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Abstract Hydrothermal growth of diamond particles and
films was achieved during interaction of a liquid organic
precursor (C,H3Cl3) and 10 M NaOH in the presence of
diamond or cubic BN seeds at the temperature 300 °C and
1 GPa pressure. Synthesized diamond was thoroughly
characterized by TG-DTA, SEM, EDX, TEM, Raman
spectroscopy and had (220) preferable orientation accord-
ing to XRD pattern in the case of the film.

Introduction

At present a diamond is effectively produced at high
pressures and temperatures (HPHT) from a melt of carbon
and catalyst-solvent [1]. In contrast, diamond in the low-
pressure region is formed through a vapour phase (CVD).
For this process an excited mixture of hydrocarbons and
hydrogen is often used [2]. Direct transformation of
graphite to diamond under shock wave was also accom-
plished [3].

However, unique physical and chemical properties of
diamond are used only in selected applications due to high
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costs and limited sizes of both synthetic and natural single
crystals. Moreover, the question about natural diamond
genesis is still debated, and an accumulation of knowledge
in alternative methods of diamond growth continues. Re-
cently, some attempts to overcome the limitations of usual
synthesis methods through radically different processes, for
example, rapid non-hydrostatic compression of Cgy at room
temperature [4], positionally controlled diamond me-
chanosynthesis at room temperature by scanning probe
microscope [5], extracting silicon from silicon carbide in
chlorine-containing gases at ambient pressure [6], and
selective leaching of silicon carbide by high-pressure, high-
temperature water [7] have been done.

It is very attractive to grow the diamond hydrothermally
similar to quartz or emerald [8] and P-T conditions of such
a process could be between HPHT and CVD processes.

At present, extensive research on diamond synthesis by
CVD has been accomplished and considerable technical
progress was achieved. A possibility of diamond crystal
growth during CVD process under oxygen-containing
environment [9, 10] is also important for the hydrothermal
method. Exposure to hostile atmosphere and preferential
etching of different facets are proposed to be the main
causes for the formation of diamond films at these condi-
tions. Moreover, an addition of 1.3 vol.% of water to
methane—hydrogen gas leads to rapid growth of diamond
particles. The effect of water is considered as a promotion
of the methane decomposition and graphite removal reac-
tions [11].

Microdiamonds (size range 0.07-0.2 mm) from garnet
clinopyroxenites of the Kokchetav massif (northern Ka-
zakhstan) were first discovered in 1967 [12]. Further in-
quiry of microdiamonds from Kazakhstan, China, Norway
and Germany in the last decade [13-17] revealed that
they contain abundant Ib centers [13, 17], have high
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nitrogen content and led to unexceptional assertion that
these diamonds are derived from another host rock than a
kimberlite. Characterization of the polyphase inclusions in
these microdiamonds revealed that these aggregates
represent the original inclusions of a supercritical dense
C—-O-H fluid rich in alkali and silica [14] or carbonate—
water—nitrogen mixture [17]. From these fluids the dia-
mond was precipitated as a daughter crystal due to
cooling at the ultrahigh pressure metamorphic conditions
(P > 4.5 GPa, at 1,000 °C) [16]. Conditions for crystal-
lization of microdiamond were proposed by other authors
[17] as follows: pressure 2.7-3.5 GPa and temperature
500-700 °C.

In spite of the fact that microdiamond has been known
for a long time and DeVries et al. [18] conducted a com-
prehensive review of various carbon-liquid systems closely
related to the synthesis of diamond, there are only a few
attempts of practical hydrothermal growth of diamond [19—
23]. Chemical composition of reactant solutions [22, 23]
coincides with the growing environment for microdia-
monds in nature [14, 16] and in laboratory conditions [7].
However, the composition of aqueous solution was not
reported [20, 21]. Moreover, results of selective leaching of
silicon carbide by HPHT water [7] as well as hydrothermal
growth of diamond in metal-C—H,O systems [19] represent
the growth in supercritical solutions, because in both
methods the temperature was 800 °C at pressures 100 and
140 MPa, respectively.

