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Nano- and ultra-nanodiamonds have emerged as promising
materials for various applications,'™ although their stabiliza-
tion is still unclear.”) Compared with graphite, diamond is a
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metastable phase under atmospheric pressure according to
the thermodynamic equilibrium phase diagram of carbon.
However, it has been verified by experiments,*" calcula-
tions,"*'* and theory™?'! that nanodiamonds with diameters
of less than 5nm are more stable than their graphitic
counterparts. By calculating the structural energies (form-
ation energies) of graphite, diamond, and fullerene on the
basis of density functional theory, Barnard et al.”? reported
that the relative stability is dependent on the size of carbon
clusters. For instance, diamond could be the stable phase of
carbon clusters when the size is in the range of 1.9-5.2 nm.
Thus, from the above studies, we conclude that a better
understanding is required for two fundamental issues: 1) what
relationship exists between size distribution and stability of
nanodiamonds, and 2) what is the physical origin of the
stability of nanodiamonds.

We have now studied the graphitization of nanodiamonds
experimentally and theoretically. Interestingly, we found size-
dependent graphitization of nanodiamonds, that is, the
stability of nanodiamonds depends on size, and this implies
that a nanosize effect is operative, remarkably similar to that
of nanocavities.’®! Meanwhile, we established a thermody-
namic model for the size effect on the basis of nanothermo-
dynamic analysis.?*

Commercial diamond nanoparticles with sizes of 5-6 nm
and over 90 % phase purity were annealed under a flow of Ar
(purity >99.99 %) at atmospheric pressure and given temper-
atures. Annealing temperatures were in the range from room
temperature (RT) to 1423 K, and annealing was performed
for 2h at each temperature. Transmission electron micro-
scopy (TEM), selected-area electron diffraction (SAD), X-
ray diffraction (XRD), Raman spectroscopy, and differential
scanning calorimetry (DSC) were used to identify the
graphitization of diamonds (for detailed analysis, see Sup-
porting Information). The linewidth of the Raman spectrum
as a function of nanodiamond size was calculated from the
phonon-confinement model (Figure 1).! The inset to
Figure 1 shows that the size of the residual nanodiamonds
decreases from 5.5 to approximately 2.5nm when the
annealing temperature is elevated from RT to 1423 K.
Figure 2a shows the bright-field TEM pattern of nanodia-
monds annealed at 1423 K for 2 h. The size of the residual
nanodiamonds is about 2.5nm, and diamond nuclei are
surrounded by an amorphous ring (see magnified view, top
left in Figure 2a). These results indicate that graphitization
starts at the surface region, on the basis of experiments by
Enoki,""! which are in good agreement with the above
analysis. These experimental results reveal that the graphiti-
zation of nanodiamonds is size-dependent, and nanodia-
monds smaller than 3 nm are more stable than graphite in
graphitization at moderate temperature, that is, the phase
stability of nanodiamonds is verified experimentally from the
viewpoint of diamond-to-graphite transformation. This new
size effect differs distinctly from the widely accepted nanosize
and quantum-size effects that occur when the size confining a
condensed-matter system is so small that it becomes com-
parable to the lattice distance.”” A similar nanosize effect was
reported for the shrinkage of nanocavities upon ion-beam
irradiation.™ A general symmetry relationship between
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Figure 1. F,, mode linewidth of Raman spectra versus annealing
temperature (experimental values, m) and variation of linewidth with
particle sizes of 2.3, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.7, 7.5, 8.8, 10.0, and
20.0 nm, based on the phonon-confinement model (calculated values,
®). The dash-dot line indicates the determination of particle size. The
inset shows a plot of particle size versus annealing temperature.
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Figure 2. a) TEM images of 5-6 nm nanodiamonds after annealing at
1423 K for 2 h show that the size of the residual nanodiamonds is
about 2.5 nm. b) The symmetry relationship between nanoparticles
(left) and nanocavities (right) reveals that a similar nanosize effect
operates in condensed-matter systems at the nanometer scale.

nanoparticles and nanocavities can thus be established, as
illustrated schematically in Figure 2b.

To provide a better understanding of the size effect in
terms of thermodynamics, based on the equilibrium phase
diagram of carbon®! and thermodynamic analysis at the
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nanometer scale,?*?* we performed a thermodynamic study,
taking into account the capillary effect of the nanometer-sized
curvature of diamond and graphite nanoparticles by the
Laplace—Young equation. Under these assumptions of spher-
ical and quasi-isotropic nanocrystals, the nanosize-curvature-
induced interior pressure of the nanodiamonds, AP, is
expressed by the Laplace-—Young equation as AP =4y/d,
where y and d are the surface tension and the diameter of
spherical nanodiamonds, respectively. In view of the thermo-
dynamic phase diagram of carbon,?” the phase-equilibrium-
line function P(T) of the diamond-graphite phase transition
in the bulk is approximately expressed by Equation (1).2

P*(T) (inPa) = 2.01 x 10°T + 2.02 x 10° (1)

P"(T) denotes the phase-equilibrium-line pressure (exter-
nal pressure) in the bulk. On the basis of the liquid-drop
model, the phase equilibrium line on the nanometer scale
must be scaled taking into account the radius of curvature.
This dependence is universal for all elements in the periodic
table. Naturally, the phase equilibrium line on the nanometer
scale is a function of temperature, pressure, and nanocrystal
radius. The phase-equilibrium-line equation is expressed by
Equation (2).2%

P*(T,d) (in Pa) = 2.01 x 10°T + 2.02 x 1097%” 2)

