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Despite their name, nanodiamonds (ND) are comprised of a complex interplay of different carbon phases.
The diamond core is surrounded by the shell consisting mostly of disordered sp3 carbon and graphenelike carbon (GLC). The complex structure makes the characterization of nanodiamonds (ND) a difﬁcult
challenge. Recent development of many varieties of NDs for different applications demands quick and
reliable characterization of the content of various carbon fragments, as well as the estimation of the
diamond core size. In this work, we apply Raman spectroscopy to study the structure of nanodiamonds
from different origins, including those produced by detonation (DND), high pressure high temperature
synthesis (HPHT), and pulsed laser irradiation (LND). The relative content of GLC, disordered and surface
carbon can be easily determined from Raman spectra. In particular, we show how the content of different
structure fragments is changed upon de-agglutination, surface oxidation and ion irradiation. We also
compare the different ND production methods in terms of the structural uniformity of the nanoparticles.
Raman spectroscopy provides unique quantitative tool for ND characterization; we believe that the
present data will be useful for understanding the structure of diamond nanoparticles, and will provide
the background for obtaining the NDs with desired properties.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Diamonds nanoparticles represent a unique class of nanoscale
systems with variable structure and tunable properties. At present,
they can be obtained by several synthetic routes with different
grain size ranging from sub-5 nm detonation nanodiamond (DND)
to 10e1000 nm high-pressure-high-temperature (HPHT) nanodiamonds. Despite the commonly used term “nanodiamonds”,
these nanoparticles comprise a complex interplay of different carbon phases. The structure can be perceived as more or less
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crystalline diamond core surrounded by the shell, consisting of
graphene-like carbon (GLC), disordered sp3 carbon and surfacestate carbon [1e4]. The latter includes trans-polyacetylene (TPA)
chains [5,6] GLC islets and fullerene-like fragments [7]. Besides
carbon structure fragments, a number of functional groups is found
on the surface, including CeH and oxygen-containing groups
(]-OH, >C]O), the relative amount of which depends on the
chemical history of the sample [8e10]. Some portion of the amorphous sp3 and GLS shell can be eliminated, for example, by
oxidation or plasma etching [11,12]. However, GLC islets, fullerenelike fragments and TPA are intrinsic components of the shell,
coming from the re-arrangement of the diamond surface [7]. With
the decrease of the particle size, the shell plays increasingly
important role in physical and chemical properties of the material.
The wide range of the particle sizes, and easily achievable variety of surface terminations result in numerous applications of
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NDs in biomedicine, material technology, abrasives, lubricants,
imaging, and many other ﬁelds [2]. The fast and reliable characterization of different carbon phases and their changes upon
different physical and chemical treatments is of major importance
for the ND-related research and technology. The structure of diamond nanoparticles has been studied previously by many methods,
including TEM [1,4], XPS [13e15], and others [10,13e17]. Numerous
Raman studies have also been performed, mostly for detonation
nanodiamonds. It was shown that Raman spectroscopy is sensitive
to the particle size [18,19], can probe the surface functional groups
[8] and gives the information on different carbon phases [6,9,20].
In the present work, we attempt a systematic study of the carbon phases content in NDs by Raman spectroscopy. We consider
the ND samples of different synthetic origin, commonly used in
research and industry, including detonation (DND), high pressure
high temperature synthesis (HPHT), and pulsed laser irradiation
(LND). We propose a quantiﬁcation procedure, which allows one to
derive the crystallite size information from the Raman pattern, and
to analyze how the content of the carbon structural fragments is
inﬂuenced by the common techniques of ND processing, including
de-agglutination, surface oxidation and nitrogen ion irradiation.
1.1. Raman spectra and assignment of the bands
The complexity of ND structure is revealed in the Raman spectra
as a superposition of bands coming from the nanocarbon fragments
of different bonding [6,20]. The Raman cross-sections for different
nanocarbon types also depend on the excitation wavelength in
different ways [6]. On the other side, the bands coming from
different structure fragments can be easily identiﬁed and distinguished, which makes it possible to characterize the relative content of those in the material.
The assignment of the spectral features of different nanocarbons
is by now well established; the reader can refer to the works
[6,8,20] and references therein for more details. We summarize the
spectral assignment in Fig. 1, with the spectra measured at three
different excitation wavelengths for the same sample.
The major bands in the Raman spectra of NDs are:
