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Density functional theory, as implemented in SIESTA code, was utilized in this study to investigate the

structural, electronic and stability properties of bare and hydrogenated small nanoclusters of diamond. The results
obtained by studying different nanoparticles of diamond composed of 19, 50, and 104 carbon atoms, revealed
that while the gap energy of hydrogenated nanodiamonds reduced from 8.2 to 6.5 eV by increasing the size of
nanoparticles (number of carbon atoms), the bare nanodiamonds showed almost no gap energy except C19 sample
which has the highest occupied molecular orbital–lowest unoccupied molecular orbital of about 0.33 eV. Electron
affinity of hydrogenated samples was calculated and it was found that hydrogenated nanodiamond exhibits negative
electron affinity. The quantum confinement effect found to be still significant for the sample larger than 1 nm i.e.
the largest hydrogenated sample of C104H90 with a diameter of about 1.2 nm which showed greater gap energy in
comparison to the bulk diamond. This achievement was explained considering electron affinity and partial density
of states analysis. The calculated formation energy of the nanoparticles confirmed that the small hydrogenated
nanoclusters of diamond have more stability compared to the bare nanodiamonds.
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1. Introduction

Diamond based nanocrystalline materials synthesized
by different methods such as chemical vapor deposition
(CVD) and detonation techniques having particles with
diameter in the range of 1–100 nm are called nanodi-
amond (ND) [1, 2]. Nanodiamond in its pure (bare)
form exhibits core-shell bucky diamond structure with
the diamond-like core and fullerenic outer shell. In this
case the band gap of diamond is filled by the states
from the graphitic components [1]. Addition of chemical
groups to the surface of nanoparticles known as function-
alization, is interesting for the experimental and theoret-
ical researches. Functionalization of ND is not only im-
portant regarding the stability of nanodiamond against
graphitization but also can control other properties of
nanodiamond [3]. By considering the large surface to the
volume ratio of nanoparticles, modification and function-
alization of nanodiamond surface can strongly influence
its bulk properties.

Functionalization of nanodiamond by hydrogen or “hy-
drogenation” of the surface can stabilize the surface of
nanodiamond [1, 4]. As a consequence of surface hy-
drogenation of nanodiamond, surface structure becomes
similar to the bulk diamond [5, 6]. Indeed, saturation
of the surface by hydrogen prevents the nanodiamond to
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form onion-like carbon or bucky diamond. The struc-
ture of bare nanodiamond consists of deformed σ and π
bonding, but the hydrogenated particles show only the σ
bonds [5].

Small nanoclusters having diameter below 1 nm, are
of great interest for applications of catalysts, molecular
machine component, nanoelectronic devices, and biosen-
sors [7]. They exhibit different properties from the bulk
as well as the larger nanoparticles [7]. Considering the
importance of this category of nanoclusters, the synthe-
sis of small nanoclusters is the first important issue. In
this regard nanoclusters of diamond as small as 1.1 nm
were synthesized by Stehlik et al. [8]. Further more, they
provided experimental evidence for stability of diamond
smaller than 1 nm. Upon decreasing nanoparticles size
to a critical value, their structural stability and phys-
ical properties are influenced by quantum confinement
effects [9]. Although many experimental and theoretical
studies were performed to investigate the quantum con-
finement effects on electronic structure and stability of
nanodiamond in one side and to predict the critical size
in which the quantum confinement effects starts to de-
velop on the other side, but controversial results were re-
ported in literature. Chang et al. [9] studied the quantum
confinement effects on a series of nanodiamond thin films
with particle diameters ranging from 3.5 nm to 5 µm by
X-ray absorption spectroscopy. They observed that the
conduction band shifted toward higher energy when the
particle diameter was decreased. The gap energy widen-
ing was especially detected when the crystallite radius
was smaller than 18 nm.

