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4 ABSTRACT: Studying the formation of diamane through simulation is
5 crucial for exploring the synthesis of ultrathin diamond films with
6 excellent physical properties. However, dynamic studies of the phase
7 transition from few-layer graphene to diamane under pressures using ab
8 initio molecular dynamics (AIMD) and investigations on the
9 corresponding evolution of the electronic structure have not yet been

10 reported. In this study, we combined AIMD with static electronic
11 calculations to explore the geometric and electronic structure evolution
12 of bilayer graphene under different pressure-transmitting media (PTM).
13 It is found that the pressure required for surface functionalization of
14 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
17 graphene layers increases, the surface functionalization becomes easier
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, offering potential for the experimental fabrication of
20 diamane.

1. INTRODUCTION
21 A two-dimensional diamond with sp3 hybridization between
22 layers is called diamane.1 Since the structure of diamane was
23 proposed,2 it has been considered valuable for high-power-
24 density electronic devices under extreme conditions,3 due to its
25 excellent mechanical properties,4,5 wide bandgap,6 and high
26 carrier mobility.6 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.5 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
33 in a hydrogen-ion electrolyte (HTFSI).7 The obtained
34 structures mentioned above could not be retained after the
35 pressure or the electric field was released.5,7 Combining the
36 external force with chemical induction may be more favorable
37 for obtaining a stable diamane structure.1 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.8 They observed that, with increasing tip
41 pressure, the charging injection from the tip to bilayer and
42 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.8 Bakharev
45 et al. fluorinated Bernal-stacked (AB stacking) bilayer graphene
46 grown by chemical vapor deposition on a single-crystal

47CuNi(111) in a XeF2 vapor under a pressure of 50−60 Torr
48at 65 °C and observed the formation of interlayer carbon−
49carbon bonds in a single-layer fluorinated diamond-like
50structure via angle-resolved X-ray photoelectron spectroscopy.9

51Despite the efforts made, the detailed formation of diamane
52from graphene layers is still insufficiently understood.
53On the other hand, theoretical simulations can be used to
54search for the possible diamane structures through chemical
55group functionalization10 or heteroatom doping.11 Ge et al.
56systematically investigated 30 different diamane structures
57modified by various functional groups (H, F, OH, Cl, NH2).10

58They identified 12 stable configurations based on formation
59energy, phonon spectra, and kinetic methods and analyzed
60their potential applications. Antipina et al. studied different
61configurations by modifying SLG, bilayer graphene (BLG),
62and trilayer graphene (TLG) with various chemical groups by
63DFT simulations, suggesting a tendency that few-layer
64graphene prefers to form a diamane structure.12 They also
65proposed that hydrogen and fluorine adsorption can generally
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66 lead to a chair-type diamane, while water and ammonia cause
67 more complex configurations.12 However, these results have
68 primarily been derived from direct structural optimization,
69 which demonstrates only the final stable diamane structures.
70 Further investigation on the detailed structural evolution
71 mechanism using a molecular dynamics approach could give a
72 much better description of the phase transition, compared to
73 static optimization. For example, Wang et al. employed density
74 functional tight binding molecular dynamics simulations to
75 study the hydrogenation process of hexa-peri-hexabenzocor-
76 onene (HBC) in hydrogen plasma at temperatures ranging
77 from 1000 to 2000 K, pointing out the critical role of interlayer
78 interactions in stabilizing hydrogenated molecules.13 However,
79 studies using ab initio molecular dynamics (AIMD) could be
80 limited by its high cost, and the in-depth study of the
81 dynamical transformation for the formation of diamane from
82 few-layer graphene is still lacking. The detailed analysis of the
83 electronic structure evolution during phase transformation has
84 not been reported yet, which is crucial for understanding the
85 origin of diamane formation.
86 In this study, we investigate the interlayer bonding (IB) of
87 few-layer graphene under pressure by combining AIMD
88 simulations and detailed electronic structure analysis. We
89 found that the pressure required for surface functionalization
90 (SF) increases with the adsorption of certain chemical groups,
91 which is in the following order of halogens, hydrogen gas,
92 hydrogen halides, and hydroxyl-containing systems. In
93 addition, the pressure required for SF decreases with an
94 increasing number of graphene layers in most pressure-
95 transmitting media (PTM), especially in hydrogen and
96 hydrogen-bonded networks. Further electronic structure
97 analysis, including Bader charge and density of states (DOS)
98 calculations, reveals that the critical transformation pressure
99 from BLG to diamane decreases as the charge transfer affinity

