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ABSTRACT: Studying the formation of diamane through simulation is Larger Pressure for
crucial for exploring the synthesis of ultrathin diamond films with
excellent physical properties. However, dynamic studies of the phase
transition from few-layer graphene to diamane under pressures using ab
initio molecular dynamics (AIMD) and investigations on the
corresponding evolution of the electronic structure have not yet been
10 reported. In this study, we combined AIMD with static electronic <
calculations to explore the geometric and electronic structure evolution
of bilayer graphene under different pressure-transmitting media (PTM).
It is found that the pressure required for surface functionalization of
bilayer graphene decreases in the order of halogens, hydrogen, hydrogen
15 halides, and hydroxyl-containing systems, attributed to their different
16 affinity for charge transfer to graphene. Additionally, as the number of
graphene layers increases, the surface functionalization becomes easier
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18 under most PTM, especially in hydrogen-, hydrogen halide-, and hydroxyl-containing systems. Our research provides valuable insight
19 into a deeper theoretical understanding of the interlayer bonding mechanism, oftering potential for the experimental fabrication of

20 diamane.

1. INTRODUCTION

21 A two-dimensional diamond with sp® hybridization between
2 layers is called diamane." Since the structure of diamane was
23 proposed,” it has been considered valuable for high-power-
24 density electronic devices under extreme conditions,” due to its
25 excellent mechanical properties,”” wide bandgap,” and high
26 carrier mobility.” To explore the experimental synthesis, Gao et
27 al. induced a reversible transformation from a bilayer epitaxial
28 graphene film grown on SiC(0001) to a diamond-like structure
29 via nanoindentation at room temperature, demonstrating the
30 comparable stiffness and hardness to that of diamond.” Li et al.
31 achieved reversible hydrogenation of single-layer graphene
32 (SLG) by applying an ionic gate voltage between 2.2 and —1 V
33in a hydrogen-ion electrolyte (HTESI).” The obtained
34 structures mentioned above could not be retained after the
35 pressure or the electric field was released.”” Combining the
36 external force with chemical induction may be more favorable
37 for obtaining a stable diamane structure.’ Barboza et al. used
38 an electric force microscope to apply pressure to bilayer and
39 multilayer graphene films in water via a scanning probe
40 microscopy tip." They observed that, with increasing tip
41 pressure, the charging injection from the tip to bilayer and
4 multilayer graphene was significantly suppressed, which could
43 be explained by the formation of diamondol and was consistent
44 with density functional theory (DFT) calculations.® Bakharev
45 et al. fluorinated Bernal-stacked (AB stacking) bilayer graphene
46 grown by chemical vapor deposition on a single-crystal
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CuNi(111) in a XeF, vapor under a pressure of S0—60 Torr 47
at 65 °C and observed the formation of interlayer carbon— 4s
carbon bonds in a single-layer fluorinated diamond-like 49
structure via angle-resolved X-ray photoelectron spectroscopy.” so
Despite the efforts made, the detailed formation of diamane si
from graphene layers is still insufficiently understood. 52

On the other hand, theoretical simulations can be used to s3
search for the possible diamane structures through chemical s4
group functionalization'® or heteroatom doping.'' Ge et al. ss
systematically investigated 30 different diamane structures s¢
modified by various functional groups (H, F, OH, Cl, NH,)."? 57
They identified 12 stable configurations based on formation ss
energy, phonon spectra, and kinetic methods and analyzed so
their potential applications. Antipina et al. studied different 6o
configurations by modifying SLG, bilayer graphene (BLG), 61
and trilayer graphene (TLG) with various chemical groups by 62
DFT simulations, suggesting a tendency that few-layer 63
graphene prefers to form a diamane structure.'” They also 6
proposed that hydrogen and fluorine adsorption can generally 65
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lead to a chair-type diamane, while water and ammonia cause
more complex configurations.'” However, these results have
primarily been derived from direct structural optimization,
which demonstrates only the final stable diamane structures.
Further investigation on the detailed structural evolution
mechanism using a molecular dynamics approach could give a
much better description of the phase transition, compared to
static optimization. For example, Wang et al. employed density
functional tight binding molecular dynamics simulations to
study the hydrogenation process of hexa-peri-hexabenzocor-
onene (HBC) in hydrogen plasma at temperatures ranging
from 1000 to 2000 K, pointing out the critical role of interlayer
interactions in stabilizing hydrogenated molecules.'’ However,
studies using ab initio molecular dynamics (AIMD) could be
limited by its high cost, and the in-depth study of the
dynamical transformation for the formation of diamane from
tew-layer graphene is still lacking. The detailed analysis of the
electronic structure evolution during phase transformation has
not been reported yet, which is crucial for understanding the
origin of diamane formation.