The chemical mechanisms controlling the growth,
nucleation and epitaxy of diamond in thermodynamically
metastable environments are not completely understood
yet, however, some observations indicate that intermediate
diamond-forming species are a common decomposition
product of the original source phase [2]. Perhaps, processes
of gas phase and liquid phase epitaxy could be very similar
to each other [21]. The surface reactions and steady-state
surface structure of the substrate are important in both
cases.

Diamond appears in the sequence of thermal decom-
position of organic compounds (polycyclic aromatic
hydrocarbons [24]) through carbonization and pressure-
induced polymerization at temperatures above 1,280 °C
and pressures of at least 8 GPa. On the other hand the
chlorinated organic compounds (COC) are easily decom-
posed under moderate alkaline hydrothermal conditions
[25] that allow a COC-NaOH-seed system as a possible
model for study of diamond formation in high-pressure
hydrothermal conditions.

In this paper, the synthesis of diamond structured carbon
by high-pressure low-temperature (HPLT) epitaxy of seeds
through the hydrothermal reaction of liquid reagents
according to P-T conditions [26] was produced and dis-
cussed on the base of characters of CVD growth.
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Experimental details
Materials

As noted in Ref. [8], it is difficult to prove the new growth
of diamond in the presence of diamond seeds [19, 21].
Therefore, our approach was to conduct a hydrothermal
reaction at the artificially created surface. Therefore, sev-
eral pellets containing 2 g/cm’ of 1 pm average size (5,000
mesh) or 4 g/lem® of 45 pm average size (325 mesh) nat-
ural diamond seeds (both Osaka Diamond Industrial Co.,
Ltd) have been prepared by mixing with Cu powder (Wako
Pure Chemical Industries, Ltd.) and pressing in a steel
mold with a 150 MPa load. In this case the new growth can
easily occur only on the surface of pellets and perhaps
continue as a film. Prior to the growth experiments, dia-
mond seeds were hydrogenated according to Ref. [27].

However, a probability still remains that the initial
diamond seeds will be absorbed by the growing layer and
will make an impact on the results of study. Therefore, the
process was also realized with a substrate another than
diamond. In this case the 45 um (325 mesh) cubic BN
(Sumitomo Electric Industries Ltd.) pre-treated in H,
plasma was used as seeds.

Hydrothermal reaction has been fulfilled in a piston-
cylinder device [28]. Two types of copper container 0.6
and 7.0 ml volume (Fig. 1) were used in our experiments.
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Fig. 1 Scheme of packing of capsule
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Hydrogenated diamond powder and/or Cu-containing seeds
were placed on the bottom of the copper container with the
following liquids reagents: a carbon precursor and 10 M
NaOH (Wako Pure Chemical Industries, Ltd.) in proportion
1:(0.3-3). The chlorinated organic compounds (COC): a
1,1,1-Trichloroethane (C,H3Cl3), hexachlorocyclohexane
(CgHgClg) or dichloromethane (CH,Cl,) (all Wako Pure
Chemical Industries, Ltd.) were used as the carbon source.
Starting COC compounds have the same number of
hydrogen and chlorine atoms in each molecule allowing
removal of both as HCI and producing pure carbon as the
result of the decomposition reaction.

The sealed copper container was loaded at the pressure
range 0.7-2.5 GPa in the piston-cylinder type high-pres-
sure vessel and then slowly heated in the temperature
interval 100-300 °C with a differing heating rate (0.1-1.2°/
min). The typical experiment was conducted at the fol-
lowing conditions: pressure 1 GPa, temperature 300 °C
and exposure 72 h. After 1-3 days exposure the reaction
products were divided into gas, liquid and solid portions.
The latter was ultrasonically cleaned in distilled water and
acetone, and then two steps of acid treatment were applied.
Ballast products NaCl, CuCl, - Cu(OH),, and NaCuO were
eliminated after treatment in Aqua regia during 24 h at
room temperature.

