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Abstract: Natural diamond crystals with a highly porous surface were used as substrates for synthe-
sizing single-phase bimetallic Pt–Co nanoparticles at temperatures of 500 ◦C and 800 ◦C. The metal
nanoparticles inside the pores were determined to take the form of single-phase Pt0.50Co0.50 solid
solutions with different degrees of superstructure ordering. A detailed characterization of both
nanoalloys revealed a tetragonal symmetry with a space group, P4/mmm. For the sample obtained
at 500 ◦C, the lattice parameters were a = 2.673(2), c = 3.735(3) Å, and c/a = 1.397(1); for the samples
obtained at 800 ◦C, the parameters were—a = 2.688(2), c = 3.697(3) Å, and c/a = 1.375(1). Within the
experimental parameters, no significant chemical interaction of the diamond with the Pt–Co particles
was identified. The results demonstrate a strong anchoring effect of the metallic material within the
etching pores. The successful synthesis of bimetallic Pt–Co particles embedded inside the caverns
can facilitate a study of their magnetic properties. The presence of Pt–Co in specific diamond compo-
sitions can also be used for marking diamond crystals as a means for their subtle identification, as
well as confirming the possibility of capturing significant amounts of metal along with diamonds
during their dissolution in the deep Earth.
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1. Introduction

The wide field of potential applications of bimetallic alloys continues to expand
rapidly. Whether taking the form of bulk materials or nanoscale particles, bimetallic alloys
find application in the chemical, electrochemical, and electronics industries. Nano- and
ultra-dispersed bimetallic metal particles are actively used for heterogeneous catalysis,
which plays a significant role in the chemical and petrochemical industries. Within such
processes, platinum group metals are the most commonly used. Thus, the synthesis of
bi- and polymetallic nanoparticles is one of the most relevant areas of research in modern
chemistry and materials science [1]. Nanoalloys can be produced using a variety of media,
such as cluster beams and colloidal solutions, as well as immobilization on surfaces, inside
pores, or even in carbon nanotubes [2–5]. Methods of metal reduction from precursor
compounds at low temperatures [6,7] play an increasing role due to their relative simplicity,
low cost, and the high quality of the final product.

An effective and simple method for producing deposited alloy nanoparticles involves
the decomposition of double-complex salts directly inside the pores of a substrate. Double-
complex salts (DCSs) of transition metals are compounds containing a complex cation
of one metal and a complex anion of another metal. The possibility of implementing
an approach based on the decomposition of DCSs directly inside the pores of a support
material for catalyst preparation has been demonstrated in a number of works [8–13]. When
studying the properties of bimetallic nanoparticles, one of the key factors is the substrate
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material on which such particles are deposited, since the choice of substrate material can
significantly affect the properties of the final composite [11,12].

The potential use of diamond as a substrate is mainly limited by the fact that most
metals slightly wet the diamond surface. Although the contact angle can be significantly
decreased by the addition of carbide-forming metals to the alloys [14], progress in this
field is in most cases hampered by the weak contact between the diamond and metal
and the consequent inability of metal particles to form a strong bond at the diamond
surface. At the same time, diamond is a very interesting substrate material due to its many
unique properties, including its extreme chemical, mechanical, and radiation resistance, as
well as high thermal conductivity and optical transparency [15]. For example, modified
diamond electrodes with nanosized metal or metal oxide clusters deposited on their surface
are used in various electrochemical applications [16–20]. However, only a few works
on the synthesis of bimetallic compounds on diamonds are extant in the literature so
far [21–23]. Bimetallic compounds deposited onto boron-doped diamond (BDD) thin-film
electrodes comprise a suitable substrate for the electrochemical investigation of supported
catalytic nanoparticles. The applicability in electrocatalysis of thermally decomposed
electrodeposited Pt particles has been studied; once deposited on the BDD substrate, the
particles exhibited electrocatalytic activity [21].