P™(T,d) is the phase-equilibrium-line pressure (external
pressure) under consideration of the radius of curvature of
the nanodiamonds. In our case (under atmospheric pressure),
if nanodiamonds are the stable phase, the functional relation-
ship must fulfil the condition 4y/d+10° > 2.01x10°T +
2.02x10°. Thus, when 4y/d + 10° = 2.01x10°T 4+ 2.02x
10°, we attain a new phase-equilibrium line for the size—
temperature relationship, as shown in Figure 3a. These
theoretical predictions of the nanodiamond stability are in
good agreement with our experimental results. Furthermore,
we calculated the Gibbs free energy of the graphitization of
nanodiamonds by considering the nanosize-induced interior
pressure. The Gibbs free energy is expressed as a function of
radius r,, pressure P, and temperature 7T [Eq. (3)].*")

AG(ry,P,T) (inJ) = (gn re DGV +4mry yg> 1(6) 3)

Ve Ve and 6 are the molar volume of graphite (5.187 x
10~° m°), the surface energy of graphite (0.55 Jm2),?'* and a
contact angle,”! respectively. Here, f(6) is the so-called
heterogeneous factor (in the range from 0 to 1) and can be
expressed by (1—cos6)*(2+cosf)/4, and Ag is the molar-
volume Gibbs free energy, which is relative to dimension
according to Equation (4), when the phase transition takes
place near the phase-equilibrium line.

Ag (inJ) = AV(Z.Ol x 10°T 4 2.02 x 10%%”71 x 105) (4)

AV (1.77 m*mol )" is the molar volume difference

between diamond and graphite. When "’Agj“):o, the critical
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Figure 3. a) Phase-equilibrium line of diamond-graphite size-temper-
ature relationship, which suggests that the stability of residual nano-
diamonds is a function of size at a certain temperature. b) Relative
curves of the diameters of nanodiamonds and the Gibbs free energy of
the nanodiamond graphitization for various annealing temperatures
and a given heterogeneous factor, which reveals that a definite thresh-
old size exists for the graphitization of nanodiamonds at a given
annealing temperature. The inset shows the relationship between the
heterogeneous factor and the critical energy of graphitization.

size of graphitization nuclei is obtained [Eq. (5)].

2y
<‘% +1 % 105-2.01 x 10°7-2.02 x 109> Vg )

* g _
ry (inm) =

Accordingly, we attain the relationship curve between size
of the residual crystalline nanodiamond nuclei and the Gibbs
free energy of graphitization for various annealing temper-
atures and heterogeneous factors (Figure 3b). Clearly, the
Gibbs free energy of graphitization increases with decreasing
nanodiamond size at a given temperature. For various
annealing temperatures, there are corresponding thresholds
of the size of residual nanodiamonds in graphitization, and
this suggests that only the surface region of the nanodiamond
particles is graphitized at a given temperature, and then
graphitization proceeds inward on further elevation of
annealing temperature at the expense of nanodiamond
phase, as proved by the appearance of bands for graphitic
structures in the Raman spectrum and X-ray diffraction (see
Supporting Information). Thus, graphitization would display
a staircase behavior with increasing annealing temperature,
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due to the surface-curvature effect of the diamond and
graphite nanoparticles. For example, the threshold diameters
of the residual nanodiamonds are about 3.5 and 3 nm at
annealing temperatures of 1073 and 1423 K. Therefore,
graphitization hardly proceeds further when the size of the
residual nanodiamonds reaches 3.5 and 3 nm at annealing
temperatures of 1073 and 1423 K, respectively, which are
consistent with our experiments. For comparison, the rela-
tionship curve between the graphitization energy and hetero-
geneous factor is shown as inset in Figure 3b. Similarly, we
calculated the relationship curve between the annealing
temperature and the probability of diamond-to-graphite
transition. According to the general expression of the phase
transformation probability,® the probability of graphitiza-
tion is expressed as f, = exp[—(E,/RT)]—exp[—(E,—Ag)/RT],
where R and E, are the gas constant and the activation energy
(212 kTmol ), respectively, and Ag is relative to dimension
and defined by Equation (4). The resulting relationship
curves between annealing temperature and graphitization
probability are shown in Figure 4. Apparently, threshold
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Figure 4. Dependence of the nanodiamond graphitization on anneal-
ing temperature for nanodiamonds of a given size. The transition from

diamond to graphite almost stops for nanodiamonds with diameters
of 3 nm at an annealing temperature of 1300 K.

temperatures exist for the graphitization of nanodiamonds of
various sizes. For instance, graphitization of residual nano-
diamonds with a size of 3 nm stops when the threshold
temperature is about 1300 K. These theoretical results there-
fore indicate that the surface tension induced by the nano-
sized curvature of nanodiamonds is the physical origin of their
stability and the size effect in nanodiamond graphitization.
Accordingly, a thermodynamic approach on the nanoscale
also seems applicable to the shrinkage of nanocavities.

In summary, nanodiamonds smaller than 3 nm were
experimentally verified to be more stable than graphite
from the viewpoint of nanodiamond graphitization. The
relationship between the size of residual nanodiamonds and
the critical energy of graphitization at given temperatures was
studied theoretically on the basis of the size-temperature
phase diagram, by taking into account the capillary effect of
nanodiamonds, and revealed the dependence of graphitiza-
tion on nanodiamond diameter and annealing temperature.
Both experiment and theory suggested that the nanometer-
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sized curvature of nanodiamonds is the physical origin of the
stability of nanodiamonds.
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