Hydrothermal conditions are far from equilibrium for
diamond growth, therefore some non-diamond carbon
naturally appears. For effective removal of amorphous
carbon we used two approaches. One was boiling in a
mixture of sulfuric acid and K,Cr,O; for 2—4 h. Another
was an elimination of surface non-diamond carbon by
oxidation in air.

Characterization

The resistance of different forms of hydrothermal carbon to
air oxidation was determined by a Rigaku Thermoplus TG-
8120 on the basis of differential thermal analysis (DTA)
coupled with thermo-gravimetry measurement (TG).

The surface of the hydrothermal reaction products and
their chemical composition were inspected by a scanning
electron microscope (SEM) Hitachi S-4700T equipped
with an energy dispersive X-ray spectrometer (EDX).

In the case of micro X-ray diffraction (u-XRD) analysis
a monochromatic CuK, radiation was used with a 30 um
collimator (JEOL JDX-3530) or a 100 pum collimator
(M21X MAC Science Co., Ltd).

Selected reaction products were examined by a JEM
200CX transmission electron microscope (TEM) operating
at 200 kV.

The Raman analyses were conducted using a Caiser
Optical Systems Hololab 5000 spectrometer at an argon
laser wavelength of 532.07 nm.

Reaction products dissolved in water were analyzed by a
Hiranuma TOC-2000 Total Organic Carbon analyzer and
those dissolved in acetone (n-hexane) were subjected to gas
chromatography using a Hewlett Packard 5890-GC system
with a 5989B mass spectrometric detector (GC-MC).

Residual gases were tested using a Hitachi G-3900 Gas
Chromatograph with split injection.

Results and discussion
Experiments without seeds

Several kinds of hydrothermal carbon products were col-
lected in these experiments. For example, black shiny
pieces, black powder, and brown low-density carbon
floating on the water surface were produced in large
quantities after 24 h of exposure at 1 GPa and 300 °C.
These samples are characterized by a series of strong and/
or overlapping exothermic effects in the temperature range
320-570 °C and completely burned out at 600 °C during
high temperature oxidation in air. Regardless of different
organic precursors, all of them were amorphous according
to XRD data and contained a lot of magnetite (Fe30,4)
before Aqua regia treatment at 100 °C for 2 h. It is
important that transparent oxide crystals with different
morphology were also elicited from the inside of the car-
bon species after burning of the latter in air or dissolution
in a mixture of sulfuric acid and K,Cr,0O,. This means that
magnetite crystals were formed as a result of electro-
chemical corrosion between SUS (stainless steel) plug and
copper container (Fig. 1), and then a catalytic decomposi-
tion of organic precursor occurred on their surface.

In fact the formation of amorphous carbon means that
the diamond growth is restricted because at the studied
conditions there are no real driving forces to change the
stable amorphous phase to diamond. Consequently, for
diamond growth it is necessary to delay the formation of
amorphous carbon and to provide a liquid-state precursor
for a long time. For example, at the same experiment
conditions the elimination of the electrochemical corrosion
process in the case of the copper packing container instead
of stainless steel packing (Fig. 1) leads to a 3-fold decrease
of amorphous carbon yield. Therefore, the steel stopper
was isolated from the reaction volume by the copper foil in
future experiments.

Experiments with uncombined seeds
Free sintering of small diamond particles

Similar to CVD growth, the hydrothermal conditions are
far from equilibrium for diamond growth and, therefore, a
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certain activation of the process is required. For example,
availability of diamond seeds can reduce an energy barrier
for direct deposition of diamond from the liquid organic
precursor.

Experiments were performed in pure copper surround-
ings with 1,1,1-Trichloroethane, NaOH and 1 pum hydro-
genated diamond seeds as reagents using the following
conditions: 1 GPa, 300 °C, and 72 h. It was found that
after the experiment an excess of pressure inside of the
capsule is mostly a result of gaseous products. Residual
amounts of liquid were very small; therefore, the main
hydrothermal process was already stopped. After two steps
of acid treatment the solid reaction product had a white
color and averaged only about 11% of by-product. Thus, a
low ratio of active component to ballast makes this process
similar to CVD growth.