When considering diamond as a substrate material, the nature of the diamond surface
should be taken into account. In order to create a certain degree of roughness of the
diamond surface, various etching procedures can be used. Among these, the most effective
is oxygen [24–26] or hydrogen [27] plasma etching, as well as contact etching using metals in
a solid state [28–31]. Such treatments produce etch pits to form a highly porous surface. This
raises a number of questions regarding the peculiarities of the synthesis and characterization
of metal particles on a porous diamond. Therefore, the present study set out to investigate
the synthesis of Pt–Co bimetallic nanoparticles on the porous surface of natural diamond
and the characterization of the obtained composite.

2. Materials and Methods

As a substrate material, we used two natural, flat-shaped diamond crystals of octa-
hedral habit. The diamonds were colorless, 2 mm in size, and free of inclusions. The use
of natural diamond crystals in this work is due to their ease of etching as compared with
other diamond types [29,32]. In order to produce a porous surface on the diamonds, ther-
mochemical etching was carried out using a high-temperature water-cooled microfurnace
according to the state assignment of IGM SB RAS. Iron particles were used as an etchant
according to the procedure described in our earlier publications [29,32–34]. Following
etching, the diamonds were cleaned in acids in order to remove Fe particles, as well as other
possible surface contaminants such as graphite, amorphous carbon, or organic compounds.
The details of the etched surface of the diamond have been well described in our earlier
publication [35].

The synthesis of metal nanoparticles on the etched diamond substrates was carried
out with the aim of embedding synthesized nanoparticles of a specific composition in the
diamonds. During these experiments, the two CoPt samples deposited on the diamonds
were heated to 800 ◦C and 500 ◦C. The synthesis of the bimetallic nanoalloys of Pt–Co
was carried out with thermolysis of a double-complex salt [Co(H2O)6][Pt(NO2)4]·2H2O
containing the required metals (Pt, Co) in an equiatomic ratio. The synthesis procedure and
study of the thermal properties of the initial precursor compound have previously been
described in detail [36].

A saturated salt solution was applied dropwise to the etched surface of the diamonds.
Each subsequent drop was applied following the complete drying of the previous one.
This procedure was repeated until the diamond surface turned slightly pink (five drops),
corresponding to the color of the initial salt. After the solution dried, the diamond with
deposited salt was placed in a quartz reactor of a tubular furnace and heated in a stream of
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hydrogen at a rate of 10 K/min. Upon reaching the required temperature, the sample was
treated for an hour and then removed from the furnace for rapid cooling (quenching).

The diamond crystal surfaces were examined in CKP “Nanostruktury” (Novosibirsk,
Russia) using a scanning electron microscope (LEO 1430 and 1540 XB Crossbeam, Zeiss).
The SEM observation was carried out in secondary electron observation mode (emitted
from near the specimen surface, within 10 nm of depth) after covering the diamond surface
with 10 nm of Al for decharging purposes. Local EDX analysis was carried out using an
energy-dispersive X-ray (EDX) spectrometer (EDAX, Pleasanton, CA, USA) fitted with a Si
(Li) detector with a resolution of 130 eV. The error in the determination of the metal particle
composition was typically not less than 0.5 at %.

