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Abstract

Chemically modified microcrystalline diamond sur-
faces have been prepared and investigated on the
basis of thermodesorption measurements, X-ray
diffraction and X-ray photoemission spectroscopy.
X-ray investigations and SEM-images show that the
synthesized diamond powder consists of pure carbon
crystals of cubic modification with unbroken facets.
Investigation of acidic functional groups, having
different oxygen content and bound on the diamond
surface by an oxidizing process, was carried out
by the method of neutralization with different alka-
line reagents. It has been shown that the concentra-
tion of the groups neutralized by each reagent
decreases as the temperature of the heat treatment
during preparation is raised. Under thermal treat-
ment, the oxy- functional groups decompose at
T>600°C, leaving a hydrogen terminated diamond
surface. Hydrogen desorbs at T>1000°C, thus
generating an atomically clean surface, such as is
required for direct bonding of the nano- and micro-
crystals during sintering.

Gegenstand der vorliegenden Verdffentlichung ist
die Synthese von Diamantpuder, sowie dessen chemis-
che Reinigung und Modifikation der Oberfliche.
Chemisch modifizierte mikrokristalline Diamant-
oberflichen wurden prdpariert und auf der Basis von
Thermodesorptionsmessungen, Rontgenbeugung und
Rontgen-Photoemissionsspektroskopie untersucht. Die
Rontgenuntersuchungen und rasterelektronenmikro-
skopische Aufnahmen zeigen, daf die synthetisierten
Puder aus reinen Kohlenstoffkristallen kubischer
Modifikation mit ungebrochenen Facetten bestehen.
Mit Hilfe der Neutralisationsmethode wurde das Ver-
halten saurer funktionaler Gruppen mit unter-
schiedlichem Sauerstoffgehalt, die durch einen
Oxidationsprozefs an der Diamantoberfliche gebunden
wurden, unter Verwendung unterschiedlicher alkali-
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scher Reagenzien untersucht. Es wurde gezeigt, dafy
die Konzentration der Gruppen fiir jede der verwen-
deten alkalischen Reagenzien mit zunehmender
Temperatur bei der Warmebehandlung abnimmt. Durch
die Wirmebehandlung zersetzen sich die funk-
tionalen Gruppen bei T>600°C und hinterlassen eine
mit Wasserstoff terminierte Oberfliche. Der Wasser-
stoff desorbiert bei T>1000°C and erzeugt so eine
atomar reine Oberfliche, die fiir die direkte chemi-
sche Bindung der Nano- und Mikrokristalle beim
Sintern erforderlich ist.

Introduction

Due to its extreme physical properties, diamond is
an attractive material for a broad range of appli-
cations that include high power, high temperature
electronics and optical and superhard mechanical
components.

Use of natural or synthetic diamond has already
resulted in considerable progress towards the fab-
rication of discrete electronic devices.! High mate-
rials cost and device integration problems, however,
limit single crystalline bulk diamond to very
selected applications. A possible alternative, for
some applications, is presented by polycrystalline
diamond films? already employed as heat spreaders
for the effective operation of high power semicon-
ducter lasers. These films, made by chemical vapor
deposition (CVD) posess a unique structure that is
polycrystalline in nature but with some degree of
orientation. However, these films are more expen-
sive than such optical materials as zinc selenide
and sapphire and have a very limited application.
Because the production of diamond powder is
already a relatively cheap high volume technology,
the fabrication of bulk diamond ceramics may
became an attractive solution to the problem.
However, there are a number of technological
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difficulties to overcome. Surface graphitization of
the microcrystals during sintering is one example.
In this work, the surface properties of chemically
modified microcrystalline diamonds have been
investigated. The surface phenomena, which are
determined by the composition, structure and
reactivity of the functional groups on the diamond
surface are of great interest for the synthesis of
diamond ceramics. Various functional groups
have been added to the crystallite surface to mini-
mize, and possibly avoid graphitization at the sur-
face during the ceramic sintering process. The
surface condition critically affects interfacial bond-
ing between adjacent grains and, hence, the mech-
anical properties of the ceramic material itself.