Unfortunately, we could not confirm the new diamond
formation by weight measurement due to a loss of some
amount of reaction products during the treatment process.
Moreover, the refined reaction product did not reveal any
differences in X-ray diffraction and Raman shift data in
comparison with the initial diamond seeds. However, air
oxidation resulted in some features become discernible.
The results of DTA are shown in Fig. 2. The hydrogenation
of the initial diamond causes a shift of the oxidation
reaction rate maximum (708 °C DTA effect) to a higher
temperature region in comparison with the initial seeds.
The increase of oxidation resistance occurs due to removal
of the surface defects during hydrogenation at high tem-
peratures. The hydrothermal synthesis products are char-
acterized by small amounts of amorphous carbon, which
completely burned at 600 °C. A peak at 727 °C corre-
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Fig. 2 DTA curves of non-isothermal oxidation in air with a heating
rate of 10°/min. Hydrothermal h-diamond was subjected to a two-step
acid treatment
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sponds to 1 um hydrogenated diamond seeds. However,
the peak at 858 °C is important because it means that some
coarse diamond grains appeared. Thus, DTA data are very
effective for separation of different carbon materials.

Moreover, during modeling tests we have found that
DTA is sufficiently sensitive to grain size of diamond
subjected to air oxidation and we have been able to sepa-
rate thermal effect from the coarse diamond grains mixed
with fine grains.

The assumption about coarsening of initial seeds through
hydrothermal reaction was confirmed after careful optical
and electron microscopy studies of the samples treated with
two steps of acid processing. Figure 3 demonstrates the
scanning electron microscopy images of transparent and
strong diamond polycrystals shaped as globules, and initial
seeds at approximately the same magnification. It is obvious
that globules were produced through free sintering of initial
1 pm seeds (Fig. 4a), and according to EDX they have no
impurities besides carbon and oxygen similar to initial h-
diamond seeds (Fig. 4b and c).

It should be noted that if the ratio of NaOH:TCE ex-
ceeded 3, we did not observe any changes of the seeds.

Experiments with 45 wm diamond seeds

In the case of 45 pm hydrogenated diamond seeds we did
not reach the sintering of these coarse grains. However,
less than 1 pm small particles were produced from the
hydrothermal reaction product after a two-step acid treat-
ment. Morphology of these particles (Fig. 5a) differs from
the typical faceted shape of HPHT or natural diamond, but
is often observed in CVD films [29, 30]. Moreover,
spherical nanodiamonds are energetically favored at the
nanoscale size [31]. Transmission electron microscopy
studies show that these particles consist of diamond
(Fig. 5b—d) cubic Fd3m with reflection at 0.206 nm or 2H
hexagonal (lonsdaleite) (Fig. 5c) with 0.193 nm lattice
spacing. According to Ref. [32], studied particles are not a
result of destruction of initial seeds because the diamond is
undoubtedly in the stable phase at the moderate P-T con-
ditions used in the experiment. Further, selected initial
seeds did not contain any small grains and had a low level
of surface defects due to hydrogen pre-treatment at 850 °C.

Liquid phase homoepitaxy of large crystals

If we replaced the fine diamond seeds by 3-5 large (500—
800 um size) diamond crystals then small areas as deco-
ration of diamond epitaxial growth were observed on the
seeds surface at high magnification (Fig. 6) after hydro-
thermal treatment and did not appear before. The new
diamond growth has been detected as specific layer plus
island growth structure (Fig. 6b and c).
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Fig. 3 SEM images of
hydrothermal synthesis products
after two steps acid treatment
(¢, d) and initial seeds: 1 pm (a)
and 45 pm (b)