1) The diamond band for the bulk crystal is observed as a sharp line
at around 1333 cm1; for ND it gives a broad peak in
1290e1350 cm1 region, the position and width depends on the
crystallite size.
2) Graphene-like carbon gives the G and D peaks, which lie at
~1560 and 1360 cm1 respectively [6]. The G peak position
shows dispersion (excitation wavelength dependence) [6]. In
our experiments, the D peak is most pronounced at 200 nm
excitation, while in the 355 and 532 nm spectra it appears as a
shoulder. The G band is partially superimposed with the
1640 cm1 band of water [8].
3) Disordered sp3 carbon gives a broad feature in 1100e1350 cm1,
the shape of which corresponds to the density of states (DOS)
[20].
4) Trans-poly-acetylene carbon on the surface gives a peak at
around 1150 cm1 [20,21].
5) The dumbbell, or split-interstitial defect of the diamond lattice,
shows a relatively sharp band at 1630 cm1 [20].
In the present work, we aimed to study the structure of nanodiamonds of different origins, and examine the impact of various
treatment procedures on the structure. As can be seen from Fig. 1,
most convenient for this purpose is to use the distinct bands of
diamond, disordered sp3 carbon and G-band of GLC measured at
355 nm excitation, because the contribution from non-carbon
bands is relatively low, and the bands from different carbon
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fragments can be easily distinguished from each other.
It is worth mentioning that there is no general “Raman spectrum of ND”, because the spectral pattern strongly depends on the
content of different carbon phases. For instance, the spectrum of
the raw detonation soot under 325 nm excitation is dominated by
GLC bands to an extent that no diamond peak is observed, and only
after oxidation of sp2 phase the 1327 cm1 peak becomes pronounced [8].
1.2. Experimental detection of the ND Raman spectra
The main difﬁculty of the experimental detection of ND Raman
spectra is that the sample is typically the black powder, which
absorbs the light throughout the whole UVeVis spectral range.
Therefore, under the laser beam the sample can be easily heated or
burned out. To overcome this problem, different groups either use
low laser power or try to measure under water [22]. From our
experience, the use of rotating cell with the ND sample dispersed in
water allows one to obtain high signal-to-noise ratio spectra
without the need to reduce the laser power [23]. In addition to that,
this technique helps to avoid the thermal distortion of the phonon
spectrum, and provides a good averaging over the sample.
Another challenge is to achieve good signal-to-noise ratio. Most
of ND samples give quite strong luminescence, coming, most likely,
from GLC fragments on the surface. The luminescence dominates
the spectrum at 632.8 nm excitation to an extent that practically no
Raman band is observable for most of the samples. With decreasing
excitation wavelength the Raman-to-luminescence ratio becomes
higher. Under deep UV (200 nm) practically no luminescence is
observed. On the other hand, in deep UV spectra many Raman
bands from surface groups and defects become quite strong (see
Fig. 1) which makes it difﬁcult to analyze the carbon bands. From
our results, the reasonable balance is to use UV excitation at
355 nm, under which the luminescence background can be easily
subtracted, and the Raman bands of different carbon fragments can
be distinguished.
From our observation, the Raman-to-luminescence ratio can
also be signiﬁcantly improved by the oxidation of the surface carbon (e.g. 425  C in air), therefore for some measurements the
samples can be pre-treated to get better spectra.
1.3. “Raman size” of nanodiamonds
The crystallite size estimation is of major importance for the
numerous applications of nanodiamond. The common techniques
used for that purpose include transmission electron microscopy
(TEM), dynamic light scattering (DLS), X-ray diffraction and smallangle X-ray diffraction (SAXS). It must be understood that these
methods by their nature are supposed to estimate different physical
parameters. TEM can give the image of the particles at the focal
plane, and, therefore, give a rough estimate of the particle size and
the crystallite size for a very limited portion of the sample. The DLS
measures hydrodynamic radius, which includes surface layers and
detects aggregates as a single particle. X-ray diffraction used with
the Scherrer equation possesses certain degree of arbitrariness,
although for high signal-to-noise ratio diffraction patterns the size
distribution of crystallites still can be roughly estimated [24]. The
disadvantage of XRD is the low sensitivity to the size. The SAXS is a
reliable and sensitive method for estimating the grain size of
nanopowders [25]. The grain size although does not coincide with
the diamond core size, because SAXS does not make distinction
between different types of carbon.
The “Raman size” for crystalline materials can be deﬁned as the
phonon conﬁnement length, or, in other words, the size of coherently scattering domain. In case of diamond it corresponds to the
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Fig. 1. Experimental Raman spectra of 3 nm DND at different excitation wavelengths; the major bands of different carbon phases highlighted.