100 from the functional groups to graphene increases. Our study
101 improves the understanding of the formation mechanism from
102 BLG to diamane and paves the way for more efficient
103 fabrication and bandgap modulation of diamane, with potential
104 applications in carbon-based semiconductors.

2. SIMULATION METHOD
105 All calculations were performed using the DFT method, by the
106 Vienna ab-initio simulation package (VASP).14−16 The
107 Perdew−Burke−Ernzerhof (PBE)17 exchange-correlation func-
108 tional with generalized gradient approximation (GGA)18 was
109 adopted. The long-range van der Waals interactions were
110 described using the Grimme DFT-D3 method with zero
111 damping.19 The basis set cutoff energy was 400 eV. The
112 Brillouin zone was sampled with a 3 × 3 × 1 gamma-centered
113 K-points grid for structural optimization. The projected density
114 of states was calculated in two steps: (1) using a 10 × 10 × 1
115 gamma-centered K-points grid to calculate the charge
116 distribution; (2) reading the charge distribution for the initial
117 guess and performing a self-consistent field (SCF) calculation
118 with a much denser gamma-centered K-points mesh of 25 × 25
119 × 1. The SCF calculation was performed with an energy
120 convergence criterion of 10−4 eV. The geometry optimization
121 force tolerance was 0.05 eV Å−1.
122 The simulation cell has a lattice of 5.34 × 5.34 × 30 Å for a
123 BLG model with various PTM (F2, Cl2, Br2, H2, HCl, HBr,
124 H2O, and CH3OH) in the vacuum. The quasistatic

f1 125 compression process is shown in Figure 1, which consists of
126 two stages. In the first stage, the lattice length along the OC

127direction was reduced step by step with a step size of 0.5 Å
128until the OC length reached the critical length (OCcritical) for
129the SF, and structural optimization was done after each step. In
130the second stage, the OC length was reduced by 0.1 Å in each
131step, starting from a distance of 1−2 Å longer than that of
132OCcritical, and an AIMD simulation with the canonical
133ensemble (NVT) at 300 K was performed during each
134compression step until the formation of diamane was observed.
135The enthalpy change for the dissociation of a PTM molecule
136followed by adsorption on graphene was calculated using eq 1:

E E E E Edis SF G res G Mol= + 137(1)

138where ESF‑G is the energy of graphene under SF conditions, Eres
139is the energy of the residual part of the molecules excluding
140functional groups, EG is the energy of graphene, and EMol is the
141energy of PTM molecules before SF. The structure of PTM
142molecules and the structure used for calculating Eres were
143placed in a simulation cell with a lattice of 10 × 10 × 10 Å, and
144the Brillouin zone was sampled with a 1 × 1 × 1 gamma-
145centered K-points grid.
146The average number of electrons lost from C atoms during
147the adsorption of graphene onto different PTM (F2, Cl2, Br2,
148H2, HCl, HBr, H2O, and CH3OH) was calculated using eq 2:

N Q4e loss ave=
149(2)

150where Qave is the averaged Bader charge of all carbon atoms
151from the SF structure in the trajectory of the AIMD simulation.