In general, an octahedron is the most common [33] and
equilibrium growth form for diamond [34], however, most
natural diamond have morphologies that are intermediate
between octahedral {111}, dodecahedral {110}, and more
rarely cubes {100} or twins [35]. Tetrahedral diamonds are
exceedingly rare and such crystals show apparent tetrahe-
dral symmetry [36]. HPHT diamond grown from various
metal solvents or carbonates displays {111} and {100}
persistent faces whereas {110} and {113} faces are tran-
sient [37, 38]. Different morphologies of CVD diamonds
are observed depending upon deposition conditions. Equi-
librium growth results in {111} faces as a growing surface.
As deposition conditions vary from equilibrium {100}
cube faces appear [34], but generally morphology is more
complex [39, 40]. New growth in Fig. 6¢c demonstrates a
flat and smooth deposited diamond layer similar to CVD
homoepitaxial growth [41]. However, it is very difficult to
clearly estimate the morphology of the island growth
structure due to small size and great number of hillocks,
but obviously these are step layered octahedral crystals.
The growth of the diamond phase as a layer and non-dia-
mond inclusions only as islands during deposition of C,
molecules onto the diamond (110) surface was discussed in
Ref. [42].

Diamond platelets

After experiments with fixed seeds, small transparent
platelets, which were brittle like ceramics and considerably
differed in size, shape and surface morphology from the
seeds used, were found. They were elicited from the acid
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treated reaction products (Fig. 7a—d). These carbon based
200-500 um size platelets (average size of used seeds was
1 or 45 um) are certainly new growth, characterized by
increased oxygen concentration (Fig. 7e—g) in comparison
with seeds and sintered globules (Fig. 4b and c). Further-
more, these platelets have exhibited stability in air oxida-
tion conditions at temperatures up to 1,000 °C with a
heating rate 10°/min similar to coarse 45 um diamond
seeds. Figure 7c and d, f and g show the surface structure
of two large hydrothermal carbon platelets after air oxi-
dation with corresponding EDX spectra. One reveals the
homogeneous structure, but another has large zones of low-
density carbon (Fig. 7d and g), which has been selectively
removed during the reaction with oxygen at high temper-
ature. The high temperature oxidation provides the for-
mation of a typical skeletal structure, which is most likely
for microdiamonds separated from garnets [15]. Moreover,
similar to natural microdiamonds, the skeletal plate has
discernible amount of silica (Fig. 7g), obviously due to
contamination of the liquid reagents.

Sufficiently large size permitted the X-Ray analysis for
each carbon platelet. According to u-XRD data (Fig. 8)
these platelets contained amorphous or, perhaps, nano-
crystalline diamond phase, because the diamond growth
outside the region of their thermodynamic stability is
preferably continued as nanocrystalline diamond-structured
carbon with nanocrystals average size of 5-10 nm [6].
However, some platelets displayed (111) and (220) dia-
mond peaks (Fig. 8b and c) or (220) reflex even after
heating up to 1,000 °C in air (Fig. 8b). There is evidence
that the CVD growth mainly proceeds on the (110) face
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Fig. 4 SEM images of globule shaped diamond polycrystals (a, b)
and 1 um seeds (c¢) with appropriate EDX data. The new diamond
growth between h-diamond seeds is shown in (a) by arrows

[43, 44], and, obviously, this is a reason why hydrothermal
products mostly revealed (220) reflection in u-XRD pat-
terns while starting seeds demonstrate a maximum inten-
sity for (111) line (Fig. 8a). Of course, during growth the
new phase can involve some amount of seeds from the
surface of the copper templates. However, we did not find
any presence of the initial seeds on the surface of the large
platelets, which were analyzed by u-XRD. Moreover, the
number of diamond grains in the surface layer of Cu-pellets
was limited and could not be estimated by XRD. In addi-
tion, the 1 pm starting diamond powder completely dis-
appeared after heating up to 1,000 °C in air, while
hydrothermally produced diamond platelets remained un-
burned (Figs. 7c—g and 8b). Because the oxidation of any
pure carbon, including diamond, is accompanied by a de-
crease in weight and grain size (reaction products are gases
and no solid products are formed [45]), small grains burn
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out, and large grains, which decrease in size, can be re-
vealed at higher temperatures during programmed heating
in air. Newly produced diamond is oxidized in the same
manner with initial seeds, however, due to a larger size
(200-500 pm) the platelets were found in the unburned
residue. These platelets were free of inclusions (metal or
other, according to EDX) and therefore have no coating on
their surface (after two steps of pre-cleaning).

