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Abstract: The study of diamond surfaces is traditionally undertaken in geology and materials science.
As a sample material, two natural diamond crystals of type Ia were selected, and their luminescence
and nitrogen state was characterized. In order to etch the surface catalytic hydrogenation was
performed using Fe particles as an etchant. Micromorphology of the surface was investigated
by scanning electron and laser confocal microscopy. It was demonstrated that etching occurred
perpendicular to the crystal surface, with no signs of tangential etching. The average depth of caverns
did not exceed 20-25 pm with a maximal depth of 40 um. It is concluded that catalytic hydrogenation
of natural type Ia diamonds is effective to produce a porous surface that can be used in composites or
as a substrate material. Additionally, the comparison of results with porous microsculptures observed
on natural impact diamond crystals from the Popigai astrobleme revealed a strong resemblance.
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1. Introduction

The study of diamond surfaces is traditionally undertaken in geology and materials
science. The main trends of post-growth changes during transportation by kimberlite
melts have been demonstrated [1-5] as well as the conditions of diamond preservation
in the deeper mantle [6-8]. In materials science, such studies are mainly aimed at using
diamonds as a substrate [9-13] or part of a composite [14,15], and in novel applications
such as in the elements of biosensors [16]. The use of diamond as a substrate is mainly
limited by the fact that most metals slightly wet the diamond surface, and only by the
addition of carbide-forming metals to the alloys can the contact angle be significantly
decreased [17]. In most cases, a weak contact between the diamond and metal occurs, and
as a consequence, the lack of a strong application of metal particles to the diamond surface
limits progress in this field. At the same time, diamond is a very interesting material as a
substrate, because it has many unique properties, such as extreme chemical, mechanical,
and radiation resistance, as well as high thermal conductivity and optical transparency [18].

In order to produce a certain degree of surface roughness, different etching procedures
are used. The most effective are oxygen [19-21] or hydrogen [22] plasma treatment and
contact etching by metals in a solid state [23-28]. These treatments produce numerous
etching pits, thus forming a cavernous surface on the diamond. Recent experiments
demonstrated that even synthetic HPHT (high-pressure high-temperature) diamond single
crystals can become a porous substrate through catalytic hydrogenation [26]. A new,
interesting example of a porous diamond is HPHT diamond synthesis in metal melt,
obtained by varying the growing medium [29]. Our recently obtained results as well
demonstrated the growth of HPHT diamonds with numerous caverns which were formed
by the presence of solid components in the metal melt [30], as predicted earlier [31]. It
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is worth noting that several kinds of diamond materials are available today: natural
crystals extracted from kimberlite deposits, several types of synthetic diamond produced
by HPHT and Chemical Vapour Deposition (CVD) technologies, and synthetic detonation
diamonds. The majority of experiments are carried out with synthetic diamond varieties,
while studies of the etching of natural diamond by modern techniques are less common.
However, this remains relevant not only for the industrial application of natural diamond
but also for understanding the conditions of formation of rare types of natural diamond.
An example is the impact diamond from the Popigai astrobleme (Russia) [32], and its
variety “Yakutite” [33]. The surface of impact diamonds most often includes complex
microrelief elements while their genesis is not yet clarified. It should be added that the
diamond resources at impact locations such as the Popigai deposit are enormous, estimated
at 140 billion carats with an average grade of 23.23 carats per ton [34], though their use
is very limited now. The present paper reports the results of catalytic hydrogenation of
natural diamond crystals and their detailed characterization, aiming to obtain a highly
porous surface of natural diamond and to compare the surface micromorphology with that
of diamond crystals from the Popigai astrobleme.

2. Materials and Methods

As a sample material, we selected two natural flat-shaped diamond crystals of octahe-
dral habit (samples PA-1-19 and PA-2-19). Both diamonds were colorless crystals, about
2 mm in size. They were free of internal fractures, inclusions, or other visible imperfections.
Natural diamond crystals of the Popigai astrobleme were selected from the collection of
V.S. Sobolev Institute of geology and mineralogy SB RAS. The transparent crystals were
characterized. A detailed study of the physical properties of such diamonds was performed
earlier [35,36].

