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a  b  s  t  r  a  c  t

The  thermal  property  of  an as-synthesized  black  powder,  a detonation  nanodiamond  (DND)  product,
was  first  analyzed,  followed  by thermal  oxidation  to modify  its surface.  During  the  thermal  treatment,
the  non-diamond  carbonaceous  shell  of  the black  powder  was  oxidized,  with  the  likelihood  of  forming
a  C–O–C bonding  between  carbon  atoms  on  the particle  surface.  This  new  structure  may  rupture  with
eywords:
hermal oxidation
iamond
anoparticle
urface property

intensified  oxidation  through  increasing  the  heating  temperature  and  prolonging  the  process  duration.
As  more  oxygen-containing  functional  groups  form  on  the particle  surface,  the  particle  surface  becomes
negatively  charged,  and  the powder  turns  to  be more  hydrophilic.

© 2011 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of
 Sciences. Published by Elsevier B.V. All rights reserved.
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. Introduction

Using high explosives, e.g. TNT (trinitrotoluene) and RDX
cyclotrimethylenetrinitramine), as the carbon source and high
ressure wave generators, nanodiamond particles can be pre-
ared using the detonation technique (Danilenko, 2004; Dolmatov,
eretennikova, Marchukov, & Sushchev, 2004; Mironova, Petrov,

 Koretz, 2003; Sakovich, Komarov, & Petrov, 2002; Staver,
yamkin, Gubareva, & Petrov, 1984). Such detonation product
detonation soot), collected from the reaction chamber, is gener-
lly purified with hydrochloric acid to remove metal impurities,
nd a black powder, referred in this paper as DND-b (deto-
ation nanodiamond-black powder) can thereupon be prepared
Dolmatov, 2001; Gubarevich, Kostyukova, Sataeva, & Fomnina,
991). It is reported that DND-b possesses a shell–core structure,
amely, the crystallite is composed of a core of cubic diamond and a
hell of graphite and amorphous carbon, together with some islets
f metal and metal oxides in the amorphous carbon (Aleksenskii,
aidakova, Vul’, & Siklitskii, 1999). Chemical approaches such as
cidic oxidation (Aleksenskii, Yagovkina, & Vul’, 2004; Kulakova,
004; Kuznetsov et al., 1991; Lyamkin et al., 1988) have been

sed to purify DND-b to remove the non-diamond phases. After
xidation, a gray powder (DND-g, detonation nanodiamond-gray
owder) with a mean diameter of diamond crystallites of 4–5 nm

∗ Corresponding author at: School of Minerals Processing and Bioengineering,
entral South University, Changsha 410083, China.
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an be obtained (Krüger et al., 2005; Shenderova, Zhirnov, &
renner, 2002).

Thermal treatment in an inert environment has been used
or surface graphitization of detonation nanodiamond (Butenko
t al., 2000). Some novel approaches have been designed for DND
urification and surface functionalization, e.g. high-temperature
reatment in hydrogen (H2, NH3) and chlorine-containing gaseous
nvironment (Cl2, CCl4) (Spitsyn et al., 2006), while surface oxida-
ion effect has as well been investigated (Cataldo & Koscheev, 2003).
n increase of nanodiamond crystal size was observed after the
owder was  selectively oxidized at 430 ◦C in a closed tube furnace

n static air at atmospheric pressure (Kuznetsov, Chuvilin, Butenko,
al’kov, & Titov, 1994).
C–O–C bonding may  take place between adjacent crystallites

nd primary particles, which may  be one of the main mecha-
isms for the formation of hard aggregates (Dolmatov, 2001; Xu

 Xue, 2007). The oxidation approach might be used to destroy
he C–O–C bonding, aimed at restricting hard aggregate. Accord-
ng to a surface thermal treatment technique proposed by Xu and
ue (2007),  DND-g was  heated at 1273.15 K in an N2 environ-
ent for surface graphitization, followed by oxidizing the sample at

