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We have shown for the first time that simple annealing of silver-
synthetic diamond mixtures in air or oxygen at 600-700 °C leads
to selective growth of silver particles on the {100} facets of
diamond, while no growth is observed on the {111} facets.
Annealing at a temperature higher than 750 °C results in
significant morphological changes in the heterostructure: silver
particles grow not only on the cube but also on the octahedral

facets.

The unique properties of diamond - unbeatable hardness,
high wear resistance and high thermal conductivity - make it
an indispensable material for the manufacturing and
electronic industries." The development of the production
methods of synthetic diamonds has reduced their cost,
widening their applications as components of a variety of
functional materials.

It is well known that the physical and chemical properties
of composite materials depend on the structure of interfaces
between the components.” In order to improve the functional
properties of the diamond-containing materials by
establishing an intimate contact between the phases,
methods of surface modification of diamond crystals are be-
ing developed. Within a wide spectrum of diamond-based
composite materials and heterostructures, metal-diamond
systems attract the most attention. Studies of metal-diamond
systems have revealed anisotropic etching of diamond facets
by metals.® Extensive data on anisotropic etching of diamond
by carbide-forming elements - Fe subgroup metals (Fe, Co,
Ni) - have been collected over the past decade.” It was shown
that the {100} planes etch faster than the {111} planes, while
the etching rates of both sets of planes increase with temper-
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ature. It was also demonstrated that graphitization of dia-
mond followed by diffusion of carbon into molten iron are
the two main factors enabling the removal of carbon from
the diamond surface.

Metal-diamond composites containing carbide-forming
metals are obtained by solid state sintering, while those
containing metals that do not form carbides and poorly wet
the diamond surface are usually obtained by infiltration of
metallic melts into porous diamond preforms.® In the latter,
the contact between the metal matrix and the diamond crys-
tals is improved by depositing titanium-, silicon-, tungsten-
or chromium-based coatings on the diamond surface.’

By developing diamond-silver composites, it is possible to
achieve unique combinations of thermal, optical, and anti-
bacterial properties.” Understanding the underlying princi-
ples of the interface formation in the silver-diamond hetero-
structure is  both  scientifically  challenging and
technologically important. Therefore, the modification of dia-
mond surfaces by silver in the absence of intermediate layers
(interfacial coatings) and the elucidation of the interaction
mechanisms are timely and relevant goals.

In the present work, we focused on the morphological and
structural evolution of heterostructures consisting of metallic
silver particles and micrometer-sized synthetic diamond crys-
tals during annealing in air, argon and hydrogen. The prepa-
ration method of the silver-diamond heterostructures and
the synthesis conditions are described in the experimental
part of the ESL}

The silver-diamond heterostructures were studied by scan-
ning electron microscopy (SEM), X-ray diffraction (XRD) and
energy-dispersive X-ray spectroscopy (EDS). Mass spectro-
scopy was used to monitor the changes in the system during
the synthesis of the heterostructure.

Experiments have shown that morphological and struc-
tural features of the silver-diamond heterostructures that
formed during annealing depend on the following
parameters:

-temperature and duration of annealing;
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-annealing atmosphere.