(151)

http://doi.org/10.12693/APhysPolA.136.151
mailto:mahboubeh.yeganeh@yahoo.co.uk
mailto:mahboubeh.yeganeh@yahoo.co.uk


152 M. Yeganeh, F. Badieian Baghsiyahi, R. Pilevar Shahri

Raty et al. [10] theoretically investigated the stability
of bare and hydrogenated diamond with generalize gradi-
ent approximation (GGA) and they found that for parti-
cles between 2 and 3 nm, the hydrogenated diamond are
less favored energetically in comparison to the bare dia-
mond. Saani et al. [11] used B3LYP exchange-correlation
functional to investigate the stability and electronic prop-
erties of spherical and cage-like structure of hydrogenated
nanodiamond. They showed that the spherical shapes of
nanodiamond are more stable than the cage-like struc-
tures. In spherical structures, the gap energy increased
from 7.9 to 10.6 eV and the formation energy decreased
from −9.24 to −9.81 eV when the number of carbon
atoms that make up the nanoparticles, decrease from 47
to 5 atoms.

Wang et al. [3] studied the bare nanodiamond con-
sisting of 66, 147, 275, and 476 atoms by GGA. They
observed no visible gap energy while the cohesive energy
changed from −8.18 to −8.83 eV for C66 to C275. In an-
other attempt, Wang et al. [12] investigated a wide vari-
ety of hydrogenated diamond containing 10 up to 147 car-
bon atoms by the Perdew–Burke–Ernzerhof (PBE) func-
tional. The variations of HOMO, LUMO, and gap ener-
gies were investigated in their work. The gap energy was
altered from about 5 eV for C147H100 to 7.5 eV in case of
C10H16. Jiang et al. [13] reported the gap energy varia-
tion from about 5 to 7 eV when the size of hydrogenated
diamond changed from 1 to about 0.5 nm by using GGA
approximation whereas by applying local density approx-
imation (LDA), the gap energy changed from about 5.8
to 8.2 eV for the same particles size. The optical proper-
ties of hydrogen terminated diamond containing 10 to 87
carbon atoms were investigated theoretically employing
PBE functional by Drummond et al. [14] in which the
quantum confinement effects were vanished in particles
larger than 1 nm.

It can be noticed that controversial results were pre-
sented in the literature while in some studies the widen-
ing of the gap energy in comparison to the gap energy of
bulk diamond (≈ 5 eV) could not be observed for parti-
cles larger than 1 nm [10, 12]. In some other studies, the
widening of gap energy was still significant for particles
with radius larger than 18 nm [9]. Due to the importance
of small nanoclusters of ND, as the wide band gap ma-
terials, in new developed materials and applications such
as field emitters [12], optoelectronic devices [15, 16], and
biosensors [17], it seems to be critical to investigate the
stability and quantum confinement effects of the particles
smaller than or in the range of 1 nm. As the bare nanodi-
amonds have been less investigated, we have constructed
three configurations of bare nanodiamond smaller than
1 nm by 19, 50, and 104 carbon atoms (called by C19,
C50, and C104) and then their stability and quantum con-
finement effects were investigated by DFT. As it has been
revealed by the experimental reports, the nanodiamonds
have almost spherical shape [18–20]. Therefore, it is de-
sired to construct spherical shape of nanodiamond for
theoretical calculations. In this regard, the minimum

energy or the Wulff shapes of nanodiamond by Wulff con-
strucion method [21] through the public domain software
of Wulffman [22] were investigated by DFT. The rough
approximation to the spherical ND shape was achieved
considering equal surface energy of 1 eV for [100], [110],
and [111] facets by Wulff construction method at various
radius of 3, 4, and 5 Å.

DFT calculations were performed on the samples hav-
ing the same number of carbon, but fully hydrogenated
(C19H30, C50H66, and C104H90), in order to be able to
compare the electronic and stability properties of these
two kinds of small nanoclusters of diamond. Besides
considering the minimum energy shapes of ND in this
work, in order to have better understanding of the elec-
tronic properties, the density of states (DOS) and partial
density of states (PDOS) analysis of the samples, which
have been less noticed in previous works, were discussed.
Taking the achieved results in literature into consider-
ation and using the spherical shape of ND which has
been known stable in experimental and theoretical re-
sults [1], the electronic and stability properties of both
hydrogenated and bare nanodiamonds were investigated
and the presence of the quantum confinements in our
studies were explained. The carbon–carbon bond length
variations as a function of distance from the center of
nanodiamond were also studied.