Experiments with cubic BN seeds

For unambiguous confirmation of diamond growth in our
process, we have conducted the Raman analysis (at
532.07 nm laser wavelength) of the reaction products
grown on a substrate other than diamond [46]. In this case
the 45 pm cubic BN was used as seeds. Raman spectra are
shown in Fig. 9. Raman spectrum of c-BN (Fig. 9b) re-
vealed the 1,055 cm™ transverse optical (TO) and
1,305 cm™! longitudinal optical (LO) peaks [47]. Spectrum
of the hydrothermal product after the first step of clearance
is similar to seedless experiments. The Raman spectrum
(Fig. 9c) shows a prominent peak at 1,581 cm™ related to
sp” bonded carbon vibrations (G band) and a broad peak at
1,348 cm™ that is a disorder-induced D band of graphitic
carbon [48]. Completely purified hydrothermal product
(Fig. 9d) demonstrates a weak TO peak of the c-BN sub-
strate and a single narrow diamond peak at 1,332 cm™
with the full width at the half maximum (FWHM) value of
5.3 cm™' that gives obvious evidence of the formation of
cubic diamond under hydrothermal conditions because the
single crystalline diamond grains show only this peak in
Fig. 9a with FWHM value of ~6 cm™.

Analysis of residual gases

Earlier [49], we proposed that the following reaction leads
to formation of diamond-bearing species:

C,H;Cl; 4+ 3NaOH = 2C + 3NaCl + 3H,0 (1)

However, the reaction (1) is a scale-downed version of
hydrothermal process, which occurs at temperatures below
100 °C, because already at 100 °C the gas phase was found
in the reaction products. This amount was not enough for
classification by gas chromatography, but analysis of data
in Fig. 10a permits us to suppose that this is pure hydrogen.
At higher temperatures the gas phase reaction products
consist of H,, CH,4, CO and CO,. The latter was found only
after 250 °C but at very low level. Thus, there is a reducing
environment for the whole experimental temperature range.
Moreover, methane was not observed at temperatures up to
150 °C, and the H,/CHy4 ratio typical for CVD growth was
maintained up to 200 °C.
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Fig. 5 SEM image (a), TEM
image with corresponding SAD
pattern (b) and high-resolution
TEM images (c, d) of
hydrothermal diamond
produced in experiments with
45 pum h-diamond seeds

According to above-mentioned, it is possible to suppose
that following reactions occur

below 150 °C:  C,H;Cl; + 3NaOH
= C+ H; + CO + 2H,0 + 3NaCl (2)

above 250 °C: 2C,H;Cl; + 6NaOH

3
= C + CH,4 + 2CO + 4H,0 + 6NaCl ®)
and taking into account all detected phases at 300 °C:
2C,H3Cl3 + 6NaOH = C + H, + CH4 + CO + CO,
+3H,0 + 6NaCl 4)

Analysis of residual liquids

Analysis of the residual liquids on total organic (TOC) or
inorganic (TIC) carbon are shown in Fig. 10b. After
exposure for 72 h at room temperature, the initial mixture
demonstrates mostly inorganic carbon, the concentration of
which sharply decreases at 100 °C, and then more gradu-
ally decreases up to 350 °C. The total amount of organic
carbon is increases dramatically at 100 °C and then de-
creases at 300 °C with a slower decrease to 350 °C, but
remained two times greater than the value of inorganic
carbon at 300 and 350 °C for 48 h.

