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Mechanism for diamond single crystal synthesis from diamond
nanoparticles at high pressures and temperatures
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A mechanism for the formation of submicron diamond single crystals from diamond nanoparticles under high
pressure and high temperature (HPHT synthesis) in the presence of organic compounds, which contain C-O-H
groups, without a metal catalyst is proposed. The mechanism is based on the concept that under certain conditions,
an additional pressure (with respect to the applied static one) is produced in the process of pyrolysis of such
compounds and ensures the formation of macroscopic single crystals.
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The authors of [1,2] were the first to demonstrate
experimentally the synthesis of diamond single crystals up
to 15um in size from a reaction mixture of a powder of
detonation diamond nanoparticles with an approximate size
of 4nm (DND4) and additives in the form of compounds
containing C—O—H groups, which was subjected to high-
pressure (5—8 GPa) high-temperature (1300—1800 °C) pro-
cessing (HPHT synthesis). The indicated pressure and
temperature are insufficient for the well-known method of
synthesis of diamond from graphite in the presence of a
metal catalyst (see, e.g., [3]).

We know of two hypotheses that explain the synthesis
of submicron diamond single crystals (MDSCs) under the
specified conditions.

The first one [2] suggests that MDSCs are formed
from DND4 nanoparticles via the oriented attachment
mechanism, which was discussed in [4]. This mechanism
implies ,.face-to-face™ attachment of DND4 particles to each
other. Organic compounds serve in this case as a medium
that facilitates the orientation of DND4 nanoparticles relative
to each other [2].

The second proposed synthesis mechanism associates
the formation of MDSCs with the dissolution of DND4
particles in a supercritical hydrocarbon fluid and subsequent
recrystallization [5,0].

None of these hypotheses provides an explanation for the
observed spatial nonuniformity of microcrystal formation.
The scanning electron microscopy (SEM) data reveal that
MDSC synthesis proceeds in separate small (compared to
the size of the sample) ,,pore-nests* (Figs. 1,a,b).

Let us examine the synthesis in detail [7,8] in the context
of the proposed model (Fig. 2).

The model relies on the hypothesis that the P—T
parameters are exceeded in certain local regions (closed
pores). In these regions, pressure values P =Py + AP
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are higher than pressure P( averaged over the volume of
the high-pressure chamber and fall within the diamond
crystallization region (Fig. 3).

Assessing the values of P and T, we assume that the
above compounds containing —O—H groups and introduced
into the reaction mixture pass into a supercritical state
(fluid) upon reaching a certain temperature. This fluid may
be regarded both as a liquid and as a gas in the assessment
of pressure.

To obtain a qualitative estimate of the additional pressure,
we assume that the fluid is an ideal gas [9,10]. Additional
pressure APs induced by the introduction of the additive
into the reaction mixture is then calculated as

0
APg = M RT.

Let us illustrate this by calculating the additional pressure
arising in a closed pore at temperature T ~ 1400 °C in the
case where the additive is pentaerythritol C(CH,OH)4 with
molar mass M =2 136 g/mol. It is assumed that pentaerythri-
tol in such a pore retains density p ~ 1.4 g/cm? that it had
under normal conditions. Inserting R ~ 8.3 J/(mol - K) into
the formula, we obtain APs ~ 0.12—0.13 GPa.

It is evident that the compound containing C—O—H
decomposes in the process of heating. There are several
possible decomposition options for pentaerythritol:

1) C(CH,0OH)4 =4H, + CHy4 + 4CO (nine molecules);

2) C(CH,0OH)4 =3CHy4 + 2CO + O, (six molecules);

3) C(CH,0OH)4 =3CH4 + 2CO; (five molecules).

Naturally, the increase in pressure is directly propor-
tional to the number of molecules; in the examined case
of pentaerythritol, this increase after decomposition is
AP = (5-9)APg = 0.65—0.78 GPa.