23 K. Using this method the dispersion property of the powder in
queous medium can be considerably improved. Oxidation of com-
ercial DND products in air at 350–450 ◦C was found to achieve

igh sedimentation stability of DND hydrosols (Shenderova et al.,

006). Thermogravimetric analysis and in situ Raman spectroscopy
evealed a narrow temperature range of 400–430 ◦C in which the
xidation of sp2-bonded carbon could occur with no or minimal
oss of diamond, and the sp3/sp2 ratio could be increased by up

ngineering, Chinese Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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range of 900–950 K, during which, almost all the carbonous
materials in DND-b, including diamond, graphite and amorphous
carbon, are oxidized. Two exothermal peaks located at 849.91 and
895.33 K were observed, which may  correspond to the oxidation
40 X. Xu, Z. Yu / Particu

o 2 orders of magnitude after the oxidation, thus preparing high
urity 5-nm nanodiamond particles covered by oxygen-containing
urface functional groups (Osswald, Yushin, Mochalin, Kucheyev, &
ogotsi, 2006).

Since surface functional groups vary with oxidation parame-
ers, the intensity and composition of the surface groups could
e adjusted with surface oxidation measures, thus modifying the
ehavior of particles in solution, for example, in our previous
pproach to treat DND-g to become more hydrophilic thus improv-
ng the dispersion of the sample (Xu, Yu, Zhu, & Wang, 2005).

As a result of the analysis of the oxidation process, a direct ther-
al  treatment was introduced to treat DND-b within a selected

emperature range of surface oxidation. The variation of surface
unctional groups and the corresponding influence on particle
roperties were thus investigated.

. Experimental

DND-b powder in this study was purchased from Jinshi Nano-
aterial Co., Gansu, China. This black sample is an unoxidized

etonation product from a mixture of TNT and RDX with a mass
atio of 1:1, while water was used as the protecting medium. Muf-
e furnace SX2-5-11 with a rated power of 5000 W and a rated
emperature of 1373.15 K was used for thermal oxidation treat-

ent, and the ramp rate was adjusted as 10 K/min. DND-b sample
0.5 g) was heated in the furnace in a 100 mL  crucible to some set
emperature and after standing for some time was cooled down.
hereafter, FTIR, XRD and XPS analyses were carried out, while the
urface electronic property and particle dispersion behavior were
nvestigated. For each condition, several samples were treated to
btain enough powder for further analysis and dispersion tests.

Using a thermal analysis system SDT 2960 (TA Instruments,
SA), differential thermal analysis and thermal gravimetric analy-

is (DTA–TGA) were carried out in ambient air. The sample was
eated from room temperature to 1273.15 K at a ramp rate of
0 K/min. The crystal structure of samples was studied using a
iffractometer D/max-rA (Rigaku, Japan) with Cu K� as the X-ray
� = 0.15418 nm)  radiation source.

FTIR was used for surface functional group analysis. Absorption
ntensity data were recorded in the spectral range 4000–400 cm−1

sing Nexus 470 (Thermo Nicolet, USA), and the samples were
repared using the standard technique of KBr-pellet. X-ray pho-
oelectron spectroscopy (XPS) was used for analysis of chemical
omposition and binding status of surface elements. Measurements
ere performed on a VG-Escalab 220i spectrometer (VG Company,
K) with Al K� radiation (1486.7 eV) as X-ray excitation source and
ith constant analyzer energy of 40 eV and power of 300 W,  and
ith analysis chamber vacuum of 3 × 10−9 mbar.

Zetasizer3000HS (Malvern Inc., UK) was adopted for photon
orrelation spectroscopy (PCS) analysis on particle size distribu-
ion (PSD) and surface zeta (�) potential. He–Ne radiation source
� = 633 nm)  was used and the angle of incident was fixed as 90◦.
he pH value of the aqueous medium was adjusted with hydrochlo-
ic acid and sodium hydroxide.