The photoluminescence patterns for the samples were obtained by UV excitation
of 365 nm from a 120 W mercury lamp. The absorption spectra were recorded using a
Fourier-transform Infralum 801 spectrometer. Calibration of the absorption spectra was
made by taking the proper absorption in the diamond lattice at the point 2000 cm ™! equal
to 12.31 cm ! [37]. The absorption spectra in the one-phonon region of the spectrum were
decomposed into individual A and B components. The concentration of impurity nitrogen
in the form of A centers (a pair of substitution nitrogen atoms in adjacent positions in the
diamond lattice) and B centers (nitrogen vacancy complex N4V) were estimated using the
following formulas:

Na (ppm) = 17.5 o (cm ™)

in Reference [38] and
Ng (ppm) = 35 py175 (cm ™)

in Reference [39].

Here N and Np are nitrogen concentrations in ppm, whereas 115 and (11175 are the
absorption coefficients in the characteristic absorption bands. Estimated concentrations of
nitrogen in the form of A and B-centers are the following;:

Diamond PA-1-19: N =438 ppm, Ny = 140 ppm;

Diamond PA-2-19: N = 613 ppm, Np = 280 ppm.

In order to produce a porous surface, catalytic hydrogenation was carried out using
a laboratory-made high-temperature water-cooled microfurnace according to the state
assignment of the Institute of Geology and Mineralogy SB RAS. Fe particles were used as
an etchant, and the procedure is described in our earlier publications [24,40-42]. Hydro-
genation is a chemical reaction between molecular hydrogen (H;) and another compound
(in particular graphite or diamond), usually in the presence of a catalyst such as Fe, Co,
Ni, Pt, Pd. The process is commonly employed to reduce or saturate organic compounds
(methane and other hydrocarbons). This process generally involves four steps: (1) diamond
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dissolution and incorporation of carbon atoms into the surface layer of the metallic catalyst,
(2) carbon diffusion in the bulk of the metal, (3) gasification of the carbon dissolved in
the metal via the formation of gaseous hydrocarbons, and (4) the removal of the gaseous
carbon-containing compounds from the reaction zone [43-45]. The mechanism of catalytic
hydrogenation of diamond is influenced by the diamond structure (crystallographic ori-
entation of the faces on which the etching occurs), as well as the presence of defects in
the form of dislocations, and the size of the catalyst particles [46,47]. After etching, the
diamond crystals were cleaned in a mixture of HCl and HNOj to remove the metal, as well
as in an oxidative mixture consisting of 10% aqueous solution of K,Cr,Oy7 and concentrated
H,SOy at a ratio of 1:3. This is a conventional procedure to remove graphite and organic
compounds, whereas diamond is not oxidized [48].

The diamond surface was examined in CKP “Nanostruktury” (Novosibirsk, Russia)
using a scanning electron microscope (LEO 1430 and 1540 XB Crossbeam, Zeiss, Stuttgart,
Germany) and laser confocal microscope (LSM 800 MAT, Zeiss, Tokyo, Japan). The confocal
microscopy images were obtained using a 405 nm laser and the pinhole was set to 1 Airy
unit. The topology image of the etching area was obtained by stitching 4 x 4 tile dataset
with 50 z-stacks per tile, the tile grid had a 10% overlap between neighboring tiles in the XY
plane. The topology image of single caverns was obtained from the z-stack confocal image
with 150 slices. Surface topology analysis was carried out by using ConfoMap (Zeiss, Jena,
Germany).

3. Results

In Figure 1 the photoluminescence patterns for the crystals PA-1-19 and PA-2-19
obtained by UV excitation of 365 nm from a 120 W mercury lamp are given: these are (a)
and (b) sections, respectively. On the right, the optical absorption spectra in the mid-IR
range for the corresponding crystals are shown. The spectra demonstrate the characteristic
absorption of the diamond lattice in the range 1800-2800 cm~!. In the one-phonon region,
intense absorption of nitrogen centers A and B is seen with major maxima of about 1282
and 1175 cm ™!, respectively.
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Figure 1. Photoluminescence patterns of the natural diamond crystals PA-1-19 (a) and PA-2-19

(b), obtained at UV 365 nm excitation. The rounded-shaped spot on the top face is a result of

thermochemical etching. IR absorption spectrum for each crystal is given on the right side. Peaks

near 1175, 1282, and 1365 cm™! are associated with B, A nitrogen defects, and B’ structural defects

(platelets), respectively.

