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Abstract: The presence of large amounts of nondiamond carbon in detonation-synthesized nanodiamond
(ND) severely limits applications of this exciting nanomaterial. We report on a simple and environmentally
friendly route involving oxidation in air to selectively remove sp?-bonded carbon from ND. Thermogravimetric
analysis and in situ Raman spectroscopy shows that sp? and sp® carbon species oxidize with different
rates at 375—450 °C and reveals a narrow temperature range of 400—430 °C in which the oxidation of
sp?-bonded carbon occurs with no or minimal loss of diamond. X-ray absorption near-edge structure
spectroscopy detects an increase of up to 2 orders of magnitude in the sp®/sp? ratio after oxidation. The
content of up to 96% of sp3-bonded carbon in the oxidized samples is comparable to that found in
microcrystalline diamond and is unprecedented for ND powders. Transmission electron microscopy and
Fourier transform infrared spectroscopy studies show high purity 5-nm ND particles covered by oxygen-
containing surface functional groups. The surface functionalization can be controlled by subsequent
treatments (e.g., hydrogenization). In contrast to current purification techniques, the air oxidation process
does not require the use of toxic or aggressive chemicals, catalysts, or inhibitors and opens avenues for
numerous new applications of nanodiamond.

Introduction compatible, smooth, and wear-resistant coatings, it is the
nanodiamond powder that has the potential to achieve truly
widespread use on a scale comparable to that of CNTSs. In this

article, we use the term nanodiamond (ND) only for nanodia-

Attractive properties of fullerenes and carbon nanotubes
(CNTs) explored extensively in the past two decades have
triggered a new wave of experimental and theoretical studies . .
on all kinds of nanocarborig: Nanocrystalline diamond, a very mond powders pr_oduced by t_he dej'ton_atlon sy.nthe3|s._
promising carbon nanomaterial discovered in the early 1960s 1he average diamond particle size in a typical ND is only
in the former Soviet Union, has received much less attention, ~5~8 nm. Due to a large number of unsatisfied surface atoms
but the interest in it has been quickly increasing in the past few and alarge surface/volume ratio, ND exhibits a very high surface
years®4 Nanocrystalline diamond can be produced either as thin reactivity compared _to that (_Jf other carbon nanostructures_. A
films using chemical vapor deposition (CVD) techniques or as NeW wave of recent interest in ND stems from the expectation
powder by the detonation of carbon-containing explosives such that these nanocrystals might be able to combine an active
as trinitrotoluene (TNT) and hexogen in a steel chamber. Both Surface, featuring a variety of chemically reactive moieties, with
techniques have been the focus of several recent revis. the favorable properties of macroscopic diamonds, including

While nanodiamond filmfsare undoubtedly attractive as bio- their extreme hardness and Young’'s modulus, chemical stability,
biocompatibility, high thermal conductivity, and electrical
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resistivity, to name a few. Currently, ND is used in composite
material§ as an additive in cooling fluid®, lubricants!! and
electroplating bath$.Coarser (100 nm) fluorescent diamond
powders may replace quantum dots as fluorescent probes for
intracellular processéd. A large number of other potential
applications, including biocompatible composites, drug delivery,
stable catalyst support, chemically resistant chromatographic
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materials with a tailorable surface, transparent coatings for carbon onions, fullerenic shells, and graphite ribbons. The black color
optics? and others still remain under-explored. Most of these of the powder is related to the high content of sprbon. UD90 and
applications are hindered due to the current inability of the UD98 samples were prepared by different multistage acidic purifications
manufacturers to provide ND with well-controlled surface using nitric and sulfuric acids and mainly consist of nanodiamond
chemistry and the absence of a process that would achieve thigarticles and amor.phous cgrbon Q’able 1).' In gddmon facagbon,
control in a research laboratory. Simple calculations show that all powders contain metal impurities, mainly iron (Table 1), often
for ND particles with a diameter-less than 5 nm almost 20% of surrounded by carbon shells, as revealed by transmission electron
0 .