2. Computational method

Structural and electronic properties of bare and hy-
drogenated nanodiamond were investigated by density
functional theory (DFT) implemented in SIESTA code
which is categorized in the atom-centered basis sets meth-
ods and is suitable for study the small nanoparticles
and molecules [23]. Exchange correlation was defined
by GGA approximation via functional theory proposed
by Perdew, Burke and Ernzerhof [24]. The valence elec-
trons interactions to the ionic core were approximated by
norm-conserving pseudopotentials through the Troullier
and Martins method [25, 26].

The valence configurations were constructed by
double-ζ numerical atomic orbitals basis sets. The Bril-
louin zone was adjusted by 10 × 10 × 10k-points in the
Monkhorst-pack scheme [27]. In order to avoid possible
interactions between two adjacent particles, the vacuum
distance larger than 10 Å was applied in all 3 directions
(x, y, and z). The atomic structures were fully optimized
using the conjugate gradient (CG) method until the force
on each ion is reduced to below 0.01 eV/Å.

3. Results and discussion

Figure 1 illustrates the structure of bare and hydro-
genated nanodiamond after geometrical optimization.
The bond lengths of carbon–carbon (C–C) of different
bare nanodiamond samples were illustrated as a function
of distance from the cluster center in Fig. 2. The number
of closest carbonic neighbors of carbon atoms was also
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Fig. 1. The geometrical optimized structure of
(a) C19H30, (b) C19, (c) C50H66, (d) C50, (e) C104H90

and (f) C104 (carbon and hydrogen are presented in
yellow and cyan, respectively).

depicted in Fig. 3. As it has been described in litera-
ture [12, 28], the C–C bond length of about 1.4 Å and
1.54 Å are close to the values of sp2 and sp3 bonds, re-
spectively. The mean value for the C–C bond length of
the carbon atoms located at the interface of the core and
surface of the nanoparticles was estimated to be about
1.6 Å [12]. This kind of bond is longer than C–C bond
length of sp3 in bulk diamond and is highly likely to be
created as a consequence of the effective tensile stress
between reconstructed diamond surface and core [29].
The C–C bond length variations as a function of distance
from the center of nanodiamond in this work, depicted in
Fig. 2, show that the overall patterns of the bond lengths
are almost consistent with the literature. However, the
C–C bond length at the interface of the core and the sur-
face of the nanocluster of C104 were estimated between
1.7 and 1.8 Å.

All C–C bonds existed in hydrogenated nanodiamond
samples consist of sp3 bonds, while the sp2 bonds
can also be observed in optimized bare nanodiamond.
In agreement to the literature [1, 3], the core of the
bare ND particles often kept their diamond-like struc-
tures, while the atoms located at or close to the sur-
face were distributed much disorderly into fullerene-like
structures.

Fig. 2. The bonds length of C–C in bare nanodia-
monds as a function of distance to the cluster center.

Fig. 3. The number of nearest carbonic neighbors in
bare and hydrogenated samples.
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Fig. 4. The total density of states (DOS) of different samples and their corresponding partial density of states (PDOS)
analysis. The broadening is 0.05 eV.

Diagrams of the density of states (DOS) of all samples
are presented in Fig. 4 in which the Fermi level is fixed
at the zero point of energy. An extensive differences be-
tween DOS of bare and hydrogenated nanodiamonds can
be seen (Fig. 4), while almost no considerable gap energy
can be spotted in bare nanodiamond samples, the gap
energy larger than its corresponding value to the bulk
diamond (5 eV) can be observed for the hydrogenated
nanodiamonds.

Another size dependence feature which can be figured
out considering the DOS of the samples is that, by in-
creasing the number of carbon atoms of samples, and
consequently by increasing the size of nanoparticles, the
energy states are changed to have more continual and
less discrete characteristics. This feature can be eluci-
dated in Fig. 5 which describes the energy levels dia-
grams. Figure 5 shows that energy levels of nanodia-
monds composed of 50 and 104 carbon atoms in both
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bare and hydrogenated samples in which firstly the more
discrete characteristics and secondly the increase of the
gap energy are exposed as the size of nanoparticles de-
creases. Although no gap energies were calculated for the
bare nanodiamonds of C50 and C104, the sample of C19

revealed gap energy of about 0.33 eV. In hydrogenated
samples of C19H30, C50H66 and C104H90, the gap energies
are estimated as about 8.2, 7.4, and 6.5 eV, respectively
which are still higher in comparison to the gap energy
of bulk diamond (5 eV). The widening of gap energy is
attributed to the quantum confinement effects. Raty et
al. [10] indicated that rapid decrease of gap energy by
increasing particle size is observed as far as the gap en-
ergy coincides with its bulk structure value for particles
with diameter of about 1 nm.