There are several reasons for the uncommon
occurrence of diamond:**

—the entropy of diamond is less than the

entropy of graphite by 0-78 cal/Kmol,

—a large activation energy barrier exists
between graphite and diamond, which pre-
vents even small particles from forming at
room temperature under equilibrium condi-
tions. The density of diamond (3-51 g/cm?) is
significantly higher than that of graphite.
Therefore the former becomes the equilib-
rium form of carbon only at high pressure.

These facts certainly also apply to the forma-
tion of the nano- and microcrystalline diamonds
used in this study.

Figure 1 displays the phase diagram of carbon,
summarizing the different experimental routes for
diamond synthesis, and the phase separating lines,
a, b, c.

Although diamond would be the stable phase at
room temperature at a pressure of 2 GPa, it does
not form under these conditions, primarily due to
the extremely low kinetics of the process. Bulk
diamond grows from graphite only when the tem-
perature increases to at least several hundred
degrees, or in the presence of a catalyst like molten
nickel or manganese, with P>6 GPa and 7>1200°C.
The difficulties of diamond formation are largely
due to the high thermodynamic stability of the
graphitic planes, melting above 4000 K.> Thus the
transformation from the planar sp’-structure to
the three-dimensional sp’-network accounts for
the required high temperature and pressure.

Experimental

In this work, microcrystalline diamond has been
synthesized from doped graphite, employing the
spontaneous crystallization method under high
static pressure corresponding to zone 1 of Fig. 1.
Crystal growth was carried out in an apparatus of
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Fig. 1. P-T phase diagram of carbon. Experimental methods
of diamond synthesis: (1) Statical method. (2) Dynamical
method. (3) The method of the graphite-diamond direct
Jjunction at the statical conditions. (4) High-temperature syn-
thesis using the detonation wave. (5) Epitaxial method.
(6) The melt-solution method (from graphite). (7) Graphite
Longsdailit direct junction at the statical conditions.
(8) Direct synthesis from the elementary carbon and organical
combinations. Phase separating lines: (a) Graphite-diamond,
graphite-liquid. (b) Metastable graphite. (c) Diamond-liquid.
(d) Diamond — metallic carbon. (e) Metallic carbon-liquid.

the anvil type. Growth conditions were as follows:
pressure 4-5 GPa, temperature 1200°C. The
Mn-Ni system has been used as the catalytic
agent. The catalyst dissolves carbon from the
graphitic phase, which then precipitates the
‘allotropic’ stable phase under equilibrium condi-
tions, where diamond is formed. A defined size of
the diamond particles can be achieved by control-
ling the duration of the process, usually around 2
min. Subsequently, the samples have been purified
and classified by their grain size. Impurities from
the metallic catalyst and graphitic fragments have
been removed in a boiling acidic solution of
H,SO,+ CrO,;.The surface of the microcrystals
finally has been purified by boiling in a concen-
trated HCIO, solution, which also forms the
highly reactive oxygen groups on the surface of
the microcrystals.

Diamond has a very high surface energy result-
ing in modified bonding properties upon exposure
to chemically reactive species. To minimize the
surface free energy, so-called functional groups
are formed on the surface, which are strongly
bonded to the outer carbon surface atoms. The
removal (disposal) of the oxy-functional groups
obtained is feasible at relatively high temperatures
only. The products of their decay should be in this
case CO and CO, that means the graphitization
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of the diamond surface. Boehm and Suppok show5’
that the concentration of the oxy-functional
groups is strongly dependent on the oxidizing tem-
perature (by using gas-phase oxidation) and oxi-
dizing reagent (by chemical treatment). Oxygen
gives rise to different oxy-functional groups (see
Fig. 2(b)) which affect the chemical activity of the
diamond surface differently. Because of this, there
is opportunity to control the colloid-chemical
properties of the diamond by the modification of
the oxy-functional groups. The formation of the
different oxy-functional groups and their modifi-
cation by temperature treatment was investigated
in the present work. As outlined above, oxidation
of the crystals in concentrated HCIO, solution is
the final preparation step of the diamond powder,