In this study, we investigate the interlayer bonding (IB) of
few-layer graphene under pressure by combining AIMD
simulations and detailed electronic structure analysis. We
found that the pressure required for surface functionalization
(SF) increases with the adsorption of certain chemical groups,
which is in the following order of halogens, hydrogen gas,
hydrogen halides, and hydroxyl-containing systems. In
addition, the pressure required for SF decreases with an
increasing number of graphene layers in most pressure-
transmitting media (PTM), especially in hydrogen and
hydrogen-bonded networks. Further electronic structure
analysis, including Bader charge and density of states (DOS)
calculations, reveals that the critical transformation pressure
from BLG to diamane decreases as the charge transfer affinity
from the functional groups to graphene increases. Our study
improves the understanding of the formation mechanism from
BLG to diamane and paves the way for more -efficient
fabrication and bandgap modulation of diamane, with potential
applications in carbon-based semiconductors.

2. SIMULATION METHOD

All calculations were performed using the DFT method, by the
Vienna ab-initio simulation package (VASP).'*”'® The
Perdew—Burke—Ernzerhof (PBE)'” exchange-correlation func-
tional with generalized gradient approximation (GGA)'® was
adopted. The long-range van der Waals interactions were
described using the Grimme DFT-D3 method with zero
damping.'” The basis set cutoff energy was 400 eV. The
Brillouin zone was sampled with a 3 X 3 X 1 gamma-centered
K-points grid for structural optimization. The projected density
of states was calculated in two steps: (1) using a 10 X 10 X 1
gamma-centered K-points grid to calculate the charge
distribution; (2) reading the charge distribution for the initial
guess and performing a self-consistent field (SCF) calculation
with a much denser gamma-centered K-points mesh of 25 X 25
X 1. The SCF calculation was performed with an energy
convergence criterion of 10™* eV. The geometry optimization
force tolerance was 0.05 eV A7

The simulation cell has a lattice of 5.34 X 5.34 X 30 A for a
BLG model with various PTM (F,, Cl,, Br,, H,, HCI, HBr,
H,0, and CH;0H) in the vacuum. The quasistatic
compression process is shown in Figure 1, which consists of
two stages. In the first stage, the lattice length along the OC

1.First:

compression Approaching Functionalization \

xtract Intermediates from trajectory
4.Electronic Property
E 0 Bader Charge

Density of States

0.5 A per step' 0.1 A per step'

Figure 1. Schematic diagram of the structural transformation method
used in PTM, along with the corresponding electronic structure
evolution during the process.

direction was reduced step by step with a step size of 0.5 A
until the OC length reached the critical length (OC ) for
the SF, and structural optimization was done after each step. In
the second stage, the OC length was reduced by 0.1 A in each
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step, starting from a distance of 1-2 A longer than that of 131

OCiticay and an AIMD simulation with the canonical
ensemble (NVT) at 300 K was performed during each
compression step until the formation of diamane was observed.

The enthalpy change for the dissociation of a PTM molecule
followed by adsorption on graphene was calculated using eq 1:

Edis = ESF-G + Eres - EG - EMol (1)

where Egp g is the energy of graphene under SF conditions, E,.,
is the energy of the residual part of the molecules excluding
functional groups, Eg is the energy of graphene, and E,, is the
energy of PTM molecules before SF. The structure of PTM
molecules and the structure used for calculating E, ., were
placed in a simulation cell with a lattice of 10 X 10 X 10 A, and
the Brillouin zone was sampled with a 1 X 1 X 1 gamma-
centered K-points grid.

The average number of electrons lost from C atoms during
the adsorption of graphene onto different PTM (F,, Cl,, Br,,
H,, HC], HBr, H,0, and CH;OH) was calculated using eq 2:

I\Te—loss =4 - Qave (2)

where Q,,. is the averaged Bader charge of all carbon atoms
from the SF structure in the trajectory of the AIMD simulation.

