K, 600 K, 900 K, and 1200 K using popgraphene with a
nanocrack (a =27.94 A) loaded normal to the ZZ direction as a representative case, as shown in
Fig. S1a. We found a similar conclusion with previous studies.

Higher strain rate usually results in higher fracture stress than that of lower strain rate.
However, comparing with temperature, previous studies have demonstrated that the effect of
strain rate is less significant (for strain rate of 10%s, 10%/s, and 107/s).2 3 To confirm the above,
we performed additional simulations using different strain rates on the same models that we used
for testing the temperature effect, as shown in Fig. S1b, and found a similar conclusion with

previous studies.
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Figure S1. Stress-strain curves of popgraphene with a nanocrack of crack size a=27.94 A

loaded normal to the ZZ direction under (a) different temperatures and (b) different strain rates.

S2 Independence of fracture stress on the initial degree of crumpling

As stated in Section 3.3 of the main text, the fracture stress of popgraphene loaded at 1 K
is independent of the initial degree of crumpling. To support the above statement, we performed
two sets of studies for popgraphene with distributed SV defects using NPT ensemble: i)
popgraphene was equilibrated at T=1 K, followed by uniaxial tension at T=1 K; ii) popgraphene
was equilibrated at T=300 K, followed by uniaxial tension at T=1 K, which will promote overall
larger crumpling amplitude. Defect densities ranging from 0.25% to 1.0% were considered, and
the stress-strain curves of the above were shown in Fig. S2, where we see negligible variations in
the fracture stresses (i.e., the maximal stress from the stress-strain curve) of the comparison pair.
Therefore, we conclude that the fracture stress is mostly determined by the loading conditions,

while being insensitive to the initial degree of crumpling.
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Figure S2. Stress-strain curves of popgraphene with distributed point defects uniaxially loaded

normal to the ZZ direction of defect densities (a) p =0.25%, (b) p=0.5%, (c) p=0.75%, and

(d) p=1.0%.

S3 Insensitive of the overall stress-strain response of popgraphene to crumpling

Based on Wei et al.’s work* and our results, crumpling can be eliminated by an elastic

strain. Therefore, we expect that crumping will not evidently contribute to the overall stress-

strain response of defective popgraphene. Nevertheless, crumpling will add compliance to the

popgraphene sheet and it is expected that with crumpling the stress will be smaller (comparing at

the same strain) while fracture strain will be larger than that without crumpling.

ESI-3



To support the above statement, we performed calculations for defective popgraphene
confined within the two-dimensional plane (i.e., no crumpling), and plotted the stress-strain
curve together with that with crumpling for a range of defect densities (uniaxial load normal to
the zigzag direction and single vacancy were used for demonstration), as shown in Fig. S3. We
see that before fracture, overall, the stress is smaller for popgraphene with crumpling than that
without crumpling at the same strain, and the fracture strain is always large when crumping is
present, which become more significant when defect density (i.e., the degree of crumpling) is
large. These observations are in agreement with our speculations above.

To quantify how much the crumpling contribute to the stress-strain curve, we compared
the strain energy of the two scenarios, as listed in Tab. S1, where we find that the relative
increment of strain energy is generally small, albeit exhibiting certain variations. Therefore, we
conclude that crumpling has a negligible effect on the overall stress-strain response of

popgraphene.
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Figure S3. Stress-strain curves of defective popgraphene with (black lines) and without (red

lines) crumpling for defect density ranging from p=0.75% to p=2.0% from (a) to (f).

Loading is uniaxial and normal to the ZZ direction. The single vacancy was used to generate the

crumpling.
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Table S1. Strain energy of defective popgraphene with and without crumpling for a range of
defect densities from 0.75% to 2.0%, and the relative increment of strain energy calculated from

popgraphene with crumpling to without crumpling

S Grey Relative increment in
(GPa) Crumpling No crumpling strain ener
Defect density gy
0.75% 2.41 2.44 1.2%
1.0% 2.32 2.40 3.4%
1.25% 2.27 2.29 0.9%
1.5% 2.28 2.26 -0.9%
1.75% 2.04 2.16 5.9%
2.0% 2.00 1.99 -0.5%