microsco TEM).
the total number of atoms are on the surface. With further Py ( )
decrease of particle size, this value drastically increases, andviethods

properties of ND crystals become mainly determined by their
surface. Oxidative purification was done under isothermal conditions using

a THM600 Linkam heating stage and a tube furnace and under

thesi ists of di d ticl di d nonisothermal conditions using a thermobalance (Perkin-Elmer TGA
SYntNesis consists of nanodiamond particies, nondiamon Car'?). Isothermal experiments included two steps: (i) rapid heating at 50

bon, as well as metals, metal oxides, and other impurities COMiNgoc/min to the selected temperature and (ii) isothermal oxidation for 5
from the detonation chamber or the explosives used. Thep, in ambient air at atmospheric pressure. The THM600 Linkam heating
purification treatment is the most complicated and expensive stage was calibrated by using the melting points of AgZD9 °C),
stage of the ND productich.Most producers employ wet tin (232 °C), KNO; (334 °C), and Ca(OH) (580 °C). In every case,
chemistry approaches to purify NDWhile these techniques the difference between the measured and expected melting point did
are widely used, they do not provide sufficient purity of ND not t_excee_d 2C. TGA analyse_s were conducted under a minimal
leading to the black or dark-gray color of commercially available ambient air flow of 40 mL/min in the temperature range between 25
ND powders. In addition, liquid-phase purification is not an and 800°C. A heating rate of 2C/min was chosen for all experiments.
environmentally friendly process and requires expensive cor- N

. - . . Characterization
rosion-resistant equipment and costly waste disposal processes.
Alternative dry chemistry approaches, including catalyst-assisted  Argon sorption analysis was done using Quantachrome Autosorb-1
oxidation®® oxidation using boric anhydride as an inhibitor of at —195.8°C. The BrunauerEmmet-Teller (BET) equatiot? was
diamond oxidatiort# and ozone-enriched air oxidatiéhalso used to evaluate the specific surface area (SSA) of ND.
require the use of either toxic and aggressive substances or Raman analysis of the initial and oxidized powders was conducted
supplementary catalysts which result in additional contamination using a Renishaw 1000/2000 spectrometer with an excitation wave-
or a significant loss of the diamond phase. length of 325 nm (He Cd laser) in backscattering geometry. In situ

The use of functionalized NB®would provide full benefits Raman studies were performed under 325- and 633-nm {tédlaser)
in most applications only if ND did not contain amorphous or excitation. E_xperlmental detoalls related to the in situ measurements have

. . been described elsewhére

fullerenic carbon shells on the surface and was free of potentially Soft X bsornt doe struct YANES .
toxic and undesired metal particles incorporated in these shells. oft X-ray absorption near-edge structure ( ) spectroscopy

Di . f st hemicallv bonded | tes i th experiments were performed at undulator beamline 8.0 at the Advanced
ISpersion of strong chemically bonded agglomerates IS ano erLight Source (ALS) at Lawrence Berkeley National Laboratory (LBNL).
major issue limiting the use of ND, and it is also determined

» " Spectra were obtained by measuring the total electron yield by
by our ability to control the surface of ND particles. monitoring the total sample photocurrent. The incoming radiation flux
Our recent study of air oxidation of double-wall carbon was monitored by measuring the total photocurrent produced in a highly
nanotubes (DWCNT) demonstrated the possibility of selectively transmissive Au mesh inserted into the beam. All XANES spectra were
removing the amorphous carbon phase without introduction of normalized to the Au mesh photocurrent. The monochromator was
defects in CNT47:18Because the process is simple, inexpensive, ca_librated by aligning thafk resonance in the carbon K-edge of h?ghly
environmentally friendly, and scalable, selective removal of °riénted pyrolytic graphite (HOPG) to 285.4 eV. After a linear
nondiamond carbon in the ND soot by air oxidation would be background subtraction, all spectra were normalized to the post-edge

very attractive. However, thus far it has not been considered Etgp he'thS' The relative cginges;'z'&ésmmded carbon (;]ontent Og

feasible!* In this article, we report on the appropriate air samples were estimated fom spectra using the procedure
o " o p X PP p - described in refs 21 and 22 where the relative intensity ratiog/ef*

oxidation conditions for purification of ND without a significant  giates in ND samples and in HOPG (puré-Bpnded carbon) are