The most interesting features of the silver-diamond
heterostructures were observed after annealing under an at-
mosphere of oxygen and in air. Fig. 1a shows an image of the
diamond microcrystals. Diamond crystals of a similar mor-
phology have been described in ref. 8. They have a
cuboctahedral shape with mostly octahedral {111} and cube
{100} facets developed. The XRD pattern of the diamond
microcrystals shows the (111) and (220) reflections (Fig. 1b).
By simply annealing the diamond crystals mixed with a silver
powder (the overall composition of the mixture was 90 wt%
Ag-10 wt% diamond) in air or under an atmosphere of oxy-
gen for 10 min at 600-700 °C, it is possible to form dia-
mond-silver heterostructures, in which silver particles with a
size of 0.3-1 um are preferentially located on the cube {100}
diamond facets (Fig. 2a). Selective deposition of silver on the
cube facets leaves only a few particles located on the octahe-
dral {111} facets. The XRD patterns of the synthesized hetero-
structures contain the (111), (200), (220) and (311) reflections
of metallic silver along with reflections of diamond (Fig. 2b).
The EDS spectra of the heterostructures contain lines of car-
bon and silver (Fig. S1t). Fig. S21 shows elemental maps
recorded to characterize the selective deposition of silver on
a cube facet of diamond. With increasing annealing time of
the silver-diamond mixture, the size and concentration of sil-
ver particles growing on the {100} diamond facets increase
(Fig. 3a). Furthermore, when the annealing duration of the
silver-diamond mixture reaches 1 h, oriented etching of the
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Fig. 1 (a) SEM image of the starting diamond crystals having a

cuboctahedral shape with {100} and {111} facets. Additional SEM
images of the diamond crystals can be found in the ESI} (b) X-ray dif-
fraction pattern of the starting diamond crystals.
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Fig. 2 (a) SEM image of Ag particles selectively deposited on the {100}
facets of the diamond crystals during annealing in air at 700 °C. The
{111} facets of the diamond crystals are consistently free from silver
particles. Additional SEM images showing Ag/diamond crystals with
plane selectivity of the deposition of silver particles can be found in
the ESLi (b) X-ray diffraction pattern of the Ag/diamond crystals
annealed in air at 700 °C.

diamond surface occurs such that each silver particle is lo-
cated in an etch pit. Treatment of these heterostructures by
nitric acid results in dissolution of silver, revealing etch pits,
which almost fully cover the {100} facets of the diamond
microcrystals. The edges of these etch pits are parallel to the
[110] and [1-10] crystallographic directions of diamond
(Fig. 3b and S3t). There is a difference in the shape of the
etch pits formed on the {100} facets of diamond by particles
of carbide-forming metals* (Fe, Ni) and those formed by sil-
ver: while the former have a pyramidal shape, the latter have
a flat bottom. Mass spectrometry has shown that upon
heating of the mixture above 600 °C, evolution of a small
amount of carbon dioxide (CO,) occurs accompanied by a
weight reduction of 0.05 wt%.

Annealing at a temperature of 750 °C leads to significant
changes in the morphological features of the silver-diamond
heterostructures. The silver particles appear to grow not only
on the cube but also on the octahedral facets (Fig. 4a). How-
ever, a detailed study of the morphology and structure of the
silver particles formed on the octahedral facets during
annealing at 750 °C has shown that at this temperature, the
{111} facets experience significant changes in their “crystallo-
graphic relief”: many pyramidal etch pits form on their sur-
face (Fig. 4b). The facets of these pits are the {100} planes,
and it is these planes that silver particles grow on. Our
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Fig. 3 (a) SEM image of silver particles on the (100) plane of diamond.
Oriented etch pits are observed in the (100) facet, and silver particles
are located in the corresponding etch pits. (b) SEM image of a (100)
diamond facet after HNOs treatment. Additional low magnification
SEM images showing the morphology of the Ag/diamond crystals after
annealing and acid treatment can be found in the ESL}

experiments have shown that annealing of silver-free dia-
monds in air or oxygen leads to selective oxidative etching of
the {111} facets and the formation of pyramidal etch pits
(Fig. S41), which agrees with the results reported in ref. 9.

We have found that silver particles can also deposit on the
“octahedral” facets of the diamond microcrystals at tempera-
tures below 700 °C, if the diamond crystals have been
annealed at 750-800 °C prior to mixing and annealing with
the silver powder (Fig. S57).

It should be noted that selective deposition of particles on
certain facets of crystals is used for the synthesis of a variety
of materials.’®"® At present, extensive research is aimed at
developing the synthesis methods of heterostructures of vari-
ous compositions, morphologies and structures. The widely
known materials, whose faceted surface satisfies the require-
ments for the selective deposition of particles, are crystals of
semiconducting oxides. The second component of these
heterostructures is a noble metal that deposits selectively on
certain facets of the semiconducting crystals.