However, we note that at very small defect density, e.g., p=0.25% and p=0.5%,

popgraphene without crumpling possesses both higher fracture stress and higher fracture strain,
as shown in Fig. S4a-b. We examined the atomic configuration during loading at both defect
densities, and found that local structural reconstruction occurs around the defect for popgraphene

without crumpling (highlighted using black ellipses in Fig. S4c¢ using p=0.25% as a

representation), which results in the higher stress and strain in the structure without crumpling.
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Figure S4. Stress-strain curves of defective popgraphene with (black lines) and without (red
lines) crumpling for defect density ranging from p=0.25% to p=0.5% from (a) to (b). (c)
shows the atomic configurations of popgraphene without crumpling loaded at 8% and 9% strains
at the defect density of p=0.25% . Atoms are colored according to potential energy contour

with a scale bar from -7.0 to -4.5 eV. The representative place where structural reconstruction

occurred was enclosed by black ellipses.
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S4 Origin of the large reduction and variation of fracture stress of popgraphene with
distributed SW defects

As stated in Section 3.3 of the main text, we observed large reduction and variation of the
fracture stress for popgraphene with distributed SW defects, particularly at large defect densities.
To understand the above phenomena, we looked into the relaxed supercells with SW defects
before loading, as shown in Fig. S5, and found that there exists high prestress localization in
atoms around the SW transformation. Such stress localization will further promote out-of-plane
crumpling upon relaxation and easily render random loss of atoms from the popgraphene sheet,
especially at large defect densities. Therefore, we conclude that the above phenomena could be

attributed to the large prestress localization of the SW defects.
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Figure S5. Partial sheets within representative defective popgraphene containing distributed SW

after relaxation at 1 K.
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response of popgraphene. The tangent modulus of popgraphene E, was obtained by fitting the
stress-strain curves of popgraphene at each corresponding crack size using a second-order
polynomial function and subsequently plug in the fracture strain into the first derivative of the
polynomial function. The stress-strain curves of popgraphene with ZZ and AC cracks as
functions of crack size a were plotted in Fig. S6a-b, respectively, and the corresponding tangent

modulus of the above two situations were plotted in Fig. S6c-d, respectively.

ZZ crack AC crack
60 60
(a) (b)
Crack size a (A) Crack size a (A)
& 40] —s% | B 40 -
——13.09 o 12.90
% 7 16.81 G) ( —17.37
T ——20.52 = 21.83
3 R £ —— 2629
b"20 b <20
O T T T T O T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Ezz (%) Enc (%)
1000 1000
(C) eﬁeﬂg_gw@-’s (d)
900+ 900+ el
g s "
O 800 @ 800 e
N .0-."'.’.-'-. ? G/
W~ 7001 _o-*"* “L 700-
P ]
0’.
600+ o 600{ ¢
500 L : : : : : 500 : . : : : .
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
a(A) aA)

Figure S6. Sample simulated fracture stresses as functions of the crack size a of (a) ZZ and (b)

AC cracks, respectively. (c) and (d) plot the tangent modulus E, as functions of crack size a for

77 and AC cracks, respectively.
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S6 Insensitive of the fracture of popgraphene to atomic structures of the crack tip

In the main text, we only considered cracks terminated at the junction or side of the 8-
ring as shown in Fig. 4a-b of the main text. Nevertheless, based on the results of the “8-ring”
crack tip, Griffith criterion holds for popgraphene, i.e., the facture is governed by an energy
criterion and determined by the associated fracture energy. Therefore, we expect the result will
not be sensitive to the local bond at the crack tip.

To verify the above judgment, we created cracks of different crack sizes that end at the
sides or the junction of the 5-rings as shown in Fig. S7a and S7c¢. The fracture stresses as
functions of crack size for both cracks were plotted in Fig. S7b and S7d respectively, where, in
general, nice coincidence of the fracture stress with those calculated from the crack created at the
sides or the junction of 8-ring.

However, we noticed that for cracks end at the side of 5-ring the fracture stress is smaller
than that of 8-ring at small crack sizes. The possible reason is that the critical bond of the former
is parallel, while that of the latter is oblique to the loading direction, the effect of which may be
more obvious at the small crack size. In addition, for cracks end at the junction of 5-ring, the
fracture stress is overall larger than that of 8-ring due to the local structural reconstruction of the
former. Nevertheless, overall, the fracture stress is not sensitive to the atomic structure of the

crack tip.
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Figure S7. Atomistic configurations of the popgraphene monolayer with crack tips end at the (a)

side and (c) junction of the 5-ring. The internal crack size is denoted as 2a. (b) and (d) plot the

simulated and predicted fracture stresses as functions of the crack size a for cracks in (a) and (c),

respectively, together with cracks with crack tips end at the side or the junction of the 8-ring

reported in the main text. The inset in (d) shows the structural reconstruction at the crack tip for

crack ends at the junction of 5-ring.
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