3. RESULTS AND DISCUSSION

To simulate the compression of the BLG in PTM, as illustrated
in Figure 1 (details are shown in the simulation method), a
gradually increasing pressure is applied onto the BLG through
PTM by reducing the length of the OC lattice, in combination
with structural optimization or AIMD relaxation. Key
intermediate structures are extracted from the AIMD
simulation trajectory for further Bader charge and DOS
calculations to explore the evolution of electronic structure.
PTM, including F,, Cl,, Br,, H,, HC], HBr, H,0, and CH;OH,
are simulated across a range of pressure loadings from 0 to
112.96 GPa. The AIMD results can directly show phase
transitions and IB processes (Movies S1—S16).

The phase transition process can be regarded as the
collaboration of two distinct parts: SF and IB. As shown in
Figure 2a, for BLG in media such as F,, Cl,, Br,, H,, HCI, and
HBr, SF occurs before IB. However, in H,O and CH;OH, IB
occurs before SF. Previous studies have shown that SF with
functional groups, eg. H, F, and OH, facilitates the formation
of interlayer bonds,””*" but our results show that SF does not
precede IB in all PTM. The pressure required for the phase
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Figure 2. (a) Graphene SF structures in different PTM (F,, Cl,, Br,, H,, HCl, HBr, H,0, and CH;0H). (b) Ranking of different PTM by the
pressure required for the SF. (c) Eg; in the isolated halogen molecule (X-graphene-iso, X represents the negative functional group) and hydrogen-
bonded PTM (H,, HCl, HBr, H,O, and CH;0H) (H-graphene-hydro and X-graphene-hydro, H represents the hydrogen atom and X represents
the negative functional group). (d) N, during the adsorption of graphene in different PTM (F,, Cl,, Br,, H,, HC, HBr, H,O, and CH;0H),
with the inset showing the differential charge density of graphene functionalized with F,. The iso-surface value is 0.01 e~ bohr™>.

172 transition corresponding to different PTM is ranked in Figure
173 2b, with halogens requiring the smallest pressure, followed by
174 hydrogen, hydrogen halides, and finally hydroxyl-containing
175 media like H,O and CH;OH, consistent with the out-of-plane
176 structural deformation of BLG when the phase transition
177 begins, as shown in Figure S1. The pressure needed for the
178 functionalization of bilayer graphene by hydrogen atoms and
179 hydroxyl groups is reported as 19.3 GPa by Varlamova et al.,**
180 using a different method of evaluating pressure, compared to
181 our approach. In addition, the limited size (0.53 nm) of our
182 simulation cell may lead to a higher estimated phase transition
183 pressure, caused by insufficiently released stress of graphene
184 after SF. However, increasing the cell size to 1.07 nm did not
185 give a significantly better description of the system, as shown in
186 Figure S2, but it will reach the limitation of AIMD
187 computation cost.

188 To give a deeper understanding of the preference for IB or
189 SF, we calculated the enthalpy change for the dissociation of
190 the PTM molecule followed by the adsorption on graphene
191 (Eg,) (detailed information in simulation method), as shown
192 in Figure 2c. From halogens, hydrogen, hydrogen halides to
193 hydroxyl-containing media, E4, maintains the same ranking as
194 the pressure required for SF, as shown in Figure 2b and Table
195 S1, consistent with the conclusion of Antipina et al.'”” The E
196 on the H-side is lower than on the X-side (X represents the
197 negative functional group) in HCl and HBr, while the
198 difference between the two adsorption sides for H,O and
199 CH;0H is reduced. This is consistent with the results in
200 Figure 2a, where graphene preferentially bonds to hydrogen
201 atoms in HCl and HBr. Our results have shown that the

adsorption affinity of PTM molecules with different 202
orientations could be related to the difficulty of SF. In 203
addition, Ey for an isolated (-iso) PTM molecule and two 204
hydrogen-bonded (-hydro) PTM molecules follows the same 205
trend, except for H,O molecules in Figure S3, indicating that 206
hydrogen-bonding does not affect the adsorption affinity of the 207
H-side or X-side of most of the PTM molecules mentioned 20s
above. 209