In the absorption spectra shown in Figure 1, there is also a fairly intense line (8 to
14 cm~1) of about 1365 cm ™! associated with lamellar structural defects (platelets or B’
centers) in diamonds. Thus, these crystals are characterized as la-type diamonds in frames
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of the physical classification [49]. As seen in Figure 1 diamonds are dominated by blue
photoluminescence, uniformly distributed in the volume of the samples. Such a blue
luminescence pattern is common for most natural kimberlite diamonds. The luminescence
spectrum is dominated by a vibronic N3 system with the zero-phonon line at 415.2 nm.
This system is associated with the complicated nitrogen-vacancy complex N3V, where
N is nitrogen and V is vacancy [37]. There are several excellent reviews of diamond
spectroscopy [37,50-52], and a very nice color chart [53].

After the etching of the diamond crystals by Fe particles, their surface became roughly
cavernous throughout the area where the reagent was applied (Figure 2a). The procedure
produced etching of a normal type, perpendicular to the diamond face (Figure 2b). We
found no tangential-type of etching, which is characterized by channels parallel to dia-
mond faces [24,46]. The microrelief consisted of numerous etching pits and caverns of
a pseudo-rounded shape; the width of such individual caverns was in most cases about
10 um (Figure 2b,c). A detailed study of the micromorphology of the caverns confirmed
they contained smaller relief elements: the walls of each cavern consisted of numerous
etching pits and hillocks thus forming a highly porous surface even within a single cavern
(Figure 2¢,d).

Figure 2. Natural diamond crystal with an etched area on octahedron face (a) and micrographs of the
etched surface: (b)—general view of the etching sculptures; (¢)—an individual cavern with numerous
smaller relief elements, and their detailed view (d).

The average depth of caverns in most cases did not exceed 20-25 um with a maximal
depth reaching 40 um (Figure 3a). The caverns have almost vertical walls (Figure 3b).



Crystals 2021, 11, 1341

50f9

pm
50 (a)
m
0] U o o YA
Y on I | [
o 1 ‘.!J II\ it Fld A i |
| il I, T it i F
03 ll‘ 1 s Y N \ |“ |4
20 20_5 Y L‘J‘. ‘.’v”; v ‘JJ|| 1 |‘\~.| | L\I dl “‘l‘{ |“|_v‘ E
o SRR
10 104 | - fF
] | :
0 0 T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 mm
o (b)
um
4 5 . , .
20 E:
20 15 4 F
10 F
10 5 ] I
0 T T T T T T T T T T T T
0 0 10 20 30 40 50 60 um

Figure 3. Confocal laser microscopy images demonstrate the surface relief of the diamond crystal
shown in Figure 2a: (a) scan through the whole etching area. Dotted lines mark the position of the
profile shown at the right side of each picture; the white square on (a) indicates the location of the
scanned area presented on (b). Small triangles on (a) are attributed to the evolution of this diamond
in nature, but not to our experimental procedure.

The selected natural impact diamonds were typical small grains without facets (Figure 4a).
They show a porous surface that covers almost the whole crystal (Figure 4b). The porosity
consists of oval or irregular-shaped caverns (Figure 4c).

Figure 4. General view of the impact diamond crystal from the Popigai astrobleme (a); the porous
surface at higher magnification (b), and the details of the microstructure of the individual caverns (c).

4. Discussion

In this study, we aimed to perform etching and characterization of the surface of a
natural diamond. In order to treat the crystals, we used hydrogenation by Fe particles. This
technique has already demonstrated high etching rates on other diamond types [24,40-42],
while the distribution of metal particles on the diamond and the characteristics of the etched
surface depend mainly upon the method of preparation of the etchant [47]. Our recent
study on synthetic diamond crystals confirmed that the size of the pits can be decreased
significantly [26]. In the present experiment, we used a similar procedure, but a natural
diamond was the sample material. It is worth noting that the porous surface obtained
after the removal of Fe particles in acids consisted completely of diamond. As a result, the
etching occurred perpendicular only to the crystal surface, but the caverns obtained were
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larger (Figures 2 and 3). They had a depth of up to 40 um (Figure 3) which means the depth
of Fe particles penetration into the diamond. It is important to add that for the present
experiment we selected the most common type Ia nitrogen-containing diamonds which
make up about 99% of all natural diamonds mined worldwide [54]. The selected crystals
were very similar to each other from a physical point of view, as they contained almost the
same total amount of nitrogen, which concentrates mainly in the form of A-centers. Both
crystals had typical blue luminescence (Figure 1).