The raw diamond-bearing soot obtained during detonation

loss of the diamond phase. compared:
Materials . (6% o . B o
The ND used in this study was produced by detonation synthesis % SPp ~ _(n*/a*)_HOPG’ % SPp = 100%— % spfyp (1)

and supplied by NanoBlox, Inc. (Boca Raton, FL). Table 1 summarizes
selected properties and composition of the three samples (UD50, UD90
and UD98) used in our study. Black UD50 is the raw detonation soot
containing nondiamond carbon structures such as amorphous carbon

'For the numerical integration, the energy ranges of-28%7 eV and
293-302 eV were used to represent tifeand o* states’ contributions
to the XANES spectra. The HOPG spectrum was measured with the
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Table 1. Structure and Selected Physical Properties of the Investigated Samples

uD50

Schematic of
carbon
structures
presentin the
samples 2

HRTEM
micrograph

sp? carbon
content®, %

81

Ash content ¢,
wt.%

1.3

Fe ;.:ontent L

wt.% 1.3

0.7 0.2

BET-SSA,

me/g 460

367 350

2 — as determined using TEM

notation used in the schematics: (1) - carbon onion, (2) — nanodiamond, (3) - fullerenic shell,

(4) - amorphous carbon, (5) — graphite ribbon
b_ as determined using XANES

¢ — as reported by the supplier

a As determined using TEM. Notation used in the schematics: (1) carbon onion, (2) nanodiamond, (3) fullerenic shell, (4) amorphous carbone(5) graphit

ribbon.? As determined using XANES.As reported by the supplier.

X-ray beam incident at an angle of45° to the sample normal to take
into account the cdsingular dependence of th& resonance intensits?

JEOL 2010F field emission TEM operating at accelerating voltages

Results and Discussion

Thermogravimetric Analysis. To determine the appropriate

of 100 and 200 kV was used for high-resolution imaging of ND temperature range for the selective oxidation of nondiamond

particles. To minimize the in situ transformation of diamond to graphitic

carbon, nonisothermal TGA was performed in air. Figure la

carbon under the electron beam, exposure of ND samples to the electrorcompares the oxidation behavior of the ND samples and shows

beam was limited to 5 and 1 min for 100 and 200 kV, respectively.
TEM samples were prepared by dispersing ND in isopropyl alcohol
over a copper grid coated with a lacey carbon film.

Fourier transform infrared (FTIR) spectra were collected using a
Digilab FTIR spectrometer equipped with a Digilab UMA 600
microscope evading any sample preparation for the measurements.

(23) Landi, B. J.; Cress, C. D.; Evans, C. M.; Raffaelle, RCRem. Mater.
2005 17, 6819-6834.
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differences in the oxidation rate and the temperature at which
the maximum weight loss occurs. At temperatures below 375
°C, the oxidation is inhibited or its rate is too low to allow
noticeable removal of carbon within a reasonable time frame
(range I). At temperatures above 430, all kinds of carbon in
the sample, including amorphous, graphitic, and diamond
phases, are quickly oxidized (range Ill). In the intermediate
temperature zone (range lIl), the oxidation rate shows substantial
differences between the samples: while the mass of relatively
pure UD98 does not change noticeably, UD50 with a substantial
graphitic content (Table 1) shows a significant weight loss.
Metal and metal oxide impurities present in all ND samples
also affect TGA results and account for a noticeable difference
in the oxidation of UD90 and UD98 (Figure 1a), which have
similar contents of spbonded carbon (Table 1) but show some
variation in the level of non-carbon impurities. To confirm the
effect of iron on the oxidation kinetics of carbon, we performed
TGA analysis of metal-free nanosized amorphous carbon black
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204 Figure 2. UV (325 nm) Raman spectra of UD50 after oxidation at 375,
400, 425, and 450C for 5 h in air (a) andcomparison of UD90/UD98
before and after oxidation f& h at 425°C (b). A substantial enhancement
of the diamond band after oxidation is evident for all ND samples and is

0+ due to removal of graphitic carbon.
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Temperature (°C) after carbon shells are removed by preceding acid treat-

) 26,27 imi i i ; i
Figure 1. Nonisothermal TGA of ND samples (a) and carbon black powder ments??627The limited efficiency of wet chemistry in removing
(PureBlack), UD50, and their mixture (b) in air. The graphs are normalized Sp# carbon thus strongly affects the removal of non-carbon

by the sample weight at 20, the temperature at which physisorbed water jmpurities and emphasizes the importance of using alternative
and organic impurities are mostly removed from the diamond surface, but e .
the oxidation of carbon does not occur. purification techniques. . . .