X-ray diffraction studies of the obtained samples (diamond single crystal with metal
particles deposited on its surface) were carried out using a Bruker APEX DUO diffrac-
tometer equipped with a KFF-Mo-2K-90 sharp-focus X-ray tube and the following parame-
ters: graphite monochromatized MoKα—radiation (λ = 0.70932 Å); collimator—0.35 mm;
CCD area detector—4K; resolution—512 × 512; pixel size—0.12 mm; D = 35 mm; 2θD = 42◦.
When shooting, reflection geometry was used; the facet of the diamond with the deposited
metal layer was turned at an angle in the range of 20–30◦ relative to the primary beam. The
specific angle value was chosen such that diamond reflections did not fall on the detector.
During the accumulation of the diffraction pattern (Debye powder pattern), the sample was
rotated around the ϕ axis by 0.5◦ in 10 min. Si was used as an external reference (SRM-640,
a = 5.4309 Å). Amendments and the transition to standard form I(2θ) were performed
using the DIOPTAS program [37]. The X-ray phase analysis was carried out using the
PDF database (card numbers: 000-04-0802, 000-15-0806, 000-29-0498, 000-65-8968) [38]. The
ICSD database (cards #102621 and #102620) was used for constructing theoretical diffrac-
tograms and conducting full-profile refinement [39]. The parameters of the metal phases
and degree of superstructural ordering were refined over the entire data array using the
Powder Cell 2.4 application [40]. Powder diffraction patterns of metal nanoalloys obtained
via thermolysis of the original salt were measured under Cu Kα radiation. For line profile
analysis, the instrumental profile was measured using coarse Si powder. Since no increase
in accuracy using the fine-structure profile of the Cu Kα doublet was observed, further
modeling relied solely on the Kα1/α2 doublet. In order to calculate the order parameter
a of the solid solution, the following technique was used. For each of the experimental
patterns, the corresponding theoretical pattern of the Co0.5Pt0.5 sample was calculated with
different site occupation factors p for the cobalt and platinum atoms. Occupation factors
of the structural positions with the two atoms in the CoPt intermetallic (for 1a structural
positions, Co p = x, Pt p = 1 − x and for 1d—Pt p = x, Co p = 1 − x, where p may vary from
0.5 for a random solid solution to 1 for an intermetallic) were refined using the full-profile
method. When the patterns matched, the obtained value of p was entered in the formula
a = 2(p − 0.5)·100%.

The crystallite sizes of nanoparticles were obtained using the Scherrer equation.

3. Results

The synthesized metal particles consisted of aggregates that almost completely filled
the caverns in the diamond substrates (Figure 1a). An investigation of the contact between
the substrate diamond and the aggregate revealed that the aggregates in most cases repeated
the micro-relief shape of the individual cavern (Figure 1c).

Although the synthesized metal particles were observed only in the form of a layer
coating the initial flat surface of these diamond crystals, which flaked off almost immedi-
ately following the first manipulation with the crystals, metal aggregates inside caverns
were preserved on the etched surface throughout this study. A detailed investigation of
the morphology of the synthesized metal aggregates showed that these aggregates com-
prise numerous particles whose individual size does not exceed 70 nm (Figure 1b). In the
experiment, the boundaries between individual particles were clearly visible at 500 ◦C
(Figure 1b), while, at 800 ◦C, such boundaries were almost absent. As a result of sintering
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metal particles, the entire aggregate appeared as a continuous solid mass with rare individ-
ual particles discernable on its surface (Figure 1d). Moreover, the size and the appearance
of the nanoparticles did not depend upon the size of the cavern in which they were located.

Chemistry 2023, 5, FOR PEER REVIEW 4 
 

 

metal particles, the entire aggregate appeared as a continuous solid mass with rare indi-
vidual particles discernable on its surface (Figure 1d). Moreover, the size and the appear-
ance of the nanoparticles did not depend upon the size of the cavern in which they were 
located. 

 
Figure 1. Aggregates of Pt–Co nanoparticles on the porous surface of an etched diamond substrate: 
(a) general view of caverns filled with metal aggregates (arrows Pt–Co) and enlarged view of nano-
particles inside the caverns (c); the etched diamond is marked as Dia on (a) and Diamond on (c). 
The synthesized nanoparticles following experiments at 500°C (b) and at 800°C (d), respectively, are 
depicted. Note that nanoparticles on (d) are fused into a solid mass, while on (b), the boundaries 
between individual nanoparticles can be clearly observed. 

An energy-dispersive X-ray study (EDX) of the composition of the synthesized par-
ticles showed an equiatomic ratio of the metals (Figure 2).  

 
Figure 2. EDX data for CoPt sample deposited on diamond; metal ratio of Pt:Co is 1:1. 

The results of X-ray phase analysis performed using a PDF database [38] are pre-
sented in Figure 3. The simulation of the diffraction patterns for Pt–Co nanoparticles lo-
cated inside the caverns indicates the single-phase nature of the nanoparticles obtained. 