T,
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According to the gas chromatography results, the
residual organic liquids consist of a mixture of a benze-
acetic, propanoic, benzoic and benzeneacetic acid in
decreasing order of content and tetradecane. The same li-
quid organic products as well as residual gases were de-
tected for all COC—NaOH systems.

Hydrothermal conditions pertinent to diamond growth
Analysis of main chemical components

In comparison to reported hydrothermal conditions [7], we
have observed the hydrothermal growth of diamond at
another part of Bachmann—Rumble diagram, which sum-
marizes the C-H-O range for CVD diamond formation.
Our starting reaction medium was enriched by oxygen
(Fig. 11) in comparison with a H,O/SiC interaction [7],
and we also found the diamond formation (particles or
films) outside of proposed diamond growth region in the
Bachmann diagram [18]. After the test at 300 °C, 1 GPa,
for 72 h the residual gas mixture revealed more reducing
properties, mostly, due to oxygen consumption during the
interaction of liquid reagents with the copper container.

It can be supposed that intermediate diamond forming
species are common decomposition products of the original
source liquids. For example, in Ref. [50] the authors
studied the polyethylene (PE) decomposition in supercrit-
ical water with a diamond anvil cell (DAC) technique.
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(c)

Fig. 6 SEM image demonstrates the surface of a large 500 pm
diamond seed after a two-step acid treatment, (¢) shows the magnified
region of the area framed in (b) and specific characteristics of the
diamond layer produced through liquid phase homo-epitaxy

Raman analysis was attempted but could not be performed
due to very high fluorescence of the products. After the
sample was cooled down from 560 °C, and the pressure
was decreased from 1.75 GPa a film was found on each of
the diamond anvils. The films were observed at a temper-
ature interval of 560-670 °C and pressure range from 1.75
to 2.66 GPa and had a very broad and strong C=C
(1,607 ecm™") and sharp C-C (1,333 cm™') Raman bands.
Of course, C—C bond vibration occurred at the same po-
sition as the diamond anvils, and diamond formation has
not been discussed for this process yet. However, the
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1,333 cm™! peak was strongly suppressed after the exper-
iment at 423 °C and a pressure of 0.986 GPa. Therefore,
products of partial decomposition of polyethylene cover
the diamond anvil, and the incident laser beam cannot
penetrate beyond this layer due to strong adsorption. This
means that the detected 1,333 cm~' Raman peak charac-
terizes the reaction product (not DAC), and the decompo-
sition of polyethylene in supercritical water (in general
C-H-O liquid) at the P-T parameters near to crystalliza-
tion of natural microdiamond [16, 17] leads to the forma-
tion of sp3-b0nded carbon. Moreover, the authors have
used *C diamond as an indicator of pressure and observed
that it curiously jumped across the cell and joined with the
PE droplet. Obviously, during decomposition of PE, the
intermediate products responsible for diamond growth
were formed in large quantity. As a result, the sensor be-
came attached to the molten PE phase.

The role of chlorine and sodium

The role of chlorine is clearly understandable during the
formation of diamond structured carbon through extraction
of silicon from silicon carbide in chlorine containing gases
at ambient pressure [6] or during growth of nanocrystalline
diamond films in the CCl4/H, environment in a hot-fila-
ment CVD reactor [29, 51], but for hydrothermal growth
from COC it is currently unknown. For example, the
chemical analysis of pure hydrothermal products (Figs. 4b
and 7e—g) did not reveal presence of chlorine or sodium. It
was suggested that chlorine of TCE reacts with the
hydrogenated diamond surface, and then HCI is removed
through a reaction with NaOH [52]. As a result, the single
C—C bond should be formed. However, it is clear that TCE
decomposed already at 100 °C in alkaline hydrothermal
conditions. Obviously, the role of alkali is to produce and
stabilize the intermediate diamond forming species.