Furthermore, we calculated the average number of losing 210
electrons in C atoms (N,,) of graphene during SF (details 211
are shown in eq 2 in the simulation method). The N,
graphene during SF gradually decreases in the same order, as 213
shown in Figure 2d, implying an influence from the charge 214
transfer process, as indicated in the inset. DOS analysis also 215
provides further understanding of the formation mechanism of 216
chemical bonding. For those PTM without hydrogen bonds, as 217
shown in Figure S4a—d, along the sequence of F,, Cl,, Br,, and 218
H,, the energy overlap between the electron energy states 219
provided by adsorption site and the functional group decreases, 220
indicating a weaker bonding tendency between the graphene 221
and the PTM molecules, in agreement with the pressure 222
required for SF shown in Figure 2b. For those PTM with a 223
hydrogen bond, as shown in Figure S5a—d, along the sequence 224
of HCl, HBr, H,0, and CH;0H, the energy of the electron 225
states of PTM decreases, resulting in the less overlap between 226
the DOS of PTM and the DOS of adsorption site, leading to 227
the weaker interaction between PTM molecules and graphene 228
and higher functionalization pressure, in agreement with Figure 229
2b. 230

of 212
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F, Br,

H. H,0 CH,OH

Figure 3. Final structures of (a) SLG, (b) BLG, (c) TLG, and (d) six-layer graphene (6LG) in different pressure-transmitting media (F, CI, Br,

H, HO, and CHOH).

231 The integrity of the formed diamane structure shows a
232 dependency on the number of layers. As shown in Figures 3a
233 and S6a,b, the structures formed from SLG with halogen atoms
234 under sufficient pressure are relatively uniform, whereas those
235 formed with hydrogen atoms or hydrogen-bonded systems are
236 not easily achieved. Compared with halogens, the higher
237 difficulty in initiating SF on graphene for H, and hydrogen-
238 bonding PTM leads to an increased phase transition pressure.
239 The difference in SF barriers across different sites on the
240 graphene surface is subsequently reduced at higher pressure,
241 making SF occur with less symmetric constraints, leading to

the formation of disordered structures on SLG. This
conclusion differs from that of BLG in Figure 3b, which
consistently forms a uniform structure with all types of PTM
under compression. For TLG, as shown in Figure 3c, fluorine
atoms functionalize both sides of graphene, leading to an
uncontrollable final structure that is difficult to uniformly form,
while for the rest of the PTM, TLG still transforms to uniform
structures. As shown in Figure 3d, when the number of layers
increases to six, it is difficult for halogen elements to form
uniform structures, while the advantage of hydrogen gas and
hydrogen-bonded media in forming uniform structures
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253 becomes evident. For halogen gas, e.g,, F,, as shown in Figure
254 S7, phase transition propagates inward starting from the
255 surface and leads to the formation of a disordered SF structure
256 at the junction where the two transformation fronts converge.
257 In H, and hydrogen-bonding media, as shown in Figure S8,
258 multilayer graphene tends to form nuclei with the same
259 orientation across adjacent layers, which then grow toward the
260 surface, thereby facilitating the formation of a more uniform
261 structure. Thus, SLG is more likely to form a uniform structure
262 in the medium of halogen element monomers, while multilayer
263 graphene intends to form a uniform structure in hydrogen,
264 hydrogen halide, and hydroxyl-containing PTM.

265 The layer-dependent phase transition from BLG to diamane
266 is further investigated by comparing the pressure required for
267 SF of graphene and the corresponding charge transfer process.
268 As shown in Figure 4a, for all the number of layers
269 investigated, the pressure required for SF of graphene in F,
270 approaches 0 GPa while the pressure required in bromine and
271 chlorine gas gradually increases with the number of layers.
272 However, H, and PTM containing hydrogen bonds show the
273 opposite trend. The disagreements between our results and
274 Erohin’s reports could be explained by the asynchronous
275 nucleation process observed in multilayer graphene during our
276 AIMD simulation, as shown in Figure S8, which is different

—_

fy

from Erohin’s assumption of simultaneous phase trans- 277
formation.”® The change in the pressure for SF can also be 278
explained by the N, of graphene during SF, as shown in 279
Figure 4b. The N, of graphene in F,, Cl,, and Br, is greater 250
than zero during SF, indicating that electrons are being 281
withdrawn from graphene and the exclusion of P, electron is 282
weakened, lowering the pressure needed for SF. However, in 283
H,, HC], HBr, H,0, or CH;0H, N, of graphene is less than 284
zero, indicating that electrons are being injected into graphene, 285
which requires a significantly higher pressure to promote SF. 26
As the number of layers increases, the number of charges 287
extracted from graphene or injected into graphene by PTM a2s8
during SF gradually decreases for F, (Figure 4c) and Cl,, Br,, 289
H,, HCI, HBr, H,0 or CH;O0H PTM (Figure S9a—d) due to 200
more pronounced interlayer interaction, which is consistent to 291
the decreased pressure for IB in hydrogen-bonded PTM for 292
more graphene layers (Figure S10). The combination of 203
weakened surface interaction and strengthened interlayer 204
interaction results in a gradual reduction in the pressure 295
required for SF corresponding to decreased charge injected 296
into graphene in the H,, HCl, HBr, H,0O, or CH;OH systems. 297
In addition, the increased pressure loading rate (2 A/ps) 298
results in a lower critical phase transformation pressure, 299
compared to 0.5 and 0.1 A/ps, as shown in Figures S11—S14 300
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Figure S. (a) Six states during compression of BLG in H, to form diamane and the corresponding projected density of states (PDOS) of graphene
and hydrogen atoms for (b) statel (adsorption) and (c) state2 (single-sided functionalization). PDOS of (d) 2s electrons and (e) p, electrons in
these states with the inset showing the partial charge distribution near the Fermi level for state 5. The iso-surface value is 0.01 e bohr™.

