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ABSTRACT: We propose a new way to produce high-quality ﬁlms of diamond from
chemically functionalized few-layer graphene. Our ab initio calculations show that
depending on functionalization few-layer graphene may convert spontaneously in a welldeﬁned way to either cubic or hexagonal diamond ﬁlms with a speciﬁc surface and welldeﬁned properties. We provide speciﬁc results for the converting process using H, H2, F,
F2, H2O, and NH3 as adsorbates at diﬀerent temperatures and pressures.
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their transformation to multilayered graphene.28,32 It makes
investigation of the functionalization process of diamond
nanoﬁlms especially important.
In this work, we studied in detail the formation of diamond
ﬁlms of nanometer thickness from single, bi-, and three-layered
graphene functionalized by various adatoms and molecular
groups, and estimated the external conditions for formation of
diﬀerent conformers. We established the connection of the
surface functionalization type, structure, and surface orientation
of the ﬁlms. We proved that, depending on the type of
adsorbed atoms and the external conditions, either chair or boat
conformers can be formed from the single-layered graphene,
whereas bi- and three-layered graphene can be connected to
either diamond ﬁlms with (110) and (111) surfaces or
hexagonal diamond (lonsdaleite) ﬁlms with (101̅0) and
(2̅110) surfaces. These results as well as calculated potential
barriers of chemosorption allow one to estimate the conditions
of functionalization and stability of the diamond ﬁlms with
diﬀerent functionalized surface. Finally, we studied the
electronic properties of the ﬁlms, and found a pronounced
dependence of band structure and the band gap behavior on
the surface functionalization and ﬁlm thickness.

INTRODUCTION
The isolation of graphene1 opened a new ﬁeld of twodimensional materials in modern science. Pseudochiral Dirac’s
nature of the carriers, ballistic conductivity, and anomalous Hall
eﬀect2 make graphene one of the most promising materials for
science and advanced technology. The potential application of
graphene in nanoelectronics can be enlarged by the
functionalization, which leads to a signiﬁcant change of the
electronic, mechanical, and optical properties of this material.
Graphene can be functionalized by various adatoms and
molecular groups, for example, by hydrogen,3−9 ﬂuorine,10−17
nitrogen,18,19 oxygen,20−23 etc.
Totally functionalized graphene can be considered as the ﬁrst
member in a series of sp3-bonded carbon ﬁlms, whose
conformers belong to the family of ﬁlms with diﬀerent surfaces.
There are a number of reports24−26 on the possible existence of
diamond ﬁlms of nanometer thickness, the structure of which
can be considered as chemically bonded neighboring graphene
sheets. It was found7,26−29 that the multilayered graphene with
adsorbed adatoms on the outer surfaces forms the diamond ﬁlm
without any activation barrier (at least for the ﬁlms containing
2−6 layers), which was conﬁrmed by a number of experimental
data.8,10,20 In the ref 28, this eﬀect was entitled a chemically
induced phase transition.
Vice versa, the structure of diamond nanoclusters with
unpassivated surface is exposed to surface eﬀects that cause the
graphitization process, or the transformation of the outer
carbon layers to graphene.30,31 This eﬀect leads to the
instability of diamond ﬁlms containing few atomic layers and
© 2015 American Chemical Society

Received: October 15, 2014
Revised: January 9, 2015
Published: January 9, 2015
2828

DOI: 10.1021/jp510390b
J. Phys. Chem. C 2015, 119, 2828−2836

Article

The Journal of Physical Chemistry C

Figure 1. (a) Top perspective drawing view and (b) side view scheme and labeling of functionalized single, bi-, and n-layered diamond ﬁlms. The
cyclohexane-type building unit is marked by red. In common notation, single-layered functionalized graphenes are denoted by a conformer name,
whereas thicker diamond ﬁlms are deﬁned by orientation of the surface.