crystallite size of the diamond core, because Raman spectroscopy
can distinguish the diamond lattice band from the other structural
fragments. Other advantages of Raman spectroscopy are relatively
high size sensitivity, statistical reliability and comparatively simple
experimental measurement.
The established approach linking the Raman band shape to the
phonon conﬁnement length, known as Phonon Conﬁnement Model
(PCM) was proposed by Richter [26]. Applying it to carbon nanoparticles, many research groups used simpliﬁed one-dimensional
description of the phonon dispersion [18,22,27e30]. For materials
with pronounced anisotropy of the phonon dispersion, however,
such approach introduces certain degree of arbitrariness. Diamond
is a well known example of such system [31].
We have recently reported the physically consistent way of
building the PCM, which includes not only 3D phonon dispersion,
but also size distribution and other minor improvements. Hereafter, we will use the working formula from the work [23]:

IðuÞy

Z

rðsÞds

s3
G0 ðsÞ*jCðq0 ; qÞj2
d3 q
∭
NðsÞ ðu  uðqÞÞ2 þ ðG0 ðsÞ=2Þ2

(1)

where u is the wavenumber, r(s) is the particle size distribution,
N(s) is the normalizing factor, G0(s) is the natural bandwidth,
C(q0,q) is the Fourier coefﬁcient, and u(q) is the three-dimensional
(3D) phonon dispersion function. As has been shown before [23],
the good description of the dispersion function can be obtained
using scaled quantum-chemical frequencies. The PCM has proved
to adequately account for the size dependence of the Raman
spectra of nanodiamonds. The simulated spectral patterns of
monodisperse NDs of different size are shown in Fig. 2.

2. Materials and methods
2.1. ND samples and procedures of physical and chemical treatment
We have used the following ND samples for the present study.
 DND3, de-agglutinated detonation nanodiamond colloid, with
mean size of 3.3 nm (as estimated from DLS), NanoCarbon
Research Institute Ltd., Japan.

 DND3 irradiated with nitrogen ions. Experimental set-up was
provided as a courtesy of Nagata Seiki, Japan. 20 keV nitrogen
beam was used. The nitrogen pressure at the plasma generator
was 3.5*102 Pa; the current was 20 mA. The sample load was
300 mg. Irradiation was performed 2 times during 40 min. In
between the two irradiations the sample was carefully mixed.
 DND3 agglutinates, the raw material used for the production of
DND3.
 DND3 oxidized, the DND3 sample after oxidation in air at 420  C
within 20hr.
 DND LbL0, the ND from Adamas Nanotechnologies Inc.
 DND LbL15, the DND LbL0 sample after 15 cycles of Layer-byLayer oxidation [25].
 LND, laser-synthesized ND with 4 nm mean size (as estimated
by XRD), Ray Techniques Ltd., Israel;
 23 nm HPHT, high-pressure high-temperature diamond from
Microdiamant AG, acid-washed and air-oxidized (3e4 h at
450  C), with mean size 23 nm (as estimated by DLS), Institute of
Atomic and Molecular Sciences, Academia Sinica, Taiwan.
 29 HPHT diamond, treated in the same way, with mean size
29 nm (as estimated by DLS),
 42 HPHT diamond, treated in the same way, with mean size
42 nm (as estimated by DLS).