Figure 1. Aggregates of Pt–Co nanoparticles on the porous surface of an etched diamond substrate:
(a) general view of caverns filled with metal aggregates (arrows Pt–Co) and enlarged view of nanopar-
ticles inside the caverns (c); the etched diamond is marked as Dia on (a) and Diamond on (c). The
synthesized nanoparticles following experiments at 500 ◦C (b) and at 800 ◦C (d), respectively, are
depicted. Note that nanoparticles on (d) are fused into a solid mass, while on (b), the boundaries
between individual nanoparticles can be clearly observed.

An energy-dispersive X-ray study (EDX) of the composition of the synthesized parti-
cles showed an equiatomic ratio of the metals (Figure 2).
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Figure 2. EDX data for CoPt sample deposited on diamond; metal ratio of Pt:Co is 1:1.

The results of X-ray phase analysis performed using a PDF database [38] are presented
in Figure 3. The simulation of the diffraction patterns for Pt–Co nanoparticles located inside
the caverns indicates the single-phase nature of the nanoparticles obtained.
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Figure 3. XRD patterns (diffractometer Bruker DUO, λ = 0.7093165 Å, D = 35 mm, 2θD = 42◦) for
bimetallic nanoalloys Pt–Co obtained via thermolysis of [Co(H2O)6][Pt(NO2)4]·2H2O and annealing
in the hydrogen atmosphere at various temperatures (500 and 800 ◦C). Black curves—experimental
XRD pattern under molybdenum irradiation; blue curves—model XRD patterns of different ordering
degrees (α, %). Insets show lauegrams obtained from stationary samples.

As evidenced by the appearance of superstructural reflections in the range of angles
between 11.04 and 15.18 degrees 2θ, the sample produced at a temperature of 500 ◦C
corresponds to a partially ordered solid solution. According to the technique we described
earlier, the degree of superstructural ordering was 40% [41–43]. The unit cell parame-
ters were as follows: P4/mmm space group—a = 2.673(2), c = 3.735(3) Å, c/a = 1.397(1);
crystallite sizes—10–13 nm. The sample obtained at a temperature of 800 ◦C showed an
85% superstructural ordering degree, while the unit cell parameters were as follows: space
group P4/mmm—a = 2.688(2), c = 3.697(3) Å, c/a = 1.375(1); crystallite sizes—10–13 nm. The
values obtained are in good agreement with the data we obtained for a pure sample [42,43].

4. Discussion

The key objective of the present study was to characterize bimetallic particles present
on the diamond substrate. To achieve this, we used a thermochemical etching method to
treat natural diamonds using Fe particles. This technique has already demonstrated its high
effectiveness [29,32–34]; determining the distribution of metal particles on the diamond
as well as the characteristics of the etched surface mainly depended upon the method of
preparation of the etchant [44]. According to this procedure, the size of the pores obtained
through thermochemical treatment can be decreased significantly [31,45]; however, in the
present work, we aimed to produce caverns of a relatively large size. This approach was
intended to facilitate the study of particle distribution both inside small individual pores
and within large caverns. In this context, it is important to note that the porous surface
obtained after the etching and further removal of Fe particles in acids consisted completely
of diamond material.

Although the synthesis of Pt–Co nanoparticles occurred over the entire surface of the
diamonds, as our SEM study shows, the nanoparticles forming the object of investigation
remained only throughout the etched area. Both individual metal particles and their small
groups were found to be anchored to the surface irregularities on cavern walls produced
through etching (Figure 4).
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Figure 4. Contact of an aggregate of Pt–Co nanoparticles synthesized at 500 ◦C with a wall of a
diamond substrate: (a) general view; (b) enlarged view of the same area—the nanoparticles are
attached to the diamond in the areas with surface irregularities; individual nanoparticles are located
within the pores throughout the diamond (marked with an arrow); Dia—diamond.