■

represent the ﬁlms with various surface orientation and atomic
structure (cubic and hexagonal diamond); see Figure 1.
While benzene is the elementary unit of the graphene
structure, cyclohexane can be considered as the building block
of the single-layered hydrogenated graphene (graphane). The
conformers of cyclohexane dictate the conformers of graphane.
The low-energy “chair” conformer of cyclohexane corresponds
to two graphane conformers: “chair1”40 (usually referred to
simply as “chair”) and “chair2”40 (“washboard”,41 “stirrup”,42
“zigzag”43), whereas the “boat” conformer corresponds to two
more graphane conformers: “boat1”40 (“bed”,41 “boat”42,43)
and “boat2”40 (“armchair”43). It should be noted that the
terminology is applicable not only for hydrogenated graphene,
but also for sp3-bounded graphene with other functionalization
types (ﬂuorographene, etc.).
All of these conﬁgurations can be considered as the ﬁrst
members of the diamond ﬁlms families with various crystallographic orientations of the surface. The functionalized graphene
of “chair1” and “chair2” conformations belongs to the group of
cubic diamond ﬁlms with (111) and (110) surfaces with
diamond in the inﬁnite thickness limit, whereas the “boat1” and
“boat2” conformations are the ﬁrst members of hexagonal
diamond ﬁlms with the (101̅0) and (2̅110) surface series, which
are terminated by bulk lonsdaleite (Figure 1).32
Various conformers display diﬀerent energy stability, which is
due to the related stability of the surfaces in the bulk state.
Thus, we can talk about an important link between the
structural chemistry of isomers and the chemistry of solid
surfaces and nanomaterials. In this regard, the experimental
control over the graphene functionalization is quite important
for further technological applications.
The chemically induced phase transition opens the way to
form the new structures from multilayered graphene. This
eﬀect is conﬁrmed in a number of experimental papers in which
functionalization of graphene,7,8,20 graphite,10,21 and amorphous carbon44,45 results in diamondization. The process of
chemical diamondization can be represented as follows:
chemisorption of adatom on a carbon atom changes the
hybridization from sp2 to sp3 and leads to an increase in the

COMPUTATIONAL DETAILS
All calculations of atomic and electronic structures of graphene
conformers were performed using a density functional
theory33,34 within the PBE-PAW approximation35 with the
periodic boundary conditions using a Vienna Ab-initio
Simulation Package.36−38 The plane-wave energy cutoﬀ was
equal to 520 eV. To calculate the equilibrium atomic structures,
the Brillouin zone was sampled according to the Monkhorst−
Pack39 scheme with a grid from 12 × 12 × 1 to 6 × 6 × 1 kpoint depending on the lateral size of the unit cell of the
structure. To avoid the interaction between the neighboring
graphene layers, the vacuum space between them was greater
than 15 Å. The structural relaxation was performed until the
forces acting on each atom were less than 0.01 eV/Å.
For estimation of potential energy curves for the transition
from one-, bi-, and three-layer graphene with functionalized
surface to diamond ﬁlms, we made step-by-step calculation of
adatoms adsorption along with diamond ﬁlm formation. The
initial structure was n-layered graphene (n = 1−3) and isolated
atoms/molecules distanced from its surface on 6.5 Å. The
potential energy curves were calculated by gradual moving of
the atoms toward the graphene surface with atomic geometry
optimization of the whole structure (except ﬁxed coordinates
on c axis of adatoms and single atom on the surface) on each
step until the diamond ﬁlms’ formation.
The C−F bond length in CF, C2F, and C3F ﬁlms is covalent
in character (1.38 Å) and agrees very well with both
experimental (1.41 Å)10,11 and theoretical (1.37 Å)12 values.
The C−H bond length in investigation of diamond ﬁlms is 1.10
Å, and is also in agreement with both experimental3 and
theoretical3−6 values. The average computed C−C bond
lengths in diamond ﬁlms are a little bit longer (1.56 Å) than
experimental (1.53 Å)10 and theoretical (1.55 Å)12 values in
ﬂuorographene and diamond.

■

RESULTS AND DISCUSSION
Here, we considered diﬀerent conformers of the functionalized
single-, bi-, and three-layered graphene. Diﬀerent conformers
2829
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Figure 2. Scheme and labeling of the hydrogen (a), ﬂuorine (b), water (c), ammonia (d), and combined water and oxygen (e) functionalized
graphene considered in this study. Hydrogen, ﬂuorine, oxygen, and nitrogen atoms are the circles ﬁlled by cyan, green, pink, and blue colors,
respectively, while the carbon atoms are not explicitly represented.