UV Raman Spectroscopy.To determine the optimal oxida-
powder (PureBlack) with and without an addition of UD50 in tion temperature and time, we oxidized NI foh atdifferent
the mixture (1:1) (Figure 1b). PureBlack alone demonstrated temperatures between 375 and 4%D with 10-15 °C steps
resistance to oxidation at temperatures bete@00 °C. How- and characterized the samples using-tRaman spectroscopy.
ever, the mixed powder was fully oxidized before even reaching Figure 2a shows results for UD50. The raw unpurified powder
600°C. Iron particles, the major contaminants of ND, are well- was chosen because of its large content of nondiamond carbon
known for their catalytic behavior toward reactions between and more evident spectral changes. The-tRaman spectrum
molecular oxygen and carbd?.2> Metals and metal oxides  of ND shows three characteristic features: the disorder-induced
encapsulated into amorphous and graphitic carbon shells in as-double-resonance D band at1400 cn1?,2829 the upshifted
produced soot could become accessible to liquid oxidizers only graphite G band at 1600 ch?82° and the downshifted and
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broadened, with respect to the Raman mode of single-crystal
diamond (1332 cmb), diamond peak at-1325 cnv? 20,3031
(Figure 2a). The lower oxidation temperature (379 was not
sufficient to remove amorphous and graphitic carbon. Because
of the much larger Raman scattering cross section of graphite
compared to that of diamond, the Raman spectrum is dominated
by the Raman features of%&ponded carbon (D and G bands),
which overshadow the diamond band. Fullerenic shells enclose
the diamond crystals and further weaken their Raman signal.
At temperatures above 458C, oxidized powders become
inhomogeneous with respect to the ratio of diamond and
nondiamond carbon phases. The Raman intensities of the
diamond peak at1325 cm! and G-band at1600 cnit vary
strongly when comparing the UV Raman spectra recorded at
different sample spots (data not shown), suggesting that all types Oxidized
of carbon are oxidized simultaneously leading to an inhomog-
eneous diamond distribution. When using oxidation temperatures
between the extremes (37850 °C), nondiamond carbon can
be removed selectively and a significant loss of the diamond
can be avoided. The Raman spectrum of the UD50 oxidized at
400°C demonstrates a substantially enhanced diamond signal.
The intensity ratio between the diamond band and the G band
in the Raman spectrum of ND reaches a maximum within this 280 260
temperature range, indicating the best conditions for the ND
purification, which maximize the diamond content and minimize

Figure 3. C K-edge XANES spectra of UD50, UD90, and UD98 before

the amount of both amorphous and graphitic carbon. and after oxidation fo5 h at 425°C in air. Reference XANES spectra of

In situ Raman spectroscopy was used for the improvement microcrystalline diamond and highly ordered pyrolitic graphite (HOPG)
of the purification process (data not shown). While the optimal are shown for comparison. Substantial decrease in the intensity-ofii's
oxidation temperature could be affected by both the sample gi%'i(zzgwl\zjg‘li'g e%sgg correspondingly lower content of sarbon in
composition and the experimental conditions, temperatures
within the 406-430°C range were found to be most favorable responsible for this peak and a FTIR confirmation of this
in the present study. Small changes in the oxidation temperaturestatement will be presented below.
within the given range can be used to find a compromise X-ray Absorption Near-Edge Structure Spectroscopy.
between the higher purification rate (lower time and costs) and XANES allowed us to quantify the $gontent in ND samples
the acceptable weight loss due to minor oxidation of the and learn about their bonding structure. As compared to electron
diamond phase. energy loss spectroscopy, XANES is a more quantitative