301 and Table S2, indicating that the shock-wave induced dynamic
302 limitation facilitates the phase transition.

303 To elucidate the origins of SF and IB in BLG, we employed
304 H, PTM as a model for comprehensive electronic structure
30s analysis. As illustrated in Figure Sa, the structural evolution of
306 compressed BLG in H, progresses through six distinct stages:
307 adsorption, single-sided SF, double-sided SF, IB, oversaturated
308 hydrogen SF, and structural repair. The corresponding PDOS
309 for each state is presented in Figures Sb,c and S15a—d. The
310 oversaturated SF in H, arises from hydrogen adsorption on

adjacent carbon atoms during the initial SF on graphene, which 31,
is energetically favorable, as demonstrated in state 2 of Figure 3,
Sa. Figure Sb reveals that the PDOS of hydrogen gas adsorbed 33
on graphene exhibits isolated, symmetric peaks, consistent with 314
physical adsorption as reported in a previous study.”* As the 35
pressure increases along the out-of-plane direction, the PDOS 3¢
of hydrogen gradually broadens and overlaps with the energy 3,7
of p, electrons of carbon, indicating the enhanced interactions 35
between H, and graphene, as shown in Figure Sc. 319
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320 The 2s electrons and p, electrons in carbon atoms show
321 significant changes during the pressure-induced SF and IB, as
322 shown in Figure 5d, e. For 2s electrons, the occupied states
323 move into deeper energy levels from states 1 to 5 as shown in
324 Figure 5d, until a complete SF is finished, forming an
325 oversaturated hydrogen adsorption structure. Then, the
326 occupied states at low energy levels move to higher energy
327 levels in state 6, with the desorption of hydrogen atoms to
328 finish the structural repair, forming an ideal diamond. The
329 energy of 2s electrons in carbon shows a similar trend, that is,
330 moving toward a deeper energy level as more SF occurs. In
331 addition, the partial charge density of graphene for the
332 occupied states with the deepest energy level (from —17.9 to
333 —21.2 eV) was calculated, showing a transition from in-plane
334 C—C bonds to interlayer C—C bonds and C—H bonds from
335 states 1 to S, as shown in Figure S16a. Further calculations
336 have shown that the Is electron in hydrogen atoms and the 2s
337 electron in carbon atoms exhibit synchronous behavior during
338 SF, as depicted in Figure S16b,c.

339 As for the p, electrons in carbon, the linear dispersion
340 relation corresponding to the Dirac cone of graphene is
341 disrupted with the pressure loading, and the PDOS near the
342 Fermi surface gradually reveals multiple electronic states with
343 close energy levels, as shown in states 1 to 3 in Figure Se.
344 Then, a defect state at the Fermi level is observed when the
345 critical interlayer bonding is likely to happen, as shown in
346 states 4 and S in Figure Se. When the structural repair is
347 finished, a large energy gap forms, as shown in state 6 in Figure
348 Se. The pressure-dependent bandgap could facilitate the in situ
349 optical detection of the phase transition in experiments, as
350 shown in Figure S17. The corresponding partial charge density
351 for electrons near the Fermi level shows a transition from the 7
352 cloud in graphene to the ¢ bond in diamane, as shown in
353 Figure S18. When more carbon atoms transform from sp® to
354 sp° hybridization, the average energy of the p, electrons in
3ss carbon gradually approaches the energy of the p, and p,
356 electrons, as shown in Figure S19, leading to higher symmetry.