Figure 3. (a) Formation energies versus chemical potential for the diﬀerent conformers of hydrogenated diamond ﬁlms. The alternative bottom
(top) axes show the value of chemical potential of molecular (atomic) hydrogen. (b) Phase diagrams (P,T) of stability of the hydrogenated diamond
ﬁlms. (c) Potential energy curves show the transition from one-, bi-, and three-layer graphene with hydrogenated surface into diamond ﬁlms (chosen
as zero energy level). All energies are plotted versus the average length of surface C−H bond. The schematics at the inset illustrate the initial and
ﬁnal structures. The potential energies for binding the molecular and atomic hydrogen are marked by solid and dashed lines, respectively.

chemical activity of the neighbored C atoms. Because of the
change of hybridization, atoms go out of the plane and tend to
connect with other adatoms or carbon atoms from another
layer, which leads to the sp3-hybridized region expansion.
It should be noted that the adatoms adsorption in various
arrangement leads to a formation of diﬀerent conformations. In
refs 41,46, the researchers obtained that the structure of the
graphane/ﬂuorographene surface can contain several phases
divided by a grain boundary. Thermodynamically, diﬀerent
conformers display various formation energies, and, therefore, it
can be supposed that the control over the adatoms organization
on the graphene surface can allow one to synthesize the
ultrathin diamond ﬁlms with deﬁned properties.

In this study, we considered several types of graphene
functionalization most widely used in the experimental studies,
such as hydrogen,3,7−9 ﬂuorine,10,16,17 water, 20−23 and
ammonia; see Figure 2.
The formation energy of the graphene surface functionalization was estimated by the following equation:47,48
Es =

Etot − nadEad − nCEC
n
o
− ad μad (T , pad
)
2S
2S

(1)

Here, the ﬁrst part of the diﬀerence is the zero-temperature
surface energy (per unit area); the last part is the chemical
potential of the source of adatoms (or molecular groups)
depending on the temperature, T, partial pressure, pad, and
implicitly on the adatoms (molecular groups) concentration.
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Figure 4. (a) Formation energies versus chemical potential for the diﬀerent conformers of ﬂuorinated diamond ﬁlms. The alternative bottom (top)
axes show the value of chemical potential of molecular (atomic) ﬂuorine. (b) Phase diagrams (P,T) of stability of the ﬂuorinated diamond ﬁlms. (c)
Potential energy curves show the transition from one-, bi-, and three-layer graphene with hydrogenated surface into diamond ﬁlms (chosen as zero
energy level). All energies are plotted versus the average length of surface C−F bond. The schematics at the inset illustrate the initial and ﬁnal
structures. The potential energies for binding the molecular and atomic ﬂuorine are marked by solid and dashed lines, respectively.

can be easily extended to the x < 1 case. Note that at absolute
zero temperature, μad = 0 and Es equals pure formation energy
per area unit in the DFT gauge.

Using this relation, it is possible to estimate the reliable
conditions of functionalized surface formation.
Etot is the total energy of system, Ead is the energy of one
adatom in case of hydrogen/ﬂuorine or energy of adsorbed
molecules in case of water/ammonia, EC is the energy of carbon
in clean graphene, S is the functionalized graphene area (this
term is doubled because the graphene slab is accessed for the
adsorption from both sides), nad is the number of adatoms or
molecular groups, and nC is the number of carbons in the
system. μad(T,poad) is the chemical potential of an adatom or
adsorbed molecule at given temperature and pressure, which
can be calculated by the formula:
o
μad (T , pad
) = ΔH − T ΔS +