For example, hybrid metal/Cu,O nanostructures (metals =
Cu, Au, Ag, Pt, Pd) have been prepared by galvanic reactions
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Fig. 4 (a) SEM image of Ag particles deposited on the diamond
crystals during annealing in air at 750 °C. All diamond crystals having a
cuboctahedral shape show Ag particles deposited on the {100} and
{111} diamond planes. (b) Higher-magnification SEM image of an octa-
hedral (111} diamond plane with deposited Ag particles. Many pyrami-
dal etch pits form on the {111} surface.

between Cu,O and different metal salts or upon photo-
irradiation.’® It was shown that the {111} surface of Cu,O is
much more facile to be reduced than the {110} and {100} sur-
faces. Using selective deposition, certain facets of TiO, were
covered by Pt (ref. 12), Ag (ref. 13) and CdS (ref. 14) nano-
particles. It was found that Pt, PtNi and PtCo tips grow selec-
tively on CdS nanorods."” An “inverse” system has also been
obtained: ZnO nanoparticles were deposited on the surface of
metallic silver."®

Selective deposition of Pt, Pd and Au nanoparticles on the
surface of boron-doped polycrystalline diamond has been de-
scribed in ref. 17. The deposition was conducted using an
electrochemical method and from a nanoparticle-containing
solution. The surface of diamond was subjected to treatment
by hydrogen plasma and UV/ozone prior to deposition."®

The morphological features of the selective growth of silver
particles on certain facets of diamond crystals observed in
this work have similarities with the systems described above.
However, there are also significant differences. Firstly, the
previously known methods of selective deposition of particles

This journal is © The Royal Society of Chemistry 2016
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are based on the liquid-phase processes. In the present work,
the deposition of silver on the {100} facets of diamond oc-
curred while both components were remaining in the solid
state. Indeed, the annealing temperature of the silver-dia-
mond mixtures was much lower than the melting point of sil-
ver (T = 952 °C). Secondly, silver does not form carbides and
there is virtually no mutual solubility in the Ag-C (graphite,
amorphous carbon, diamond) system. Nonetheless, it was
found that the growth of the silver particles of the {100} facets
of diamond is accompanied by the formation of CO, gas.

An explanation of the selective growth of metallic particles
on the facets of semiconducting crystals that is frequently
provided is based on the difference in the surface energies of
different facets of the crystal.'®"” The selective growth of sil-
ver on diamond could have been explained in the same way.
It is known that the surface energy of the {100} facets of dia-
mond is substantially higher than that of the {111} facets."®
If this energy-based explanation had been valid, similar selec-
tive deposition patterns of silver particles on the {100} facets
of diamond would have been observed in experiments
conducted under different atmospheres, i.e. no dependence
of the selective deposition effect on the composition of the
atmosphere would have been detected. However, our experi-
ments have shown that during annealing of silver-diamond
mixtures under hydrogen or argon atmosphere (Fig. S6t), no
particle growth is observed on any diamond facet. This points
to a specific role of oxygen in the process of selective deposi-
tion of silver on the {100} facets of diamond. Unfortunately,
until now, the exact mechanism of diffusion of silver along
the diamond surface in the presence of oxygen has not been
elucidated, and investigations of the diamond-oxygen system
are still continuing. It has been proven that the (111) facet is
more reactive in the interaction with oxygen than the (100)
facet.” During oxidation, the non-diamond carbon is removed
from the (111) diamond facet faster than from the (100) facet.
Recent experimental studies and theoretical calculations of
the interaction of diamond with thermally activated and
atomic oxygen confirmed the difference in the reactivity of
the (111) and (100) diamond facets.’ In addition, it was
found that the (100) surface, fully covered with ketones, is in-
ert to carbon removal upon exposure to oxygen. The influ-
ence of oxygen on the selective deposition of metals on dia-
mond facets was demonstrated in ref. 17b. The diamond
crystals were subjected to ozone treatment for 10 s, and in
contrast to our results, gold nanoparticles selectively depos-
ited from a solution on the octahedral (111) facets of dia-
mond. After treatment for 40-60 s, the gold nanoparticles de-
posited on the (100) facets as well. The effect of ozone
treatment on the selective adsorption of gold nanoparticles
on the treated diamond surface was explained by the removal
of the non-diamond carbon layer prevailing for short treat-
ment durations and oxidation of the diamond surface pre-
vailing for long treatment durations.