. Results and discussion

.1. Thermal property of original DND-b

Result of DTA–TG analysis of DND-b are shown in Fig. 1. The

eight loss of the sample can be roughly classified as three stages:

Dewatering stage. Along with increasing surrounding tempera-
ture, the adsorbed water was removed at temperature ranging

F
t

Fig. 1. DTA–TGA thermogram of original DND-b powder.

from 300 K to a little over 373 K, and at 400 K, the weight loss
amounts to 5.05%.
Surface oxidation stage. After removal of adsorbed water, weight
loss continues, amounting to 4.25% in the range of 500–700 K.
This weight loss is seen as a weak exothermal peak centered at
577.69 K, which may  be attributed to decomposition of surface
functional groups of DND-b.
Bulk oxidation stage. A fast and drastic loss in weight started
when the temperature reached an initial bulk oxidation tem-
perature (around 800 K). This process lasts until a temperature
ig. 2. XRD patterns for DND-b during thermal treatment (top) and visual observa-
ion  of DND-b heated at 773 K (bottom).
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of graphite and diamond, respectively. After the thermal treat-
ment process, the powder was totally oxidized while the weight
loss reached 100%.

According to the above thermal analysis, to achieve surface oxi-
ation while avoiding drastic loss in powder weight, namely bulk
xidation, the highest heating temperature was set to be 773 K, a
ittle lower than the initial bulk oxidation temperature, and higher
han the decomposition temperature of 577.69 K.
.2. Transformation of crystal structure

Transitions of crystal structure can be observed from XRD pat-
erns of DND-b amid the thermal treatment process, as shown in

C
S
i
i

Fig. 3. FTIR spectra of DND-b dur
10 (2012) 339– 344 341

ig. 2. For original sample and the sample heated at 773 K for 30 min,
 strong diffuse diffraction peak can be observed at 2� angle of
6◦, showing that, when heated at 773 K for 30 min, the oxidation
f graphite and amorphous carbon in DND-b was quite limited,
hereas with prolonging heating duration from 30 to 480 min,

ntensity of the diffuse diffraction peak was  gradually weakened,
nd even disappearing after 480 min  of thermal treatment, while
he main characteristic patterns are of cubic diamond structure.

eanwhile, some carbonate, oxide and even metal, such as CaCO3,

uO and Fe2O3, appeared, and, according to calculation using the
cherrer formula, the crystallite of such impurities is quite small,
ndicating that, there is some sub-nano carboxide, oxide and metal
n DND-b, species surrounded by amorphous carbon shell before

ing the thermal treatment.
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hermal treatment, and with the oxidation and removal of amor-
hous carbon and graphite, the diffraction peaks of impurities
ppeared and the crystal structure can even be more distinguish-
ble.

The appearance of the powder shows that, after heat treatment
t 773 K for 30 min, the powder is still black, indicating that the
xidation of graphite shell is not complete, and, with prolonging
uration of thermal treatment, the color turns to be increasingly

ighter. After heat treatment for 120, 240, 360 and 480 min  (Fig. 2,
ottom), the color of the sample turns to dark gray, gray, light
ray and earth yellow, respectively, indicating that the shell struc-
ure may  have been oxidized thus exposing the inner core of
iamond.

.3. Alteration of surface properties

.3.1. FTIR spectra
Compared to the original powder, the sample heated at 573 K

hows no change in FTIR spectra, as their curves are almost super-
osable (Fig. 3(A) and (B)). When treated at 773 K, intensity of the

bsorption peak at 1270 cm−1 was first strengthened (Fig. 3(B)),
hich may  be attributed to C–O–C stretching vibration, indicating

hat a C–O–C bonding had formed during the heating process. Yet,
hen the heating process was further prolonged, this peak would

a
w

c

ig. 5. XPS spectra of (a) original DND-b and (b) sample heated at 773 K for 30 min. (A) W
espectively for C(1s), O(1s) and N(1s) signals.
ig. 4. �-pH curves of original DND-b (298 K) and DND-b samples after thermal
reatment at 573 K, 673 K and 773 K for 30 min.
gain be weakened (Fig. 3(C)), showing that the C–O–C bonding
as again ruptured with intensified oxidation.