The larger size of the caverns is probably a result of the presence of numerous dislo-
cations in these natural crystals. This is supported by the presence of triangular-shaped
etching pits of a natural origin (Figure 3a) and is considered the main reason natural
kimberlite diamonds are easily etched by the thermochemical process [40]. In addition,
it can be suggested that the etching of common synthetic HPHT diamond forms smaller
caverns since it contains fewer dislocations. As a result, its etched surface consists of
smaller elements [26]. The mechanism was discussed in detail and compared the etching
relief with that of an as-grown HPHT diamond. In the present study, each cavern wall
consisted of numerous smaller relief elements (Figure 2), which are probably a result of
etching by tiny individual Fe nanoparticles of a submicron size. This submicroscopic relief
expanded in all directions within the cavern. Therefore, it can be concluded that porous
natural diamond etched by hydrogenation can be used in composites or as a substrate
material.

Not much information is available in the literature about surface etching of impact
diamond, which is another kind of natural diamond. This variety consists of a combination
of cubic and hexagonal carbon and thus contains more structural defects [35,55]. Its surface
microrelief also includes specific microsculptures [36] which are a vivid example of porous
diamond (Figure 4). The surface of thermochemically etched crystals from the present
experiment demonstrated similar relief elements to those found on impact diamond crystals
from the Popigai astrobleme; small oval or irregular-shape caverns with numerous smaller
relief elements within (Figure 3).

Elemental carbon (graphite or diamond) is a strong reducing agent at a normal pres-
sure (0.1 MPa), capable of reducing Fe from silicate and oxide phases [56]. Such conditions
could have existed after the impact event in the heated rocks of the Popigai crater. As a re-
sult, iron particles may have appeared on the surface of impact diamond crystals. Spherules
of Ni-Fe have been found in the impact tuffisites of the Popigai crater [57], indicating a
highly reduced environment. Metallica iron particles were also identified in rocks of the
Janisjdrvi impact crater in Karelia (Russia). Furthermore, specific linear or fan-like channels
up to several microns wide, as well as numerous tube-shaped tunnels [58] and round or
irregular etching pits were observed on the surface of impact diamonds from that crater.
Similar textures were reported for diamonds from the Ries [59,60] and Popigai [61] impact
craters. At high magnification, the channels have a flat bottomed U-shape that is a typical
result of migration of metallic particles over the surface during catalytic hydrogenation
of diamond. It should be noted that, along with the oxidation process, the C-O-H system
equilibrated with diamond (graphite) can experience a Fe- or Ni-catalyzing hydrogenation
in the presence of molecular hydrogen. As a result, the micrometer sized iron particles can
produce etching channels along the crystal surface [24], as well as tunnels [40,42], as shown
in Figure 5.

It is widely accepted that most natural diamonds are etched by H,O or CO; fluids,
and the main elements produced are rounded surfaces with striation and numerous etching
pits in the form of triangles [62]. In the case of impact diamonds, such features are also
observed, and it is supposed these diamonds remained at a high P-T for some time after
the impact event. The environment was likely a complex heterogeneous system consisting
of melt, solid components, and fluid. However, many impact diamonds have a porous
surface. Therefore, it can be suggested that the similar appearance of porous surfaces of
thermochemically treated diamonds and impact diamonds from the Popigai astrobleme
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could be attributed to the effect of metallic agents in the form of micro- or nano-sized
objects.

Figure 5. Etching channels produced by migration of iron particles on octahedral (a—c) and cubic (d)
diamond surfaces as a result of catalytic hydrogenation.

5. Conclusions

A porous surface of diamond was investigated. First, natural crystals were selected
and characterized. Second, their surface was etched by catalytic hydrogenation using Fe
particles as an etchant. The result was a porous surface throughout the area where the
reagent was applied. The etching occurred perpendicular to the crystal surface, with no
signs of a tangential etching, and consisted of caverns with a maximal depth of 40 um. It
is concluded that the porous natural diamond treated by catalytic hydrogenation can be
used in composites or as a substrate material. Additionally, the microsculptures obtained
were compared with those of natural impact diamond crystals from the Popigai astrobleme.
Both diamond types had a strong resemblance in their microrelief elements, indicating a
similar mechanism of etching. These findings give new insight into the problem of the
post-growth history of impact diamonds, and their industrial uses.
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