2.2. Spectral measurements
The spectra under 200 nm excitation were measured with a labbuilt spectroscopic system in quasi-backscattering geometry at
Albany [32]; the laser power was 2 mW, the signal was accumulated for 30 min. The 355 nm measurements were done with a labbuilt set-up at Hsinchu. The de-focused laser beam was used
(~1 mm in diameter, ~60 mW); the signal was collected at 90 . The
accumulations time was 30 min. The measurements under 532 nm
excitation were made with a lab-built set-up at Hsinchu in confocal
geometry at laser power 12 mW with 30 min accumulation time.
The 632.8 nm measurements were made with a confocal lab-built
set-up at Hsinchu with 2e20 mW laser power with accumulation
time 10 min.
For measurements under 200 nm, 355 nm and 532 nm the
samples were in the form of the 1 wt% ND colloid in water. The
colloids were ultrasonicated in a horn during at least 0.5 h prior to
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Fig. 2. Calculated Raman spectra for different conﬁnement lengths starting with disordered sp3 carbon network (DOS), next is 1 unit cell (1 u.c.) conﬁnement (i.e. 0.3567 nm). The
dashed line indicates the frequency at the G point (1332.9 cm1).

the measurement. To avoid the effects of laser heating, which may
signiﬁcantly distort the spectrum [33], the rotating quartz cell was
used.
2.3. Computational procedures
The PCM ﬁtting of the diamond band was performed as
described in our previous paper [23]. The 3D phonon dispersion of
diamond u(q) was calculated with Quantum Espresso software [34]
and scaled uniformly to match the experimental zone-center energy. This u(q) was used directly for the numerical integration over
q (eq. (1)). As was shown before, the sufﬁcient integration limit is
2.0 in terms of the reduced wave-vector coordinate [23].
For the calculation of the Fourier coefﬁcients, the 3D stepfunction was used. Such approach has been used for a long time
in crystallography for the description of diffraction pattern from
nanocrystalline powders [23]. It has been shown that for spherical
nanoparticles the Fourier coefﬁcients take form of the Bessel
function:

"
#
4 3 sinðqRÞ  qR*cosðqRÞ
Cðq0 ; qÞ ¼ pR 3
3
ðqRÞ3

(2)

The ﬁt of the experimental Raman spectra with the phonon
conﬁnement model was made with the Matlab (2014b) script. Since
the ﬁrst order diamond line (around 1332.9 cm1) is superimposed
by the disordered sp3 carbon line (broad feature at 1240 cm1) and
D-band of graphene-like carbon (1368 cm1), the ﬁt was made only
for the 1270-1355 cm1 region, where the ﬁrst order diamond line
is the most distinct. The particle size distribution r(s) was assumed
to be Normal with small contribution of log-Normal to describe the
fact that nanodiamonds typically contain a few percent of relatively
large particles [35].
3. Results and discussions
3.1. Size dependence and quantiﬁcation procedure
The Raman spectra of the major ND samples with different sizes
are shown on Fig. 3. For the bulk diamond the spectrum has only
one sharp symmetric line, while for NDs the shape of the diamond