Fig. 5. Energy level diagram of (a) C50, (b) C50H66,
(c) C104 and (d) C104H90.

In this work, the calculated gap energy for C104H90

with diameter of about 1.2 nm was 6.5 eV which is how-
ever greater than the gap energy of bulk diamond, de-
noting that quantum confinement influences the elec-
tronic structure of nanodiamond with diameter larger
than 1 nm.

In order to investigate the origin of the states around
the Fermi level which causes the reduction and also re-
moval of gap energy of hydrogenated and bare nandia-
monds, the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) states
were calculated and presented in Fig. 6. It can be noticed
that HOMO and LUMO states of bare nanodiamonds
were located at the surface and interface of the core and
the surface of the nanoparticles and contribution of core
atoms to these orbitals can be hardly found. In contrast,
the HOMO of hydrogenated nanodiamonds was located
inside the nanoparticles and LUMO was placed at the
surface of hydrogenated ND.

HOMO, LUMO, and gap energies of the samples are
summarized in Table I. The size dependent characteristic
of HOMO and LUMO of hydrogenated nanodiamonds in

Fig. 6. (a) HOMO and (b) LUMO of C104H90 and
(c) HOMO and (d) LUMO of C104 when the isovalue
is 0.001 e Å−3.

TABLE I

Calculated Fermi, HOMO, LUMO and gap energy of dif-
ferent samples in eV.

Sample EHOMO ELUMO Eg
Electron

affinity [eV]
Ionization
energy [eV]

C19H30 −6.04 2.13 8.19 −3.82 8.02
C50H66 −5.30 2.13 7.43 −3.53 6.87
C104H90 −4.61 1.89 6.50 −3.05 5.96
C19 −4.47 −4.14 0.33

this work, and in agreement to achievements by Wang et
al. [12], are entirely different. This difference is due to
the origins of these orbitals as stated by Drummond et
al. [14]. Since the HOMO of hydrogenated nanodiamonds
is located inside the particles, it can contribute into high-
est valence band upon increasing the particles size to the
bulk structure and therefore it can be mentioned that
size dependence of HOMO is compatible to the quan-
tum confinement model whereas the LUMO which is lo-
cated at surface, can be affected by the surface and de-
fect level and can be located under the lowest conduc-
tion band of bulk diamond by increasing the particle
size [12]. Therefore LUMO does not display quantum
confinement [12]. In case of bare diamond both HOMO
and LUMO are originated from atoms at the surface or
interface of the core and the surface and are less influ-
enced by core atoms.

The partial density of states (PDOS) analysis of the
bare nanodiamonds depicted in Fig. 4 reveals that the
contribution of C 2p is more significant than C 2s in
HOMO and in LUMO. In hydrogenated samples however
the situation is different due to presence of hydrogen.
It can be noticed that C 2p has the higher and C 2s
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has lower influence to HOMO of C19H30, C50H66, and
C104H90, while their LUMO mainly aroused by H 1s and
C 2p and C 2s are in the next significance to the LUMO,
respectively.

In order to figure out the presence of quantum confine-
ment effects in sample larger than 1 nm of the present
study, the electron affinity (EA) and ionization potential
(IP) of hydrogenated samples are calculated through the
following equations:

EA = EN − EN−1, (1)

IP = EN − EN+1. (2)
Here EN is defined as the ground state energy of the neu-
tral system including N electrons and EN−1 and EN+1

are related to the energy of optimized ionic system. The
calculated electron affinities and ionization energies are
presented in Table I. It can be observed that the hy-
drogenated nanodiamonds, in agreement to the litera-
ture [14, 30], show the negative electron affinities (NEA).
HOMO and LUMO energies are related to the IP and
NEA, respectively. Therefore in accordance to the ob-
tained results, the size dependence of IP (≈ HOMO en-
ergy) of the hydrogenated samples can be observed.