1
kT ln(x)
2

■

HYDROGEN AND FLUORINE
At ﬁrst, we consider the hydrogenated diamond ﬁlms’
formation; see Figure 3. Surface formation energy for all of
the considered conformers is negative for this case (Figure 3a),
which means that graphene functionalized by hydrogen in all
conformers should form spontaneously, but conformers ch1
and ch2 are energy favorable at diﬀerent environmental
conditions.
It should be noted that in our analysis at μad = 0, Es equals
pure formation energy per area unit from DFT calculation.
Therefore, we do not consider the region at μad > 0 on the
formation energies versus chemical potential graphs. Yet the
upper axes are not starting from zero because the behavior of
the structure does not change within increasing chemical
potential; for example, for Figure 3a in the case of three-layered
structure for chemical potential of atomic hydrogen above −2.5
eV, structure ch2-h will be more stable than others up to μH =
0.
The increasing number of graphene layers leads to a shift of
crossing point between ch1 and ch2 conformers inside the ch2
formation region, which is represented by decreasing ch2
energy-favorable area ain the (P,T) diagram (Figure 3b). From
these data, it can be concluded that the molecular hydrogen
adsorption to multilayered graphene at a broad range of
temperatures and pressures will lead to the formation of ﬁlms
with (111) surface. However, the high barrier of chemisorption
by H2 (>2 eV) makes the process of hydrogenation diﬃcult
(Figure 3c).
The experimental synthesis of hydrogenated graphene is
realized by cold hydrogen plasma exposure.3,50 We simulated
this process by using atomic hydrogen as a source for the

(2)

where ΔH and ΔS are the diﬀerences of enthalpy and entropy
of the given temperature and the zero one, the values of which
were obtained from the reference table,49 x is mole fraction,
amount of the given constituent divided by the total amount of
all constituents in a mixture or, in the case of gas, a ratio of
constituent partial pressure poad to the total pressure of system P,
x = poad/P. Decrease of the chemical potential in the absolute
magnitude (which is equal to a constituent concentration
increase) leads to a decline of Es; that is, the formation of the
system became more preferable. Thus, it is possible to ﬁnd the
energy-favorable structure for the chosen value of the chemical
potential, based on a comparison of the energies of formation
of various functionalized diamond ﬁlms with diﬀerent structures
and surfaces.
Because the value of the chemical potential depends on the
temperature and pressure, it is also possible to obtain a phase
diagram (P,T), which will establish the area of stability of
speciﬁc diamond ﬁlm. In the presented phase diagrams, the
results for the limiting case of pure gas functionalization x = 1
(the system has no external substances, P = poad), but these data
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Figure 5. (a) Formation energies versus chemical potential of H2O for the diﬀerent conformers of water-functionalized diamond ﬁlms. (b) Phase
diagrams (P,T) of stability of the water-functionalized diamond ﬁlms. (c) Potential energy curves show the transition from one-, bi-, and three-layer
graphene with water-functionalized surface into diamond ﬁlms (chosen as zero energy level). All energies are plotted versus the average length of
surface C−O bond. The schematics at the inset illustrate the initial and ﬁnal structures.

Figure 6. (a) Formation energies versus chemical potential of NH3 for the diﬀerent conformers of ammonia-functionalized diamond ﬁlms. (b) Phase
diagrams (P,T) of stability of the ammonia-functionalized diamond ﬁlms. (c) Potential energy curves show the transition from one-, bi-, and threelayer graphene with ammonia-functionalized surface into diamond ﬁlms (chosen as zero energy level). All energies are plotted versus the average
length of surface C−N bond. The schematics at the inset illustrate the initial and ﬁnal structures.

hydrogenation of graphene surface. The high activity of
hydrogen atoms vanishes the potential barrier of hydrogenation, which facilitates formation of C−H bonds (Figure
3c). Thermodynamic parameters of such process can be
estimated from eq 1 by using the chemical potential of atomic
hydrogen, μH(T,P). In this case, the ch1/ch2 crossing point,
Figure 3a (equilibrium (P,T) line, Figure 3b), is located in a
lower chemical potential value (higher temperature range).
Therefore, for at least up to three-layered diamond ﬁlms, both
ch1 and ch2 conformers can be realized depending on the
environmental conditions.
In case of ﬂuorinated diamond ﬁlms, the situation is
qualitatively the same (Figure 4), but the region of ch2 stability