It can be assumed that the porous surface of the etched diamond acted as a host
for individual metal particles or their small groups, thus fixing the main aggregate of
Pt–Co nanoparticles within the cavern structure (Figure 5). This result confirms the effec-
tiveness of thermochemical etching for treating a diamond surface prior to the deposition
of metal nanoparticles. The similar appearance of nanoparticles presented both inside small
and large caverns indicates that diamond acted as an inert support only, i.e., the synthesis
process was not influenced by the cavern size.
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Figure 5. Schematic vertical cross section of a substrate diamond after the experiments: etch cavern
on the diamond surface is filled with Pt–Co nanoparticles (as shown in Figure 1a,c). A group of
nanoparticles (marked as “Anchor" nanoparticles) were located within small relief elements inside
the cavern wall, thus “anchoring” the main aggregate of Pt–Co nanoparticles, which filled the
whole cavern.

When studying the ordering process of Pt0.50Co0.50 solid solutions in [46], we estab-
lished the kinetic dependences between the degree of ordering and crystallite sizes versus
the annealing time (Figure 6).
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The correlation between the sizes of crystallites and the superstructural ordering
degree is apparent. One of the goals of the present work was to determine whether it is
possible to obtain a solid solution with a high degree of superstructural ordering without a
significant increase in the size of crystallites due to the limitation of sample mass transfer.
As the calculations from the XRD data show, this aim was achieved. While maintaining
the crystallite sizes at 10–13 nm, the sample annealed at a temperature of 800 ◦C showed a
higher degree of superstructural ordering.

The dense filling of the caverns with aggregates of synthesized nanoparticles observed
in our experiments (Figure 1a) reflects the certain concentration of an initial substance
applied in the solution. At the same time, the uniform filling of the porous surface in our
experiment means that the metal nanoparticles were evenly distributed over the entire
surface of the substrate. Of course, it is possible to fill the pores with different amounts of
metal nanoparticles by varying the concentration of starting precursor compound in the
solution, while given the hemispherical shape of the etching channels and their sufficiently
large depth, a large portion of the synthesized nanomaterial can be deposited inside the
pores, and the lower concentration of the starting precursor will produce a synthesized
material that is mainly present in the form of individual nanoparticles located within small
relief elements on the cavern walls. In the latter case, the nanoscale alloys will be separated
in space and no mass transfer between neighboring particles will occur. Such reactors
can be useful for studying the superstructural ordering in particles limited by the cavern
volume, which likely strongly affects the magnetic properties of such objects. In summary,
synthesized bimetallic Pt–Co particles were shown to be embedded in the diamond surface.
First of all, the diamond served as a substrate; here, the properties of synthesized nanoparti-
cles were similar to those obtained for other kinds of substrates. It is important to note that
similar works have demonstrated the electrochemical and electrocatalytic characterization
of metal particles once deposited on a boron-doped diamond (BDD) substrate [22]. The
BDD was chosen due to its remarkable properties of chemical inertness, low background
current, and good mechanical resistance to chemical and electrochemical attacks. Due to
these properties, the BDD electrode was used for the study of supported particles to avoid
certain problems encountered with other common substrates (corrosion, oxide formation,
etc.). They are good electrocatalysts of ethanol oxidation.

The results of the present work, consisting mainly of the cavernous surface of a
diamond crystal with metallic material embedded within small surface sculptures, have
implications for discussions on some aspects of the genesis of diamonds in nature. A
currently popular hypothesis describes the formation of diamonds of hundreds or even
thousands of carats in size during subduction processes occurring with the participation
of metals [47–49]. The morphology of such diamond crystals is typically very complex, as
indicated by detailed studies of the multiple changes occurring in their internal structure
between the stages of growth and dissolution [50]. In experiments carried out in Fe-based
systems, it was shown that various surface sculptures can form on diamond crystals
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through dissolution [51,52]. Such etching sculptures not only mimic the textures observed
on natural diamond crystals, but also indicate that many natural diamonds came into
contact with Fe-based metals in the Earth’s mantle. If such metals are involved in the
production of even a part of these morphological series, the role of Fe-based metals in the
genesis of natural diamonds becomes significant. When dissolution conditions change to
the growth stage, such sculptures will be overgrown by new diamond matter. In this case,
a possibility of capturing the metallic material within the cavernous surface of a diamond
inevitably arises, thereby forming metallic inclusions. At later stages, metallic inclusions
are able to migrate through diamonds [53], leading to crystal self-purification [54]. While on
the one hand, this may explain the high purity of large natural diamonds, it also indicates
a certain role of carbon matter in the overall percolation of metal melts in the Earth’s
mantle [55].