Considering Table I, it can be deduced that when the
ratio of the number of carbon atoms to the number of
hydrogen atoms (C/H) increases, the NEA of the hy-
drogenated samples follows the increasing trend. Similar
result was reported by Zhang et al. [30].

As it has been stated earlier, the quantum confinement
effects on the gap energy of the particles larger than 1 nm
are observed in this work. However, our results are in
contrast to the achievements of Drummond et al. [14]
and Raty et al. [29], which demonstrated that the quan-
tum confinement effects can be only observed in diamond
particles smaller than 1 nm. This controversy can be ex-
plained by taking into account of the C/H ratio of the
samples. Although the C/H ratio of the hydrogenated
diamond increases as the size of nanoparticles increases,
but for a defined number of carbon, the number of hy-
drogen atoms in our samples are higher compared to the
works by Drummond et al. [14] and Raty et al. [29]. The
PDOS analysis of the hydrogenated samples (Fig. 4) re-
vealed that the contribution of H 1s states to the HOMO
are much lower than C 2p sates, showing that the C 2p
states in C–H bonds is lower than the C–C bond. There-
fore, for a sample with specific number of carbon, when
the number of hydrogen atoms and consequently number
of C–H bonds are higher, the HOMO level of the system
is lower leading to higher gap energy value [30].

In order to investigate the relative stability of bare and
hydrogenated nanodiamond in this work, formation en-
ergy for each carbon atoms has been calculated according
to the following equation [11, 31]:

Eformation = [Etotal −NCEC − (NH/2)EH2
]/NC. (3)

Here Nx is the number of carbon or hydrogen atoms, Ex

is the total energy related to each single carbon atom
or hydrogen molecule, and Etotal is the total energy of
nanodiamond sample.

The calculated formation energies are demonstrated in
Table II, it can be found that the hydrogenated nanodi-
amonds have lower formation energy compared to bare
nanodiamonds and consequently have higher relative sta-
bility. When the number of carbon atoms of the hy-
drogenated samples increases, the formation energies are
observed to be increasing. According to the results ob-
tained for bare nanodiamonds, although, the formation
energy fluctuates when the number of carbon atoms in-
creases, it can be observed that the bare nanodiamond
of C104 has lower formation energy compared to C50 and
C19, indicating that by increasing the bare nanoparticles
diameter, more stability is achieved. These results are in
contrast to the size dependent stability of hydrogenated
diamond as described in Table II. This achievement is in
complementary to what has been estimated by Raty et
al. [10]. They predicted the higher stability for the bare
nanodiamonds when their diameter was in the range of
2–3 nm. Here in this work, while studying the small
nanocluster of diamond (> 1 nm), we found that hydro-
genated nanodiamond particles are more stable. This
can explain the high colloidal stability and production
of individual nanodiamond suspension by hydrogenated
nanodiamond which can be further utilized for different
applications.

TABLE II

Nanoparticles diameter, total and formation energies of
the studied samples

Sample
Particle

diameter [nm]
Total

energy [eV]
Formation
energy [eV]

C19H30 0.79 −3557.83 −10.22

C50H66 0.98 −9153.37 −10.09

C104H90 1.17 −18291.24 −10.01

C19 0.42 −3052.33 −8.31

C50 0.78 -8024.41 -8.16
C104 0.93 −16715.89 −8.40

4. Conclusion

The results showed that the band gap of hydrogenated
nanodiamonds diminishes from 8.2 to 6.5 eV when the
size of nanoparticles (number of carbon atoms) is in-
creased indicating that quantum confinement effect is
still significant for samples larger than 1 nm. The largest
hydrogenated sample in this study with a diameter of
about 1.2 nm has larger energy gap (6.5 eV) compared
to the bulk diamond (5 eV). In contrast there was no gap
energy for bare nanodiamonds composed by 50 and 104
carbon atoms while the small gap energy of about 0.33 eV
was observed for the smallest sample of bare nanodia-
mond (C19). The observed quantum confinement effect of
particles larger than 1 nm was explained considering the
electron affinity and the PDOS analysis. Stability study
and formation energy calculation revealed that when the
size of nanodiamonds is below 1 nm, hydrogenated nan-
odiamonds are more stable than the bare feature of ND.
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