—

—

st

4. CONCLUSIONS

357 To provide a comprehensive understanding of the mechanism
358 behind diamane formation, we have combined AIMD and
359 static electronic calculations and revealed the correlation
360 between the pressure required for SF of graphene and different
361 PTMs, along with the corresponding theoretical origins.
362 Further analysis shows that a stacking of more graphene layers
363 promotes SF in most PTM, particularly in hydrogen- and
364 hydrogen-bonded systems, which has also been supported
365 from the perspective of electronic structure. We finalize the
366 calculation by showing the consistency between changes in the
367 electronic structure and structural transformation. Our work
368 contributes to the study of diamane formation from a more
369 comprehensive and fundamental perspective, which may be
370 significant for the future advanced methods of controlling
371 diamane synthesis.

—

372 l ASSOCIATED CONTENT

373 Data Availability Statement

374 The structures reported in article is available at https://github.
375 com/mhguo1997/data.

376 @ Supporting Information

377 The Supporting Information is available free of charge at
378 https://pubs.acs.org/doi/10.1021/acs.jpca.5c01834.

More details including the simulation method and DFT 379

calculations supporting our conclusions (PDF) 380
F, along the B-axis (AVI) 381
F, rotation 30° along the C-axis (AVI) 382
Cl, along the B-axis (AVI) 383
Cl, rotation 60° along the C-axis (AVI) 384
Br, along the B-axis (AVI) 385
Br, rotation 60° along the C-axis (AVI) 386
H, along the B-axis (AVI) 387
H, rotation 60° along the C-axis (AVI) 388
HCI along the B-axis (AVI) 389
HCI rotation 60° along the C-axis (AVI) 390
HBr along the B-axis (AVI) 391
HBr rotation 60° along the C-axis (AVI) 392
H,0 along the B-axis (AVI) 393
H,0 rotation 60° along the C-axis (AVI) 394
CH;OH along the B-axis (AVI) 395
CH;OH rotation 60° along the C-axis (AVI) 396
B AUTHOR INFORMATION 397
Corresponding Authors 398

Kun Ni — Department of Materials Science and Engineering, 399
School of Chemistry and Materials Science, & Hefei National 400
Research Center for Physical Sciences at the Microscale, & 401
State Key Laboratory of Precision and Intelligent Chemistry, 402
University of Science and Technology of China, Hefei, Anhui 403
230026, China; Email: nikun@ustc.edu.cn 404

Yanwu Zhu — Department of Materials Science and 405
Engineering, School of Chemistry and Materials Science, & 406
Hefei National Research Center for Physical Sciences at the 407
Microscale, & State Key Laboratory of Precision and 408
Intelligent Chemistry, University of Science and Technology of 409
China, Hefei, Anhui 230026, China; ® orcid.org/0000- 410

0002-7505-1502; Email: zhuyanwu@ustc.edu.cn 411
Author 412
Minghao Guo — Department of Materials Science and 413

Engineering, School of Chemistry and Materials Science, & 414
Hefei National Research Center for Physical Sciences at the 415

Microscale, & State Key Laboratory of Precision and 416
Intelligent Chemistry, University of Science and Technology 417
of China, Hefei, Anhui 230026, China 418
Complete contact information is available at: 419
https://pubs.acs.org/10.1021/acs.jpca.5c01834 420
Author Contributions 421

M.G. conducted the simulations, analyzed the data and drafted 422
the initial manuscript. K.N. contributed to the conceptualiza- 423
tion of the study and provided revisions of the manuscript. Y.Z. 424
supervised the research, provided revisions of the manuscript 425

and secured the funding for this study. 426
Notes 427
The authors declare no competing financial interest. 428
B ACKNOWLEDGMENTS 429

This work was supported by the Natural Science Foundation 430
of China (Nos. 52273234, 52325202) and the Fundamental 431
Research Funds for the Central Universities (WK2060000098, 432
WK9990000170) and the open research fund of State Key 433
Laboratory of Precision and Intelligent Chemistry 434
(KY2490000300). The Supercomputing Center of USTC 435
and the Hefei Advanced Computing Center is appreciated. 436

https://doi.org/10.1021/acs.jpca.5c01834
J. Phys. Chem. A XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_001.pdf
https://github.com/mhguo1997/data
https://github.com/mhguo1997/data
https://pubs.acs.org/doi/10.1021/acs.jpca.5c01834?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_002.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_003.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_004.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_005.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_006.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_007.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_008.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_009.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_010.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_011.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_012.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_013.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_014.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_015.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_016.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c01834/suppl_file/jp5c01834_si_017.avi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kun+Ni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:nikun@ustc.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanwu+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7505-1502
https://orcid.org/0000-0002-7505-1502
mailto:zhuyanwu@ustc.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minghao+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c01834?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

437  REFERENCES

438 (1) Liu, B; Emmanuel, E; Liang, T.; Wang, B. Advancements in
439 theoretical and experimental investigations on diamane materials.
440 Nanoscale 2023, 15 (25), 10498—10512.