The increase in pressure obtained with ethanol, glycerin,
and pentaerythritol additives is indicated in the table.
Average pressure values are listed.
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Figure 1. SEM images of ,,pore-nests surrounded by synthesized micrometer-sized diamond single crystals. Detonation diamonds with
a particle size of about 4nm and pentaerythritol were used as a reaction mixture for synthesis at a pressure of 7 GPa and a temperature
of 1400 °C. @ — Arrows indicate microcrystals larger than 10 um; b — arrows indicate a macropore the inner surface of which is coated

with grown microcrystals.

Pressure increase (in GPa) resulting from the decomposition of certain C—O—H additives

Parameter Additive
Ethanol Glycerol Pentaerythritol
C,HsOH C;Hs(OH); C(CH,0H),4
Density under
normal 0.79 1.25 1.39
conditions, g/cm®
Increase
in the number of molecules 10/3 15/2 (in the presence of C,Hy) 6
after
decomposition
After After After After After After
T, °C decomposition | decomposition | decomposition | decomposition | decomposition | decomposition
at the critical | to individual | at the critical | to individual | at the critical | to individual
point atoms point atoms point atoms
1300 0.73 22 1.23 24 0.78 2.7
1500 0.96 29 1.50 28 0.95 3.1
1800 0.30 30 223 32 1.08 3.8

The AP value given in the table is added to the static
pressure. The total pressure may reach (and even exceed)
the pressure required for crystallization of diamond from
graphite at temperature T &~ 1200—1800°C (Fig. 3).

It can be seen from the decomposition formulae for
pentaerythritol that the bulk of compounds containing
C—O—H groups remain undecomposed to free carbon
atoms at the critical point. However, a small fraction of
free carbon atoms does form and becomes involved in
the formation of diamond microcrystals. If no free carbon
atoms are formed from C—O—H-containing compounds at
the P—T parameters set, the proposed model suggests that
the formation of diamond microcrystals should be impeded.
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This was verified experimentally. Diamond microcrystals
did not form with a benzene additive, which has a binding
energy exceeding those of the compounds listed in the table.

Let us review once again the assumptions made in
constructing the proposed model.

At elevated pressure in a closed micropore, its walls were
assumed to be impermeable to fluid in the supercritical
state. In the contrary case, the static pressure in a pore
should not differ from the pressure outside. Notably, the
excess pressure in a pore should not exceed the tensile
strength of the wall material. This assumption appears to
be reasonable, since a high pressure is established before
the initiation of heating in actual experiments on HPHT
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Figure 2. Schematic representation of a single micropore with its
inner surface coated with synthesized diamond microcrystals.
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Figure 3. Section of the carbon phase diagram showing typical
P—T regions of industrial synthesis of diamond from graphite
with a metal catalyst and synthesis of MDSCs from DND4
nanoparticles.

diamond synthesis, and the synthesis period is several
seconds long [1.6]. This implies that the wall material in
(at least a fraction of) pores is a forming diamond phase.
This material may be impermeable to supercritical fluid, and
its tensile strength is sufficient for the model to remain valid.
As is known, the compressive strength of synthetic diamond
crystals is close to 17 GPa.

The ideal gas law is used in the model to estimate the
excess pressure in a pore. This is the crudest assumption in
the proposed model. It remains to be seen how accurate it
is for supercritical fluids. We believe that this assumption
does not alter the obtained results qualitatively.

Thus, a model for the formation of submicron diamond
single crystals from diamond nanoparticles at high pressure
and temperature (HPHT synthesis) without a metal catalyst
and in the presence of certain compounds containing
C—O—H groups was proposed. Notably, natural diamond
deposits have the shape of giant pipes.

The model is based on the observed effect of spatial
nonuniformity of microcrystal synthesis, which is confined
to specific regions (,,nests*) that are small in size compared
to the entire sample, and on the concept of an increase in
pressure as a result of decomposition of C—O—H-containing
compounds in closed cavities (pores) of the sample.
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