3. RESULTS AND DISCUSSION
152To simulate the compression of the BLG in PTM, as illustrated
153in Figure 1 (details are shown in the simulation method), a
154gradually increasing pressure is applied onto the BLG through
155PTM by reducing the length of the OC lattice, in combination
156with structural optimization or AIMD relaxation. Key
157intermediate structures are extracted from the AIMD
158simulation trajectory for further Bader charge and DOS
159calculations to explore the evolution of electronic structure.
160PTM, including F2, Cl2, Br2, H2, HCl, HBr, H2O, and CH3OH,
161are simulated across a range of pressure loadings from 0 to
162112.96 GPa. The AIMD results can directly show phase
163transitions and IB processes (Movies S1−S16).
164The phase transition process can be regarded as the
165collaboration of two distinct parts: SF and IB. As shown in
166 f2Figure 2a, for BLG in media such as F2, Cl2, Br2, H2, HCl, and
167HBr, SF occurs before IB. However, in H2O and CH3OH, IB
168occurs before SF. Previous studies have shown that SF with
169functional groups, e.g., H, F, and OH, facilitates the formation
170of interlayer bonds,20,21 but our results show that SF does not
171precede IB in all PTM. The pressure required for the phase

Figure 1. Schematic diagram of the structural transformation method
used in PTM, along with the corresponding electronic structure
evolution during the process.
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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 H2O and CH3OH, 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.,22

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 (Edis) (detailed information in simulation method), as shown
192 in Figure 2c. From halogens, hydrogen, hydrogen halides to
193 hydroxyl-containing media, Edis 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.12 The Edis
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 H2O and
199 CH3OH 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

202adsorption affinity of PTM molecules with different
203orientations could be related to the difficulty of SF. In
204addition, Edis for an isolated (-iso) PTM molecule and two
205hydrogen-bonded (-hydro) PTM molecules follows the same
206trend, except for H2O molecules in Figure S3, indicating that
207hydrogen-bonding does not affect the adsorption affinity of the
208H-side or X-side of most of the PTM molecules mentioned
209above.
210Furthermore, we calculated the average number of losing
211electrons in C atoms (Ne‑loss) of graphene during SF (details
212are shown in eq 2 in the simulation method). The Ne‑loss of
213graphene during SF gradually decreases in the same order, as
214shown in Figure 2d, implying an influence from the charge
215transfer process, as indicated in the inset. DOS analysis also
216provides further understanding of the formation mechanism of
217chemical bonding. For those PTM without hydrogen bonds, as
218shown in Figure S4a−d, along the sequence of F2, Cl2, Br2, and
219H2, the energy overlap between the electron energy states
220provided by adsorption site and the functional group decreases,
221indicating a weaker bonding tendency between the graphene
222and the PTM molecules, in agreement with the pressure
223required for SF shown in Figure 2b. For those PTM with a
224hydrogen bond, as shown in Figure S5a−d, along the sequence
225of HCl, HBr, H2O, and CH3OH, the energy of the electron
226states of PTM decreases, resulting in the less overlap between
227the DOS of PTM and the DOS of adsorption site, leading to
228the weaker interaction between PTM molecules and graphene
229and higher functionalization pressure, in agreement with Figure
2302b.

Figure 2. (a) Graphene SF structures in different PTM (F2, Cl2, Br2, H2, HCl, HBr, H2O, and CH3OH). (b) Ranking of different PTM by the
pressure required for the SF. (c) Edis in the isolated halogen molecule (X-graphene-iso, X represents the negative functional group) and hydrogen-
bonded PTM (H2, HCl, HBr, H2O, and CH3OH) (H-graphene-hydro and X-graphene-hydro, H represents the hydrogen atom and X represents
the negative functional group). (d) Ne‑loss during the adsorption of graphene in different PTM (F2, Cl2, Br2, H2, HCl, HBr, H2O, and CH3OH),
with the inset showing the differential charge density of graphene functionalized with F2. The iso-surface value is 0.01 e− bohr−3.
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231 The integrity of the formed diamane structure shows a
f3 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 H2 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

242the formation of disordered structures on SLG. This
243conclusion differs from that of BLG in Figure 3b, which
244consistently forms a uniform structure with all types of PTM
245under compression. For TLG, as shown in Figure 3c, fluorine
246atoms functionalize both sides of graphene, leading to an
247uncontrollable final structure that is difficult to uniformly form,
248while for the rest of the PTM, TLG still transforms to uniform
249structures. As shown in Figure 3d, when the number of layers
250increases to six, it is difficult for halogen elements to form
251uniform structures, while the advantage of hydrogen gas and
252hydrogen-bonded media in forming uniform structures