441 (2) Chernozatonskii, L. A.; Sorokin, P. B; Kvashnin, A. G;
442 Kvashnin, D. G. Diamond-like C,H nanolayer, diamane: Simulation
443 of the structure and properties. JETP Letters 2009, 90 (2), 134—138.
444 (3) Sorokin, P. B.; Yakobson, B. I. Two-Dimensional Diamond—
445 Diamane: Current State and Further Prospects. Nano Lett. 2021, 21
6 (13), 5475—5484.

447 (4) Cellini, F,; Lavini, F.; Cao, T.; de Heer, W,; Berger, C,;
448 Bongiorno, A.; Riedo, E. Epitaxial two-layer graphene under pressure:
449 Diamene stiffer than Diamond. FlatChem. 2018, 10, 8—13.

450 (5) Gao, Y.; Cao, T.; Cellini, F.; Berger, C.; de Heer, W. A.; Tosatti,
451 E,; Riedo, E.; Bongiorno, A. Ultrahard carbon film from epitaxial two-
452 layer graphene. Nat. Nanotechnol. 2018, 13 (2), 133—138.

453 (6) Cheng, T.; Liu, Z; Liu, Z. High elastic moduli, controllable
454 bandgap and extraordinary carrier mobility in single-layer diamond.
4ss Journal of Materials Chemistry C 2020, 8 (39), 13819—13826.

4s6 (7) Li, S.; Li, J.; Wang, Y; Yu, C; Li, Y.; Duan, W.; Wang, Y.; Zhang,
457 J. Large transport gap modulation in graphene via electric-field-
458 controlled reversible hydrogenation. Nature Electronics 2021, 4 (4),
459 254—260.

460 (8) Barboza, A. P. M.; Guimaraes, M. H. D.; Massote, D. V. P,;
461 Campos, L. C.; Barbosa Neto, N. M.; Cancado, L. G.; Lacerda, R. G;
462 Chacham, H.; Mazzoni, M. S. C.; Neves, B. R. A. Room-Temperature
463 Compression-Induced Diamondization of Few-Layer Graphene. Adv.
464 Mater. 2011, 23 (27), 3014—3017.

465 (9) Bakharev, P. V.; Huang, M.; Saxena, M.; Lee, S. W.; Joo, S. H.;
466 Park, S. O.; Dong, J.; Camacho-Mojica, D. C,; Jin, S.; Kwon, Y.; et al.
467 Chemically induced transformation of chemical vapour deposition
468 grown bilayer graphene into fluorinated single-layer diamond. Nat.
469 Nanotechnol. 2020, 15 (1), 59—66.

470 (10) Ge, L.; Liu, H,; Wang, J.; Huang, H.; Cui, Z.; Huang, Q.; Fu,
471 Z.; Lu, Y. Properties of diamane anchored with different groups. Phys.
472 Chem. Chem. Phys. 2021, 23 (26), 14195—14204.

473 (11) Pakornchote, T.; Ektarawong, A.; Busayaporn, W.; Pinsook, U.;
474 Bovornratanaraks, T. Roles of nitrogen substitution and surface
475 reconstruction in stabilizing nonpassivated single-layer diamond. Phys.
476 Rev. B 2020, 102 (7), No. 075418.

477 (12) Antipina, L. Y.; Sorokin, P. B. Converting Chemically
478 Functionalized Few-Layer Graphene to Diamond Films: A Computa-
479 tional Study. J. Phys. Chem. C 2015, 119 (5), 2828—2836.

480 (13) Wang, Y.; Wang, Z.; Qiu, Z.; Zhang, X; Chen, J.; Li, J.; Narita,
481 A,; Miillen, K,; Palma, C.-A. Hydrogenation of Hexa-peri-
482 hexabenzocoronene: An Entry to Nanographanes and Nanodiamonds.
483 ACS Nano 2023, 17 (19), 18832—18842.

484 (14) Kresse, G.; Furthmiiller, J. Efficient iterative schemes for ab
485 initio total-energy calculations using a plane-wave basis set. Phys. Rev.
486 B 1996, 54 (16), 11169—11186.