decreases with a rise in the number of layers much faster than
in the previous case. Whereas in the case of single-layered ﬁlm
the ch1/ch2 crossing point (Figure 4a) is located at μF2 (T,P) =
−0.95 eV (μF (T,P) = −2.14 eV), for the two-layer ﬁlms this
point is located in the positive chemical potential range for
molecular ﬂuorine (μF2 (T,P) = 2.93 eV), which means that
chemisorption of molecular ﬂuorine can form only the “chair”
(ch1) conformer. Moreover, in the case of thicker ﬁlms, both F
and F2 chemisorption lead to formation of ch1 conformer only
(therefore, in Figure 4b only the ch1 region is shown for threelayered structure, and just one equilibrium (P,T) line (for
atomic ﬂuorine) is present for two-layered structure).
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because the bounded oxygen bridge pulls together the
neighboring carbon atoms. The relaxed geometry of the bt2oh2 structure is not pure “boat” conformation, but contains a
“half-chair” conformation as well (a transitional form between
the “chair” and the “boat”) generated by the deformed sixmember rings. In the cases of bi- and three-layered graphene,
this conformer displays a higher energy and is not present in
the corresponding phase diagrams.
Graphene in ammonia atmosphere can also form the “chair”
and the “boat” conformations (Figure 6). The phase diagram of
the functionalized single and bilayered graphene along with ch1
(ch1-nh1) conformer contains also a bt1 (bt1-nh2) conﬁguration. Yet the last conﬁguration has no potential barrier for
desorption of ammonia for the single-layered functionalized
graphene, whereas ch1-nh1 has a barrier >1 eV for
chemisorption reaction for single-, bi-, and three-layered ﬁlms
(Figure 6c).
Beginning from the bilayered sp3-hybridized ﬁlms, the phase
diagram displays the third formation region of bt1 (bt1-nh3),
which diﬀers from bt1-nh2 by the −NH group position (Figure
2d). In the case of three-layered ﬁlm, the bt1-nh3 ﬁlls a large
part of the diagram with acquisition of a new part of bt1-nh1
along with decreasing the ch1 conformer contribution.
Therefore, we can expect the formation of almost only
hexagonal diamond ﬁlms from the adsorption of ammonia
groups to the three-layered structures; bilayered diamond ﬁlm
can contain both ch1 and bt1 conformers, and single-layered
ammonia-functionalized graphene should display only one ch1nh1 conﬁguration.
For our ﬁnal consideration of the functionalized multilayered
graphene formation, we analyze the mixed H2O and O2 type of
graphene surface functionalization. According to the early
paper21 where the structure of graphite oxide layer was
proposed as a diamond ﬁlm with the surface functionalized
by −OH and −O-groups in composition C8O3H2 (the
intermediate form between C8(OH)4 and C8O2), we consider
this system as C8O2(H2O). In correspondence with this, in the
thermodynamic analysis, we use two chemical potentials μO2
and μH2O, which determine the formation energy of the
functionalized graphene surface in the following way:

This result is supported by experiment, as in refs 10,21,
graphite ﬂuoride was investigated, and it was shown that this
material has a hexagonal symmetry along the c axis. As was
shown in ref 16 (and in the later study17), the ﬂuorination at
high temperature (between 600 and 900 K) generates two
types of covalent ﬂuorinated graphite with (C2F)n and (CF)n
structural types, with a hexagonal symmetry as well. In refs 51
and 52, the hexagonal graphite ﬂuorite with a composition of
CFx (0.5 < x < 1) was prepared at a pressure of ﬂuorine F2 of P
= 0.1−1 atm (x = 1) and temperature T = 650−875 K. These
experimental results also are in accord with our theoretical
estimations.
The main diﬀerence between hydrogen and ﬂuorine
functionalization is a larger chemical activity of the ﬂuorine
molecule, which much more easily dissociates to the atoms than
hydrogen molecule. Therefore, the ﬂuorination is a lower-cost
energy process than hydrogenation (Figure 4c). Even molecular
ﬂuorine can be decomposed and bind to graphene with an
energy barrier of less then 1 eV. The fact of an easier synthesis
of ﬂuorographene than graphane is supported by previous
theoretical53 and experimental data.54−56