Absorption bands near 1457 cm−1 and 875 cm−1, which may
orrespond to the absorption of inorganic ions such as CO2−,

ide-scan survey spectra for all elements, and (B)–(D) are high-resolution spectra
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Table  1
Atom percentage of main elements (C, O and N) on DND-b before and after thermal
treatment.

Element Atom percentage

Original sample Heated at 773 K for 30 min

C 92.826 88.845
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O 3.966 9.156
N 2.244 1.589

ppeared and became strengthened with prolonged thermal treat-
ent, showing that the ambient oxygen may  react with the carbon

toms, metal and metal oxide on DND-b to form the carbonate
tructure. The signal at 1385 cm−1 was intensified after heat treat-
ent at 773 K from 30 to 480 min, possibly due to the increase of

itro groups.

.3.2. �-Potential of DND-b in aqueous medium
Before thermal treatment (at 298 K), the original DND-b is

hown in Fig. 4 to be positively charged throughout the whole pH
ange. This phenomenon may  be attributed to the composition of
urface species. As there are some metals or metal oxides on DND-b
urface, hydrolysis of these species may  yield more cations on the
article surface.

After heat treatment for 30 min  at 573 K, a temperature slightly
ower than the decomposition temperature of surface functional
roups, the �-pH curve of the sample overlaps the original curve
t low pH values of 2–4. For pH range above 4, the �-potential
eclined significantly, and when pH value is above 8.5, DND-b
urns to be negatively charged, with the largest �-potential dif-
erence between these two samples of over 40 mV.  The change of
urface electric potential is attributed to the hydrolysis of increased
xygen-containing groups on particle surface.

Further, after treatment at 673 K, even greater shift can be
bserved, that is, the �-potential is further markedly reduced, with
he largest �-potential difference between this sample and the orig-
nal one amounting to be over 70 mV,  thus further testifying to the
xidation effect on particle surface.

For the sample treated at 773 K, the �-pH curve is similar to
hat at 673 K, indicating that the oxidation is further intensified, as
he variation in intensity and species of surface groups after heat
reatment at 673 K is not so fierce.

.3.3. Surface chemical analysis of DND-b powder
Table 1 compares the main elements (C, O and N) on the surface

f the original DND-b powder and after the powder was treated at
73 K for 30 min, showing that oxygen had increased from 3.966%
o 9.156%.

Fig. 5(A) shows the XPS survey spectra for the original sam-
le (spectrum (a)) and the powder heated at 773 K for 30 min
spectrum (b)). A remarkable difference in the intensity of oxygen
ndicates the strong oxidation on the particle surface.

According to the C(1s) XPS spectrum for original DND-b
Fig. 5(B)), the binding energy peak is located at 284.8 eV, with a
ulge on the higher binding energy side, indicating that the main
hemical environment for carbon atom on DND-b are graphite and
urface carbon structure with a sp2 hybridized C–H bonding, and
hat there are as well diamond structure and surface carbon struc-
ure with a sp3 hybridized C–H bonding. After thermal treatment,
he bonding energy peak shifts from 284.8 to 286.8 eV, with an
ncrease of 2 eV, that is, more carbon atoms might have been con-

ected to oxygen-containing species, such as carbonyl, hydroxyl or
itro groups, or some oxygen-containing groups of a sp3 hybridized
tructure might have formed such as –C(O)–O–, C O, O–C O,
C–O–C–, –C(H2)–O–O–C–. Nevertheless, there is still a shoulder

s
a
p
h

ig. 6. Particle size distribution of powders before and after thermal treatments
top), and settlement of suspension of powders with and without thermal treat-

ents at 773 K (bottom).

eak of binding energy at 284.6 eV, showing that there is still some
p2 hybridized carbon, which may be attributed to the residue of
on-diamond carbon phase such as graphite after heat treatment
t 773 K for 30 min.