The determined oxidation conditions were then used to purify technique that offers a better spectral resolution, minimizes the
larger amounts of ND in a chamber furnace to simulate industrial Sample damage, and allows one to obtain an averaged signal
conditions. The weight loss in these experiments was very closefrom a macroscopic sample. The C K-edge XANES spectra
to the amount of shcarbon in the samples (Table 1). Figure reflect angular-momentum-selected electronic transitions from
2b compares the U¥Raman Spectra of the as-received and the C 1s core level into the conduction band. Hence, if pOSSible
the purified by 5-h oxidation at 425 ND samples. The Raman  core-hole relaxation and electron correlation effects and higher
spectra of the as-received UD90 and UD98 show a lower Multipole transitions are ignored, XANES spectra map the
intensity of D-band as compared to UD50 and presence of aP-Projected density of empty C-related states above the Fermi
nanodiamond peak. The oxidation leads to a significant increaselevel®
in the relative intensity of the diamond peak in all the samples, ~ Figure 3 compares the XANES spectra of graphite, micro-
the most dramatic changes being observed in UD50 (Figure 2a).crystalline diamond, and all the ND samples before and after
While air oxidation evidently removes fullerenic shells and other OXidation in air. The spectra of ND exhibit two peaks centered
sp?-bonded carbon impurities from the samples, it also influences at ~285.4 and~286.5 eV and a broad band absorption with a
the surface chemistry and thus affects the shape of the Ramarihreshold at~289 eV. The peak at-285.4 eV is assigned to
peaks. The appearance of a shoulder at +14D0 cnt? as the 1s— zr* transition of spB-bonded carbof? while the~286.5
well as the strong upshift of the G peaktd640 cnt? in the eV peak can be related to the chemisorbed oxygen@g*>32
oxidized samples could be the manifestations of bond formation OUr @ssignment of this peak is also supported by the correlation
of carbonyl oxygen containing functional groups (e.g., ketone) of its relative intensity with the intensity of peaks in the secqnd-
on sp- or sp-bonded carboR® A similar upshift of the G band ~ order O K-edge at-272 eV (not shown). The broad peak with
was also observed in disordered diamond-like carbon (also called@ absorption edge at289 eV is related to the 1s- o*
tetrahedral carbon) with a high content o4mnded carbon transitions. Diamond lacks* states and shc_>ws an qbsorptlon
and explained by resonance phenonf@dowever, we believe ~ €dge at 289 eV (Is- o* of sp>-bonded C), while graphite shows
that since ND surface atoms account for more than 20% of total ,

. R . . (33) Jaouen, M.; Tourillon, G.; Delafond, J.; Junqua, N.; Hugptamond Relat.
atoms in ND particles below 5 nm, surface functionalities are Mater. 1995 4, 200-206.

COxidized

Cxidized

Intensity (a.u.)

uD90

Graphite

T T T

30 310 320
Photon energy (eV)
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Table 2. Results of the sp?/sp® Content Analysis of ND Samples by XANES before and after 5-h Oxidation at 425 °C in Air2

UD50 ub9o uD98
microcrystalline
HOPG diamond as-received oxidized as-received oxidized as-received oxidized
sp? content, % 0 98 23 95 70 94 81 96
sp? content, % 100 2 77 5 30 6 19 4
Sp¥/siF ratio 0 49 0.3 19 2.3 16 4.3 24

aData obtained on a reference microcrystalline diamond powder and HOPG are shown for comparison.

O-H be considered reliable, because XRD overestimates the diamond
c=c c=0 CH OH content and surface analysis techniques cannot provide good
\.:"."' D quantitative data for powdered materials. To the bes't of our
[ oxidized knowledge,>95% si carbon has never been found in ND

samples by XANES or nuclear magnetic resonance spectros-
copy.