■

WATER AND AMMONIA
Besides hydrogen and ﬂuorine, we considered diamond ﬁlm
conformers functionalized by water and ammonia. This part
was initiated by recent experimental results20 where the
multilayered graphene diamondization by binding to the
surface carbon atoms with hydroxyl groups was reported.
To limit our study, we considered only the structures in
which the ratio of oxygen(nitrogen) atoms to hydrogen atoms
corresponds to the ratio in water(ammonia) molecules; that is,
the content of oxygen and hydrogen was always O:H = 1:2 in
the case of graphene functionalized by water, and N:H = 1:3 in
the case of graphene functionalized by ammonia. In the
considered cases, the surface formation energies of single-, bi-,
and three-layer functionalized graphene in water and ammonia
atmospheres are always positive (Figures 5 and 6), which
means that graphene would not spontaneously form a diamond
ﬁlm in this atmosphere. This result corresponds to the data
from ref 20, where the multilayered graphene diamondization
occurred under the inﬂuence of pressure-dependent charge
injection experiment with binding of the oxygen functional
groups to the surface.
At normal conditions (P = 1 atm, T = 298 K), ch1 (ch1-oh1)
is the most stable conﬁguration for single-, bi-, and threelayered ﬁlms. Yet in contrast with previous considered cases for
the high values of chemical potential ﬁlms, the bt1 conformer
(with hexagonal diamond structure) becomes energy favorable.
For the case of a single-layered water-functionalized graphene,
the phase diagram (P,T) consists of three parts (Figure 5b): in
addition to ch1 conformer (ch1-oh1), bt1 (bt1-oh2) and bt2
(bt2-oh2) conﬁgurations are presented (Figure 2c). The bt1oh2 is the most stable conﬁguration at a high temperature for
single- and bilayered ﬁlms, but displays low barrier (<0.6 eV)
for detachment of O- and H-groups from the surface, which
manifests the low stability of such hexagonal diamond ﬁlms.
For a three-layered graphene, bt1-oh3 became favorable in
this phase diagram region. Instead of as in previous cases, high
potential barrier prevents breaking of C−H and C−O bonds
and therefore hinders the process graphitization of the ﬁlms.
The (P,T) diagram of a single-layered water-functionalized
graphene also contains a region of bt2-oh2 formation. This
structure is stable only in the ﬂexible single-layer conﬁguration,

1
(Etot − nO2EO2 − n H2OE H2O − nCEC)
2S
n H 2O
nO
− 2 μ O (T , P ) −
μ (T , P )
2
2S
2S H2O

Es =

(3)

Here, EO2 and EH2O are energies of oxygen and water molecules,
respectively, whereas nO2 and nH2O are their quantities in a unit
cell. μO2(T,P) and μH2O(T,P) are the chemical potentials of
oxygen and vapor of water, respectively. This chemical potential
can be calculated using the formula 2 by substituting the
appropriate values by ΔH(H2O), ΔS(H2O), ΔH(O2), and
ΔS(O2), the values of which were obtained from the reference
table.49
Like in the previous cases, we considered single(C 4 O 2 (H 2 O)), bi- (C 8 O 2 (H 2 O)), and three-layered
(C12O2(H2O)) diamond ﬁlms (among which a bilayered
diamond ﬁlm corresponds to the model proposed in ref 21).
In the case of a single-layered functionalized graphene, no
conformers survived after the relaxation. The thicker ﬁlms
display several stable conformers, the surface formation
energies of which we compared in Figure 7. The formation
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increase. In the case of the hydrogenated ﬁlms, this result is
consistent with the available reference data for the ch1
conﬁguration.24,27,57
In the case of ﬂuorinated ﬁlms, the transition from direct to
indirect Egap at the three-layered ch2-f was observed. This result
corresponds with ref 58, where the same transition was found
for the four-layered ch1-f. In opposition to the previous cases,
the ﬂuorinated ch1 and ch2 ﬁlms exhibit a growing behavior of
the band gap, in accordance with ref 58.
Water-functionalized ﬁlms in bt1 and bt2 conﬁgurations are
indirect semiconductors with a valence band top location at the
Γ point, and the conduction band bottom between Γ and X for
the single-layered bt1-oh2, bt2-oh2, and at X point for bi- and
three-layered ﬁlms of bt1-oh2 and bt1-oh3 conﬁgurations.
The combined water- and oxygen-functionalized bi- and
three-layered diamond ﬁlms ch1-oho display a metallic state
due to the unsaturated surface carbon atoms (see Figure 2e).
This fact raises doubts in the model proposed in ref 21, because
the semiconducting behavior of graphite oxide was normally
observed in the experiments.59
The atomic and electronic structures for all of the energyfavorable ﬁlms can be found in the Supporting Information. We
can conclude that the features of the electronic properties of
the ﬁlms can be modiﬁed to a considerable degree by the
graphene functionalization type that can allow one to obtain
two-dimensional materials with tunable electronic properties in
a chemical way.