resulting in the formation of oxy-functional

groups on the surface. According to the standard
modern chemical structural model diamond con-
sists of the skeleton and surface functional groups
(see Fig. 2(a) and 2(b) respectively). The applica-
tion of alkali neutralization to the oxy-functional
groups on the diamond surface after boiling in
HCIO, solution shows an acidic reaction. Conse-
quently the bonding of definite functional groups
by oxidizing reactions has been investigated in
order to find a method to adjust the surface con-
ditions of the crystallites. As object under study,
natural and synthesized diamond powder with
crystallite sizes up to 14 um were considered. The
oxidizing process of the diamond samples was
established in the boiling HCIO, solutions or from
the gas phase using oxygen. Duration of the boil-
ing in acid was 2 h. The concentration of the
oxy-functional groups on the diamond surfaces
has been determined via the titration method by
neutralization with NaHCO,;, Na,CO,, NaOH
and NaOC,H; in a 0.05 mol solution. The specific
surface area of the material ranges from 30 m%g to
1 m%g.
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Fig. 2. (a) Structure of diamond skeleton. (b) Surface of
diamond, functional groups: I carbonyl; II carboxyl; III
lactonic; IV tertiary alcohol; V ether groups.

Results and Discussion

Figure 3 displays a scanning electron microscopic
(SEM) image of the microcystalline material
under study. The size of the crystals ranges from
below 1 to 14 um and crystal surfaces are undis-
torted.

The crystallographic properties of the synthe-
sized diamond samples were investigated by X-ray
diffraction (XRD). Figure 4 shows the X-ray
diffraction pattern of the powder. CoKa-radiation
has been used for excitation. The pattern shows
the typical diamond structure. No other, i.e.
graphitic modification has been observed. The con-
centration of the different functional groups bound
on the diamond surface due to the oxidizing pro-
cess was investigated and is shown in Table 1. The
selective neutralization of these groups, having
different oxygen contents, was carried out by the
use of NaHCO;, Na,CO;, NaOH and NaOC,H;
0.05 mol solutions. Neutralization through the
NaHCO; solution occurs due to the presence of
the strong acidic carboxyl group, as indicated in
Fig. 2(b), case II. For NaOC,H;, neutralization at
the surface occurs due to both the strong acidic
groups and the weak hydroxyl groups, as indi-
cated in Fig. 2(b), case IV. Na,CO, and NaOH
account for another type of neutralization than
the strong or weak acidic groups. With increasing
temperature during sample treatment (boiling in
the acids or oxidizing in dry oxygen atmosphere at
T=100-570°C) the amount of neutralized func-
tional groups decreases, as indicated in Table 1.
To estimate the concentration and structure of the
functional groups, thermodesorption and X-ray
photoelectron spectroscopy of the crystals have
been used.

Thermodesorption experiments have been per-
formed under He-flow at a pressure of 0-1-0-15
MPa at a flow rate of 0-4-0-6 cm?/s by slow ramp-
ing up of the temperature. Thermodesorption
spectra are displayed in Fig. 5. Typically, CO and
CO, from the thermally decomposing oxy-func-
tional groups desorb at a temperature of
500-600°C. This leaves a hydrogen terminated
diamond surface in this range of temperature.
Desorption of hydrogen from the surface is
observed at a temperature of 1000°C, generating
finally an atomically clean diamond surface. The
thermal decomposition of the oxy-functional
groups is described by the following reactions:

C(OH)-C(H) +CO and C(OOH)—»>C(H) +COy;

and results in the emission of CO and CO,,

respectively and hydrogenation of the surface.
The data in Fig. 5 also indicate that oxidation

in hot HCIO, solution is more effective than
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(b)

Fig. 3. SEM image of the diamond powder.

oxidation in a dry oxygen atmosphere at 7=400°C.
For the estimation of the desorption energy E of
CO and CO, the approximation of the maximum
in the linear program-simulated thermodesorption
spectrum was used. Taking into account the
approximation restrictions® the energy of the
activation reactions of thermodesorption from
the diamond surface is found as following:
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Fig. 4. XRD spectrum of the diamond powder (CoKa).

E¢0,=230-260 kJ/mol and E,=230-290 kJ/mol.