Fourier Transform Infrared Spectroscopy. While XANES
analysis is useful to distinguish between the different carbon
species, FTIR spectroscopy was used to determine functional
groups, adsorbed molecules, and impurities on the surface of
the carbon. The main features in the FTIR spectra of as-received
powders (Figure 4) are related to=© (1740-1757 cn1?),

C—H (2853-2962 cn1l), and O-H vibrations (3286-3675
cm 1 stretch and 16481660 cnt! bend), which can be assigned
to —COOH, —CH,—, —CHjs, and —OH groups of chemically
bonded and adsorbed surface spetie¥. Black and strongly
absorbing as-received UD50 shows no detectable FTIR vibra-
tions due to the high content of graphitic and amorphous carbon
structures. The comparison of FTIR spectra of purified and as-
received powders reflects the conversion of a variety of surface
functional groups into their oxidized derivatives. After oxidation,
uD98 —CH,— and—CHjs groups are completely removed from UD90
: and UD98, the amount 6f OH groups is increased, and=O
— : —— vibrations are upshifted by 240 cnT?, indicating a conversion
1500 2000 2500 3000 3500 4000 of ketones, aldehydes, and esters on the surface into carboxylic
Wavenumber (cm™) acids, anhydrides, or cyclic ketones. The most prominent
Figure 4. FTIR spectra of UD50, UD90, and UD98 samples before and changes in the surface termination aﬁgr oxidation We_re fpund
after oxidation fo 5 h at 425°C in air. A spectrum of oxidized UD90 that ~ for UD50. Upon the removal of graphitic layers by oxidation,
was annealed fo2 h at 800°C in hydrogen (20 mL/min) is shown to  the surface of UD50 becomes accessible for chemical reactions
demonstrate the possibility to control the surface chemistry of ND after gn( js immediately saturated with oxygen or oxygen-containing
oxidation. . L . .
functional groups. The oxidized ND with controlled surface is
two absorption edges at 284 eV (4sx*) and 291 eV (1s—~ thus ready for further modifications and functionalization
o* of sp?-bonded C). The oxidation treatment of ND samples procedures. We have demonstrated this by hydrogenating
resulted in the substantial decrease of-ls* related transitions oxidized UD90 fa 2 h in ahydrogen gas flow of 20 mL/min
and a more pronounced second band gap dip of diamond atat 800 °C. This led to complete disappearance of=Q
~302.5 eV, confirming the Raman studies previously discussed. vibrations in the FTIR spectrum (Figure 4), a drastic decrease
Some increase in the oxygen-related peak intensities was alsmf the oxygen peak in the XANES spectrum, and an increase
observed. The results of the semiquantitative analysis ®f sp in the intensity of G-H vibrations in the FTIR spectrum,
bonded carbon content in ND samples are presented in Tablesuggesting formation of hydrogen-terminated ND. The hydro-
2. Not only did oxidation in air decrease by about five times genated sample is better dispersed in nonpolar solvents, such
sp>-bonded carbon impurities in the ND (UD90 and UD98) as toluene, while the oxidized sample could be easily dispersed
samples prepurified by acidic treatment, but also it was capablein water and alcohols, but immediately precipitates on the
of selectively removing graphitic carbon in the soot sample bottom of the vial in nonpolar hydrocarbon solvents.
(UD50), thus increasing the ¥pg? ratio in this sample by nearly Transmission Electron Microscopy. TEM studies fully
2 orders of magnitude from 0.3 to 19 (Table 2). The purity of support results of Raman and XANES analyses, showing
the oxidized UD98 is comparable to that of microcrystalline elimination of graphitic ribbons, carbon onions, and graphitic
diamond. While some authors claimed a high conter2%) shells in UD50 and a substantial decrease in amorphous carbon
of diamond in the ND powders, those conclusions were based
on X-ray photoelectron spectroscopy and X-ray diffraction .
(XRD) measurements of the diamond/graphite fétd cannot  (36) JENS, T2 Xy KCAben1908 83 1063 1071\

Moroz, E. M.; Kolomichuk, V. N.; Likholobov, V. A.; Brylyakov, P. M.;
(34) Huang, F.; Tong, Y.; Yun, Shys. Solid State004 46, 616-619. Sakovitch, G. V.Carbon 1991, 29, 665-668.
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Figure 5. HRTEM images of (a, b) UD50 and (c, d) UD90 before and after oxidatiorsfb at 425°C in air. HyperChem models of ND (e) before and
(f) after oxidation.