Metals can either form a “pocket” where diamonds grow/dissolve or migrate fur-
ther to be deposited within silicate rocks of the mantle. The following mechanism of the
process can be assumed. When reaching a temperature conforming at a definite pressure
to the appearance of a melt at the iron–carbon interface, the percolation of iron into the
graphite/diamond-filled interstices between silicate minerals commences along with the
dissolution of carbon in the melt. As a result, metal fills the interstitial volume occupied
by graphite/diamond. The proposed mechanism of molten iron percolation, implying
diamond and graphite in a silicate matrix under high pressure, can help to overcome the
problem of high dihedral angles between metallic melt and silicates to explain the early
differentiation of the Earth and other planetary bodies. As noted above, the migration
of iron within diamond crystals is possible under the gradient of temperatures via the
dissolution–recrystallization mechanism. Additionally, even in a solid state, in the pres-
ence of hydrogen, Fe particles can move along the grain boundaries of diamond crystals
according to a process of carbon hydrogenolysis [29,32,33], in which iron plays the role of a
catalyst but does not form reaction products.

One more important practical aspect of the present work should be noted. Since
metals of compositions as synthesized in our experiments are not found as inclusions either
in natural diamonds [56] or in lab-grown systems [57], the presence of such particles as
Pt–Co bimetallic alloys within a diamond either implies their artificial origin or that they
should be considered as an exotic natural case. As shown in this study, such particles
can be identified using analytical methods according to their morphology, composition,
structure, or ratio of components. Therefore, the results obtained in this experimental work
demonstrate the possibility of using bimetallic Pt–Co alloy nanoparticles as markers for
diamond crystals for the purpose of their subtle identification. Such an approach could
find application in identifying gem-quality diamonds, as well as expensive diamond tools
or high-tech elements made of large diamond crystals.

5. Conclusions

The results of the present work demonstrate that a thermochemically etched diamond
crystal can serve as a substrate for the deposition of bimetallic particles on its surface.
The synthesized nanoalloys were single-phase Pt0.50Co0.50 solid solutions with different
degrees of structural ordering: 40% at a synthesis temperature of 500 ◦C, and 85% at 800 ◦C.
Both nanoalloys had a tetragonal space group, P4/mmm, and crystallite sizes of 10–13 nm.
The ratio of a unit cell parameter c/a decreased with increasing superstructural ordering
from 1.397(1) for 40% to 1.375(1) for the 800 ◦C sample. The possibility of obtaining a solid
solution with a high degree of superstructural ordering without a significant increase in
the size of crystallites due to the limitation of sample mass transfer has been demonstrated.

We propose that the thermochemically treated surface of diamond crystals can serve
as a reactor for studying the magnetic properties of particles embedded in surface caverns.
With a decrease in cavern size, the synthesized objects can serve as objects of study in
further research on the phase transformations of bi- and polymetallic particles of a given
size without mass transfer between neighboring particles. Although natural diamond



Chemistry 2023, 5 1812

crystals were used as a process model, the obtained results are generally applicable to
different diamond types, including natural, synthetic HPHT, or CVD diamonds, as well
as boron-doped diamonds (BDDs). This work has demonstrated the anchoring effect
of metallic materials within small surface sculptures of natural diamond, which implies
significant capturing of metals during the changing stages of dissolution and growth in the
deep Earth. Additionally, the demonstrated etching of natural diamond crystals, followed
by the synthesis of the Pt–Co bimetallic particles embedded within the surface caverns,
represents an opportunity to carry out subtle markings on diamond crystals. The potential
objects of such subtle markings can be both gem-quality diamonds and high-tech elements
made of large diamonds.
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