The role of P-T conditions

Our P-T parameters differ from natural microdiamond
crystallization conditions. However, the diamond—graphite
equilibrium line [16, 17] suggests that pressure near 2 GPa
corresponds to the temperature 200-300 °C. If we take into
account that the pressure claimed in these experiments
(1 GPa) corresponds to 0.7-0.9 units of real pressure ap-
plied to the copper capsule, and an enhancement of pres-
sure in the system of about 30% for first 24 h was
observed, then our results do not contradict an approxi-
mation from Refs. [16, 17].

Moreover, it was found [13, 15] that microdiamond-
bearing fluids were highly enriched with oxygen to produce
oxidized species, but it was not enough to oxidize the
diamond [15]. In general the temperature of 500-700 °C is
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Fig. 7 Low (a—d) and high-
resolution (e-g) SEM images
(with corresponding EDX data)
show size, shape, structure and
composition of the
hydrothermal synthesis products
after the two-step acid treatment
(a, b, e), and after cleaning in
Aqua regia and air oxidation to
1,000 °C (c, d, f, g). Arrows
indicate holes produced through
elimination of low-density
non-diamond carbon
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Fig. 8 Micro XRD patterns of hydrothermal carbon platelets (b, c)
and initial 1 pm seeds (a); (b) after exposure in Aqua regia for 24 h
and air oxidation to 1,000 °C; (c) after a two-step acid treatment

enough for the oxidation of diamond, but by lowering the
temperature, for example to 300 °C as in our case, we
moved to the range of diamond stability.

Mechanism of hydrothermal growth

The mechanism of hydrothermal growth is not properly
understood at this stage. Before we proposed that this
mechanism is condensation—polymerization [49]. COC
easily decomposes under alkaline hydrothermal conditions
[25], as a result the colloidal solution containing unstable

1332
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£
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]
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Fig. 9 Raman spectra of the initial diamond seeds (a), cubic BN
45 pm seeds (b), and hydrothermal products after cleaning in Aqua
regia for 24 h (c) and after a two-step acid treatment (d)

and very active carbon could be produced. Diamond
growth may then occur by insertion of active C species
(reactions 1-4) into C—H bonds of the hydrogen terminated
diamond surfaces. For example, the energy barriers for
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Fig. 10 Composition of
residual gasespas a function (a)ﬂm- o — (0)se0
of temperature for the co A —=—TIC
hydrothermal reaction at 1 GPa 008 1 — * 40T —A—ToC
for 48 h (a) and temperature E
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Fig. 11 Bachmann-Rumble diagram with the black triangle corre-
sponding to the hydrothermal conditions for diamond growth [7].
Circles show the regions studied in this work. The black circle
corresponds to the C—H-O range for non-diamond films growth

addition of C, to diamond surface are small during dia-
mond thin film growth from fullerene precursors, and (110)
hydrogen terminated diamond surface [53] or even the bare
substrate [42, 53] are energetically very favorable for
growth. This is in good agreement with XRD data for
hydrothermal diamond (Fig. 8). Moreover, a completion of
new diamond layer may proceed via formation of single
bonds between ethylene like adsorbate and radical structure
[53, 54].

Conclusions

Hydrothermal synthesis of diamond from liquid organic
precursor was achieved at moderate P-T conditions. Re-
fined reaction products were comprehensively character-
ized in order to confirm diamond formation.

It should be noted that we did not use any catalyst
metals (usual Ni-Fe-Mn or Co). Pure copper is not a

@ Springer

Temperature (°C)

catalyst for diamond synthesis [55], and produced diamond
is free of metallic elements (according to EDX data) sim-
ilar to natural diamond [8].

The obtained results coincide with parameters predicted
for natural microdiamond formation. Despite the fact that
at this stage the intermediate diamond bearing species for
hydrothermal growth are still unknown, some data indicate
that it should be similar for hydrothermal C-H-O systems
in a similar manner with CVD growth.

As diamond structured carbon has been synthesized
through high-pressure low-temperature liquid phase epi-
taxy of seeds, the growth of diamond in nature can con-
tinue as cubic diamond formed in kimberlitic magma at the
depth 100-250 km moves to near surface layers 1-10 km
deep.
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