In the O(1s) XPS spectra shown in Fig. 5(C), the binding energy
eak shifts to 532.9 eV, with strengthened intensity, showing that

arge number of oxygen atoms have been adsorbed onto the DND-b
urface and reacted with the surface atoms. In the N(1s) XPS spec-
ra shown in Fig. 5(D), similar shift of N(1s) binding energy peak
s that of C(1s) can be observed, indicating the oxidation effect of
he amine groups. And, as a result, nitro groups, connected to car-
on atoms on particle surface (C–N–O bonding), can be formed, as
estified in corresponding change on FTIR spectra.

.4. Dispersion property of particles

Samples heated under different thermal treatment conditions
ere dispersed in water. The pH value of the suspension was

djusted to 8–9, within which range, the absolute �-potential of
he particle is comparatively high and the dispersion is relatively
table. Cumulative size distribution curves of particles are shown
n the top diagram of Fig. 6. Before thermal treatment, because
f the low polarity of graphite on particle surface, DND-b shows
oor dispersion behavior in aqueous medium, and the PSD is quite
ide, as most of the particles are larger than 1 �m in diameter.
ith increasing temperature and treatment duration, the disper-
ion property of the powder improved, and the mean size of the
ggregates declined significantly, with obvious increase of small
articles. The asymptotic decline of particle size with increasing
eating duration for 673 K (from curve (b) to (c)) and 773 K (from
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urve (d) to (f)) shows that the heating time is a key parameter
ffecting particle dispersion. Compared to 673 K, samples treated
t 773 K show better dispersion behavior. After heat treatment at
73 K for 240 min, the PSD curve is quite similar to that of the origi-
al one, and after treatment for 480 min, all particles can be reduced
o less than 1 �m.  By comparison, samples treated at 773 K show
maller granularity, particularly the increase of smaller particles
n the dispersed systems. According to the cumulative distribu-
ion curve, after 480 min  of heating at 773 K, more than 60% of the
ispersed particles are found to be smaller than 30 nm.

The bottom picture in Fig. 6 shows the suspension of powders
fter thermal oxidation at 773 K for different time durations. The
owders were added into the aqueous media to prepare a suspen-
ion with a concentration of 1%, ultrasonicated for 30 min, and then
aid to rest for 120 min. It can be seen from the photo that, with
rolonging heating time from 0 to 480 min, the color of the suspen-
ions turns from dark black (original sample) through black (sample
eated for 120 min), and gray (sample heated for 240 min), to light
ray (sample heated for 480 min), while the original powder settled
otally. Evidently the dispersion behavior can be improved with the
ncrease of heating time.

. Conclusions

The present study shows that, increase of surface oxygen-
ontaining groups for DND can be accomplished by direct
xidation, and that increase of acidic polar groups can strengthen
he electrostatic repulsion of particles, improve the hydrophilic-
ty of particles, and provide more active anchoring points for the
dsorption of surfactants, and improve the dispersion of particles.

At the initial stage of thermal oxidation, the main mechanism
f graphite oxidation may  be the rupture of C–C bonding in the
raphite shell. An oxo-bridge (C–O–C) may  form between adjacent
arbon atoms, as shown by FTIR analysis. With intensification of
xidation, the oxo-bridge (C–O–C) can be broken, and due to effect
f tension, the surface layer of carbon atoms would break from the
nner layer to be stripped off, thus accelerating the removal of the
raphite phase.

During thermal treatment, metal and metal compound may  be
xposed, which may  react with the surrounding carbon atoms,
ydroxyl or carbonyl groups to form metal oxide or carbonate.
hese impurities cannot be removed during thermal treatment, and
alls for further purification.
cknowledgements
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