Figure 3. Final structures of (a) SLG, (b) BLG, (c) TLG, and (d) six-layer graphene (6LG) in different pressure-transmitting media (F
d2
, Cl

d2
, Br

d2
,

H
d2
, H

d2
O, and CH

d3
OH).
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253 becomes evident. For halogen gas, e.g., F2, 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 H2 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.

f4 268 As shown in Figure 4a, for all the number of layers
269 investigated, the pressure required for SF of graphene in F2
270 approaches 0 GPa while the pressure required in bromine and
271 chlorine gas gradually increases with the number of layers.
272 However, H2 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

277from Erohin’s assumption of simultaneous phase trans-
278formation.23 The change in the pressure for SF can also be
279explained by the Ne‑loss of graphene during SF, as shown in
280Figure 4b. The Ne‑loss of graphene in F2, Cl2, and Br2 is greater
281than zero during SF, indicating that electrons are being
282withdrawn from graphene and the exclusion of Pz electron is
283weakened, lowering the pressure needed for SF. However, in
284H2, HCl, HBr, H2O, or CH3OH, Ne‑loss of graphene is less than
285zero, indicating that electrons are being injected into graphene,
286which requires a significantly higher pressure to promote SF.
287As the number of layers increases, the number of charges
288extracted from graphene or injected into graphene by PTM
289during SF gradually decreases for F2 (Figure 4c) and Cl2, Br2,
290H2, HCl, HBr, H2O or CH3OH PTM (Figure S9a−d) due to
291more pronounced interlayer interaction, which is consistent to
292the decreased pressure for IB in hydrogen-bonded PTM for
293more graphene layers (Figure S10). The combination of
294weakened surface interaction and strengthened interlayer
295interaction results in a gradual reduction in the pressure
296required for SF corresponding to decreased charge injected
297into graphene in the H2, HCl, HBr, H2O, or CH3OH systems.
298In addition, the increased pressure loading rate (2 Å/ps)
299results in a lower critical phase transformation pressure,
300compared to 0.5 and 0.1 Å/ps, as shown in Figures S11−S14

Figure 4. (a) Pressure required for SF of SLG, BLG, TLG, and 6LG in different PTM and (b) corresponding Ne‑loss during the adsorption of
graphene in different PTM. (c) Differential charge densities of SLG, BLG, TLG, and 6LG functionalized in F2. The iso-surface value is 0.005 e−

bohr−3.
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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 H2 PTM as a model for comprehensive electronic structure

f5 305 analysis. As illustrated in Figure 5a, the structural evolution of
306 compressed BLG in H2 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 5b,c and S15a−d. The
310 oversaturated SF in H2 arises from hydrogen adsorption on

311adjacent carbon atoms during the initial SF on graphene, which
312is energetically favorable, as demonstrated in state 2 of Figure
3135a. Figure 5b reveals that the PDOS of hydrogen gas adsorbed
314on graphene exhibits isolated, symmetric peaks, consistent with
315physical adsorption as reported in a previous study.24 As the
316pressure increases along the out-of-plane direction, the PDOS
317of hydrogen gradually broadens and overlaps with the energy
318of pz electrons of carbon, indicating the enhanced interactions
319between H2 and graphene, as shown in Figure 5c.

Figure 5. (a) Six states during compression of BLG in H2 to form diamane and the corresponding projected density of states (PDOS) of graphene
and hydrogen atoms for (b) state1 (adsorption) and (c) state2 (single-sided functionalization). PDOS of (d) 2s electrons and (e) pz 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−3.
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320 The 2s electrons and pz 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 5, as shown in Figure S16a. Further calculations
336 have shown that the 1s 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 pz 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 5e.
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 5 in Figure 5e. When the structural repair is
347 finished, a large energy gap forms, as shown in state 6 in Figure
348 5e. 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 π
352 cloud in graphene to the σ bond in diamane, as shown in
353 Figure S18. When more carbon atoms transform from sp2 to
354 sp3 hybridization, the average energy of the pz electrons in
355 carbon gradually approaches the energy of the px and py
356 electrons, as shown in Figure S19, leading to higher symmetry.

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.
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