Figure 7. Surface formation energies versus chemical potential of
various conformers of water- and oxygen-functionalized (a) bi- and (b)
three-layered diamond ﬁlms.

energies of those structures are positive, which indicates that
the structures cannot be formed spontaneously. The most
stable conformer in both bi- and three-layered sp3-hybridized
ﬁlms is the ch1 (ch1-oho) one in the whole range of
temperatures and pressures in contrast with pure H2O surface
functionalization. For the case of bilayered diamond ﬁlms, our
result conﬁrms the prediction of ref 21.

■

CONCLUSIONS
In this Article, we focused on the properties of single-, bi-, and
three-layered diamond ﬁlms of nanometer thickness with
surface functionalized by diﬀerent groups. We found that
depending on the external conditions (temperature, T,
pressure, P, and concentration of gas used for the
functionalization, x), it is possible to obtain a number of
conformers with diﬀerent properties. Calculations of phase
diagram (P,T) for x = 1 at diﬀerent external pressures allow one
to directly visualize the regions of the most stable conformers.
Functionalization by hydrogen and ﬂuorine allows one to
obtain ﬁlms of ch1 and ch2 conformers, whereas water and
ammonia adsorption leads to a more complex situation. In the
case of water vapor functionalization, it was found that besides
ch1, the bt1 conformers can be fabricated. Adsorption of
ammonia also allows one to obtain both ch1 and bt1
conﬁgurations. In addition, we considered the ﬁlms with the
surface functionalized by −OH and −O-groups, and found that
ch1 is stable in the whole range of temperatures and pressures.
Finally, various behavior of the electronic structure of the
energy-favorable ﬁlms depending on the ﬁlm thickness was
analyzed. Our results are supported by the existing theoretical
and experimental data and allow one to open the way to
synthesized graphene-based nanostructures with tunable
electronic properties.

■

ELECTRONIC STRUCTURE
In addition to the thermodynamic description of ﬁlms
formation, we analyzed the electronic structure of the ﬁlms
considered in this study. It was found that the location of the
valence band top and the conduction band bottom depends
both on the ﬁlm thickness and on the functionalization type
(Table 1, Supporting Information Table 1S). Films with the
surface functionalized by H, ammonia (except the case of bt1nh1), and water (only in the case of ch1-oh1) display a direct
band gap, Egap, and its value decreases with a ﬁlm thickness
Table 1. Band Gap for the Most Stable Diamond Films
band gap, Egap, eV
structure

single layered ﬁlm

bilayered ﬁlm

three-layered ﬁlm

3.4
3.3

3.2
2.4

2.9
2.2

3.1
3.5

4.0
4.3

4.4
4.4a

4.4
4.3
3.9
4.4a

4.1
2.6a
3.1a
3.5a

3.9
3.1a
2.6a
2.7a

3.1
2.6
3.3
3.9

2.5
3.0
3.2
3.3

2.6
2.4
3.2
3.0

Hydrogen
ch1-h
ch2-h
Fluorine
ch1-f
ch2-f
Water
ch1-oh1
bt1-oh2
bt1-oh3
bt2-oh2
Ammonia
ch1-nh1
bt1-nh1
bt1-nh2
bt1-nh3
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