The findings from the thermodesorption experi-
ments are corroborated by X-ray photoemission
spectroscopy (XPS) with the resulting spectra
shown in Fig. 6. This surface sensitive method
provides information on the chemical bonding
state, degree of coverage and chemical composi-
tion.

Data have been recorded with the ESCALAB-5
installation, using AlKa- radiation for photoelec-
tron excitation and the constant energy mode of
the energy analyzer.

The complete spectra (not shown) reveal an
impurity level at the diamond surface of approxi-
mately 1 at% or less. Figure 6, finally, shows the
oxygen ls XPS-peak, centered at a binding energy
of 531-6 eV, upon exposure of the diamond crystal
to treatment in HCIO, solution. For comparison,
also the spectrum upon treatment in He-atmo-
sphere at 800°C is shown. The acidic treatment of
the diamond surfaces results in a very broad
Ols-peak, extending up to a binding energy of 537
eV. The unusual broadening is attributed to the
presence of various species of the oxy-functional
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Table 1. Concentration of oxy-functional groups on the diamond surfaces after oxidation, determined using different alkaline
reagents for neutralization

Temperature of

Concentration of oxy-functional groups (mg-equiv/im’)

sample treatment

(°C) NaHCO;, Na,CO, NaOH NaOC,H;
100 227 442 475
220 1-56 3.59 3.81
350 091 234 262
570 01 0-45 0-55

groups on the surface, as illustrated in Fig. 2. Not
shown is the carbon ls-peak, since only a very
small chemical shift has been observed. Taking
into account the total peak area of the carbon and
oxygen ls-levels and normalization to the respec-
tive photo-ionization cross-sections, the concentra-
tion ratio between oxygen and carbon is estimated
to be 0-1.

For estimation following equation was used:

Co/Cc= [T(Ols) o(C15))/[T(Cls) o(Ols)];

where:

Co — oxygen atoms concentration;

C: — carbon atoms concentration;

T — total area peak;

o — photo-ionization cross-section of electronic

level.

o(Cls)/a(Ols) = 0-36 then yields [Col[C] = 0-10.

The ratio [Cp)/[Cc] =0-1 corresponds to one
monolayer coverage of the surface (approximately
one atom of oxygen per one atom of carbon).

These data are in a good agreement with the
thermodesorption data.

Concluding Remarks

The formation of nanosized diamond powders by
the statical method under the conditions men-
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Fig. 5. Thermodesorption spectra of diamond powder CO (a)
and CO, (b). (1) Sample after oxidizing in HCIO,. (2) Sample
after oxidizing in O, atmosphere at 7=400°C, duration 30 min.
(3) Treatment in He, at T7=800°C, then in environmental
atmosphere at 7=20°C.

tioned above is satisfactorily stable. The result of
the interaction between the atomically-clean dia-
mond surface and the low-molecular compounds
is the formation of functional groups. The removal
of the oxy-functional groups obtained is possible
only at high temperatures. Because the products
of their decay should be CO and CO, the decay
could be accompanied by the destruction of the
diamond skeleton too. The reactivity of the sur-
face functional groups is especially important for
the synthesis of diamond ceramics. Consequently
the bonding of definite functional groups by oxi-
dizing reactions has been investigated in order to
find a method to adjust the surface conditions of
the crystallites. It was shown that the formation
process of the oxy-functional groups was strongly
dependent on the oxidizing reagent and was a
function of temperature. As the temperature dur-
ing treatment rises the concentration of the dia-
mond oxy-functional groups neutralized by each
investigated reagent decreased. The highest den-
sity of free bonds of the diamond surface was
demonstrated for the HCIOQ, treatment. The XPS
investigations show the ratio [Cy)/[(C]=0.10,
which corresponds to one monolayer coverage of
the diamond surface. The energy of the activation
reactions of thermodesorption from the diamond
was found as following: E-q,= 230-260 kJ/mol
and Eqg= 230-290 kJ/mol.
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Fig. 6. XPS spectra of diamond surface: (a) Cls, (b) Ols.
(1) after treatment in HCIO,. (2) after treatment in He
atmosphere at 7=800°C.
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