content in UD90 and UD98 after oxidation. Figure 5 shows
representative high-resolution micrographs of UD50 and UD90
before and after annealing in air. The microstructure of UD98
was very similar to that of UD90 and thus is not presented
separately. This is in agreement with XANES measurements
showing a similar sffsp?® carbon ratio for these grades before
and after oxidation. Interestingly, the oxidation also decreased
the degree of aggregation in ND samples. Prior to oxidation,
no isolated diamond nanoparticles could be observed in TEM;
they were always agglomerated. However, once oxidized,
numerous single ND particles covered the lacey carbon on the
TEM grid (Figure 6). While agglomeration of nanoparticles
depends on surface charge, chemistry, pH of the solution, and
other parameters, our observation indicates that oxidation
removed the spcarbon that bridged the diamond particles into
cluster$? in the as-produced or acid-purified ND. Oncé? sp
carbon or other bridges in ND clusters are removed, dispersion | : : _
of ND to single particles becomes feasible. This is extremely * : e .
important in many applications of ND. Figure 6. Low-resolution TEM image of nanodiamond particles of the
The HyperChem models of ND particles (Figure 5e,f) ©Xidized UD90 on alacey carbon film.
summarize results of FTIR, XANES, Raman, and TEM analy- and has a higher concentration of reactive oxygen-containing
ses. They show that a rather complex surface chemistry of initial moieties attached.
diamond with graphite, hydrocarbons, and oxygen-containing Optical Imaging. Visual analysis of dry ND suggests
groups covering the surface becomes cleaner and more uniformsubstantial improvement in its technological properties after
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material for further wet chemistry modification and biomedical
applications. The simplicity and environmental friendliness of
this single-step process should make it well-accepted in both
industrial and research environments.

Conclusions

Our studies demonstrate the possibility of selectively remov-
ing amorphous and graphiticsponded carbon from nanodia-
mond powders by oxidation in air. The optimal temperature
range for oxidation of the ND samples investigated is 400
430°C. Depending on the ND sample, 5-h oxidation at 425
increased the content of sponded carbon from 23 to 81% in
starting powders to 9496%, as determined by XANES, and
the weight loss was roughly equal to the content dfcgbon
in the sample. The purity of ND thus became comparable to
that of microcrystalline diamond. Metal impurities, which were
initially protected by carbon shells in the as-received samples,
become accessible after oxidation and can be completely
removed by further treatment in diluted acids. FTIR spectros-
copy revealed that oxidation results in nanoparticles covered
by oxygen-containing functional groups such as@, COOH,
and OH. Carbonyl and carboxyl groups can be completely
eliminated by subsequent hydrogenation at elevated tempera-
tures.

These findings demonstrate the use of ambient air for the
. oxidative purification of diamond-bearing detonation soot,
Figure 7. Optical images of UD50, UD90, and UD98 before and after ~€liminating the need for any additional oxidizers, catalysts, or
oxidation fa' 5 h at 425°C in air. inhibitors. Moreover, the presented technique is also capable

of significantly improving the quality of diamond samples which
oxidation. The oxidized powder in the vials shows a liquidlike underwent prior acid purification treatments without appreciable
behavior when shaken, and flows easily, probably due to particle oss of the diamond phase. These results open avenues for
separation and breaking of agglomerates (Figure 6). Figure 7numerous new applications of nanodiamond.
shows optical images of the as-received and the oxidized ND.
In general, the darkness of powders correlates quite well with
the content of shbonded carbon and other impurities in the
samples (compare Figure 7 with Tables 1 and 2). Untreated
UDS50 appears velvet black. UD90 and UD98 look gray (UD90)
or gray-brown (UD98). While all the purified samples appear
light gray in color, the oxidized UD98 looks very similar to
microcrystalline diamond powder, confirming its high purity.
Transparency of ND could be important for many potential
applications in scratch-resistant optics, windows, and displays.
Removal of graphitic carbon is also expected to decrease the
electrical conductivity of the powders. High electrical resistivity
and high thermal conductivity of diamond may allow the use
of ND in heat management as an additive to polymers. Due to .
the reduced level of impurities, the high diamond content, and ;l\fkeai'éﬁgg’;ﬁ:;gﬁ()% at LBNL. S.0. is supported by
the uniform oxygen-bearing surface terminations, oxidized P:
nanodiamond can be considered as the most appropriate startingA063303N
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