487 (15) Kresse, G.; Furthmiiller, J. Efficiency of ab-initio total energy
488 calculations for metals and semiconductors using a plane-wave basis
489 set. Comput. Mater. Sci. 1996, 6 (1), 15—50.

490 (16) Hafner, J. Ab-initio simulations of materials using VASP:
491 Density-functional theory and beyond. Journal of computational
492 chemistry 2008, 29 (13), 2044—2078.

493 (17) Ernzerhof, M.; Scuseria, G. E. Assessment of the Perdew—
494 Burke—Ernzerhof exchange-correlation functional. J. Chem. Phys.
495 1999, 110 (11), 5029—5036.

496 (18) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
497 Approximation Made Simple. Phys. Rev. Lett. 1996, 77 (18), 3865—
498 3868.

499 (19) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
500 accurate ab initio parametrization of density functional dispersion
s01 correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
502 132 (15), 154104.

503 (20) Paul, S.; Momeni, K. Mechanochemistry of Stable Diamane and
504 Atomically Thin Diamond Films Synthesis from Bi- and Multilayer

—

—_

s =

Graphene: A Computational Study. J. Phys. Chem. C 2019, 123 (25), s0s
15751—-15760. 506

(21) Kvashnin, A. G.; Chernozatonskii, L. A.; Yakobson, B. L; s07
Sorokin, P. B. Phase Diagram of Quasi-Two-Dimensional Carbon, 508
From Graphene to Diamond. Nano Lett. 2014, 14 (2), 676—681. 509

(22) Varlamova, L. A.; Erohin, S. V.; Larionov, K. V.; Sorokin, P. B. s10
Diamane Oxide. Two-Dimensional Film with Mixed Coverage and a s11
Variety of Electronic Properties. J. Phys. Chem. Lett. 2022, 13 (49), s12
11383—11390. 513

(23) Erohin, S. V.; Ruan, Q.; Sorokin, P. B.; Yakobson, B. I. Nano- s14
Thermodynamics of Chemically Induced Graphene—Diamond Trans- 515
formation. Small 2020, 16 (47), No. 2004782. 516

(24) Liang, X.-Y,; Ding, N; Ng, S.-P.; Wu, C.-M. L. Adsorption of 517
gas molecules on Ga-doped graphene and effect of applied electric 518
field: A DFT study. Appl. Surf. Sci. 2017, 411, 11-17. 519

https://doi.org/10.1021/acs.jpca.5c01834
J. Phys. Chem. A XXXX, XXX, XXX—XXX


https://doi.org/10.1039/D3NR01400B
https://doi.org/10.1039/D3NR01400B
https://doi.org/10.1134/S0021364009140112
https://doi.org/10.1134/S0021364009140112
https://doi.org/10.1021/acs.nanolett.1c01557?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c01557?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1016/j.flatc.2018.08.001
https://doi.org/10.1016/j.flatc.2018.08.001
https://doi.org/10.1038/s41565-017-0023-9
https://doi.org/10.1038/s41565-017-0023-9
https://doi.org/10.1039/D0TC03253K
https://doi.org/10.1039/D0TC03253K
https://doi.org/10.1038/s41928-021-00548-2
https://doi.org/10.1038/s41928-021-00548-2
https://doi.org/10.1002/adma.201101061
https://doi.org/10.1002/adma.201101061
https://doi.org/10.1038/s41565-019-0582-z
https://doi.org/10.1038/s41565-019-0582-z
https://doi.org/10.1039/D1CP01747K
https://doi.org/10.1103/PhysRevB.102.075418
https://doi.org/10.1103/PhysRevB.102.075418
https://doi.org/10.1021/jp510390b?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp510390b?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp510390b?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsnano.3c03538?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsnano.3c03538?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1002/jcc.21057
https://doi.org/10.1002/jcc.21057
https://doi.org/10.1063/1.478401
https://doi.org/10.1063/1.478401
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1021/acs.jpcc.9b02149?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b02149?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b02149?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/nl403938g?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/nl403938g?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02943?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02943?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1002/smll.202004782
https://doi.org/10.1002/smll.202004782
https://doi.org/10.1002/smll.202004782
https://doi.org/10.1016/j.apsusc.2017.03.178
https://doi.org/10.1016/j.apsusc.2017.03.178
https://doi.org/10.1016/j.apsusc.2017.03.178
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c01834?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