band displays the pronounced size dependence. Its asymmetrical
broadening is a result of the phonon conﬁnement (discussed above,
see Fig. 2). Besides that, in nanodiamond samples GLC band and
amorphous sp3 bands become prominent (~1200 and 1580 cm1).
Since the corresponding structural fragments are located on the
surface of the nanoparticles, their intensity follows general trend of
surface-to-volume ratio (i.e. for smaller particles the intensity is
higher). The bands above 1650 cm1 most likely, belong to the
carbonyl groups on the surface, or to isolated C]C bonds.
Since the spectra were measured in water colloid under constant rotation, no laser heating effect is expected in the spectra.
According to the test measurement with ND concentration in the
range 0.05e5 wt%, there is no signiﬁcant contribution of water to
the spectral pattern. The highest signal-to-noise ratio was achieved
at 1% concentration, which was chosen as a standard for most
measurements.
In the present work, the diamond line was ﬁtted with the PCM
(eq. (1)) to estimate the crystallite size. After that, the diamond
peak was subtracted and the ratios (area intensities) of the diamond line, G-band of GLC and the amorphous diamond band were
estimated. This procedure is illustrated in Fig. 4. The results are
summarized in Table 1.
The PCM reproduces the size dependence of the diamond band
quite well, in both asymmetry and band width. The “Raman size”
obtained from ﬁtting with eq. (1) shows a good agreement with the
size estimated by other methods, including DLS, TEM and XRD [23].
The results allow us to estimate the upper limit of the PCM applicability, which is about 50 nm. Above this value, both experimental
and simulated spectra become close to those of the bulk crystal
(Figs. 2 and 3). Note that the spacial dimensions of the phonon
conﬁnement are is signiﬁcantly larger than the range of quantum
electron conﬁnement effect, which is 1.57 nm [36].
It should be noted that in the present work we use the PCM in
the approximation of the spherical particles. This description holds
quite well for small particles of DND and LND [17]. For relatively big
HPHT ND, the particles have “uniform and blocky” shape according
to the manufacturer (Microdiamant AG). The ND samples studied
here are commonly used in research, and for all of them the TEM
images are available in the literature: for DND [1,4], LND [37e40]
and HPHT ND [41e43]. Based on these images, it is reasonable to
assume spherical shapes for them.
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Fig. 3. Representative Raman spectra of ND samples of different mean size and origin under 355 nm excitation. Size in this ﬁgure is given as estimated by DLS for HPHT and DND3
samples and by XRD for the LND one. The position of the zone-center phonon (1332.9 cm1) is indicated by the dotted line.

cumbersome. However, in the present case, because the pronounced crystallographic orientation of the crystallites is absent,
the shape distribution is equivalent to the spreading over the
conﬁnement lengths, therefore the size distribution r(s) effectively
account for the shape variations also. This makes the proposed
approach physically sound.
This quantiﬁcation procedure allows us to compare the different
ND production method, as well as to analyze how the structure of
ND particles is inﬂuenced by the common techniques of ND processing, such as de-agglutination, surface oxidation and ion
irradiation.
3.2. The effect of de-agglutination

Fig. 4. The procedure of analyzing the ND spectra: the experimental spectrum (a), ﬁt
of the diamond band with PCM equation (b), ND spectrum after subtraction of the
diamond band (c), DOS of diamond shown to conﬁrm assignment of the amorphous
diamond band (d). (A colour version of this ﬁgure can be viewed online.)

Strictly speaking, for non-spherical particles the Fourier coefﬁcients should be different from the Bessel-like functions used
here. In principle, one can numerically calculate C(q0,q) for any
arbitrary particle shape [44], but to include in the model both size
distribution and shape distribution directly would be quite

The process of preparation of well-dispersed ND colloid, also
known as de-agglutination, includes beads milling and ultrasonication [45]. During the beads milling, the local pressure and
temperature can be high enough to have impact on the nanoparticle structure. By means of Raman spectroscopy we can study
what was the change.
As can be seen from Table 1, the diamond-to-amorphous carbon
ratio is increased slightly upon de-agglutination, while the
diamond-to-GLC ratio is decreased. The difference in the spectra
between raw and de-agglutinated samples is shown in Fig. 5. Thus,
the local pressure and temperature induce moderate graphitization, most likely graphitized might be the amorphous sp3 carbon
from the ND shell. The crystallite size of the ND doesn’t show