In ref. 19, the etching process of diamond-like carbon
(DLC) films by cold oxygen plasma in the presence of silver
nanoparticles was studied. In contrast to our observations,
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which showed that in the presence of silver, etching of dia-
mond occurs, DLC films were more wear resistant to etching
when a greater number of silver nanoparticles were deposited
on their surface. The authors suggested that silver nano-
particles present on the DLC films prevented the reaction of
oxygen with carbon due to a higher reaction affinity of silver
to oxygen atoms forming a silver oxide layer on the DLC sur-
face under irradiation by the oxygen plasma.

Structural investigations of an amorphous carbon film
containing silver nanoparticles in the presence of atomic oxy-
gen showed that the diffusion rate of silver increases when
the film is UV-irradiated.”® The authors explained this effect
by an increase in the concentration of the sp> carbon on the
film surface.

The specific role of oxygen in the behavior of the Ag-C sys-
tem is presented in ref. 21. It was shown that during
annealing of mono- and multilayer graphenes, on which sil-
ver nanoparticles were deposited, a silver nanoparticle lo-
cated at a graphene edge catalyzed the oxidation of neighbor-
ing carbon atoms, thereby burning a trench into the
graphene layer. It is likely that the etching mechanism of the
{100} facets by the growing silver particles observed in the
present work is similar to that operating during catalytic oxi-
dation of graphene.

The analysis of the literature data presented above shows
that during interaction with oxygen, diamond facets with dif-
ferent indices develop different morphological characteristics
and show different chemical compositions (in terms of the
presence of functional groups) and structures (in terms of
the presence of a non-diamond carbon layer). All these fac-
tors can affect the process of selective deposition of silver
particles on the diamond surface during oxidative annealing
demonstrated in this work. In order to unambiguously deter-
mine the reasons of the selective deposition of silver on the
(100) facets of diamond, further investigations should be
conducted, and answers to the following questions should be
found:

How does silver from a separate particle diffuse across the
surface of a diamond crystal to be deposited on its {100}
facets?

Does the defect structure of diamond influence the selec-
tive deposition process? Can a possible difference in the
charge state of different facets of diamond (ref. 22) influence
the localization of the deposited silver?

What is the role of oxygen in the growth of silver parti-
cles? The effect of oxygen on both the surface structure/prop-
erties of different diamond facets and the charge state of sil-
ver particles should be elaborated.

The observed selective deposition of silver particles on the
{100} facets of diamond can be used directly for the prepara-
tion of silver-diamond functional materials. Furthermore,
conclusions derived from this study can be extended to other
systems composed of non-metal micrometer-sized crystals
and metal or alloy particles, for which annealing under differ-
ent atmospheres can tailor the deposition selectivity of metal-
lic particles onto the surface of the microcrystals.

CrystEngComm, 2016, 18, 7430-7434 | 7433
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In summary, we have shown for the first time that

annealing of silver-synthetic diamond mixtures in air or oxy-
gen results in the selective growth of silver particles on the
{100} facets of diamond, while no growth is observed on the
{111} facets. Due to simplicity and high facet selectivity,
annealing-assisted deposition of particles on certain facets of
micrometer-sized diamond crystals can be suggested as a ver-
satile method for the preparation of different diamond-
containing heterostructures.
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