Table 1
Quantitative analysis of the Raman spectra of different nanodiamond samples.
Samplea

Median size estimated from PCM, nm

Median size by other methods, nm

Diamond to amorphous ratio

Diamond to GLC ratio

De-agglutinated DND (DND3)
DND3 irradiated with Nþ
2
DND3 oxidized in air
raw DND3 agglutinates
DND LbL 0
DND LbL 15
laser-synthesized ND (LND)
23 nm HPHT ND (ox)
29 nm HPHT ND (ox)
42 nm HPHT ND (ox)

2.9
2.2
2.9
2.9
3.0
3.0
3.5
21.6
28.8
42.4

3.3 (DLS)
e
2.7 (DLS)
e
5.2 (SAXS)
4.8 (SAXS)
4.0 (XRD)
23 (DLS)
29 (DLS)
42 (DLS)

1.02
0.71
1.41
0.89
0.88
1.42
1.27
2.30
3.16
2.51

0.55
0.32
1.17
0.82
0.86
1.05
1.12
1.24
2.52
2.46

a

See materials and methods section for more details about the history of the samples.
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in both oxidation modes, while the diamond core remains practically unchanged. This indicates that the particle size decrease
detected by SAXS in LbL etching and DLS in air oxidation can be
assigned mostly to the etching of non-diamond carbon from the
nanoparticle shell.
3.4. The effect of nitrogen ion irradiation

Fig. 5. Raman spectra under 355 nm excitation of de-agglutinated DND3 (top), initial
agglutinates (middle) and the difference (bottom).

detectable difference which indicates that the diamond core remains practically the same.
3.3. The effect of surface oxidation
The controlled oxidation of nanodiamonds is expected to reduce
the particle size. On the other hand, since smaller particles are
expected to burn out more quickly, the average particle size may
also increase. It is also reasonable to expect that defective carbon
would oxidize more easily than highly ordered. We studied by
Raman spectroscopy the ND samples after two different modes of
oxidation: by air and layer-by-layer (LbL). In contrast to air oxidation, the LbL etching allows one to avoid a runaway oxidation reaction of small particles [25]. The oxidation in air was performed at
relatively soft temperature of 425  C during 20 h (mean DLS size
reduced from 3.3 to 2.7 nm); the LbL etching was done within 15
sorption-desorption cycles (the SAXS size reduced from 5.2 to
4.8 nm).
The spectra of oxidized NDs are compared to those of starting
samples in Fig. 6. It can be seen that in both oxidation regimes the
difference spectrum has major contribution from D and G peaks of
GLC along with amorphous carbon bands. The peaks on the both
sides of diamond band (1270-1370 cm1) can also belong to very
small crystallites (below 1 nm), see Fig. 2.
The surprising ﬁnding is that the raw and oxidized spectra have
almost identical diamond band, which is hardly distinguishable by
PCM. From the point of view of ND structure it means that the
surface is covered by GLC and amorphous carbon, which is etched

Ion irradiation, typically used to introduce defects in diamond
lattice, has quite strong impact on the ND structure. As can be seen
from Table 1 and Fig. 7, the G-band of GLC (~1600 cm1) becomes
almost twice stronger after the irradiation, the pronounced increase of amorphous sp3 carbon band is also observed. These results corroborate the previous computational studies [46].
The diamond crystallite size determination by PCM is less reliable in case of irradiated sample, because the diamond peak is
strongly superimposed by other bands. However, the PCM results in
this case show quite expected decrease of phonon conﬁnement
length, which can be attributed most likely to the conﬁnement by
the lattice defects.
3.5. Comparison of ND production methods
The main quantitative criteria to compare the production
methods of NDs are the peak ratios of diamond to GLC and diamond
to amorphous sp3 carbon. From Table 1 it can be seen that the raw
DND agglutinates both from NCRI (DND3) and Adamas Nanotechnologies (DND LbL 0) have lower content of diamond than LND. The
raw HPHT diamonds have very high GLC content, which didn’t
allow us to measure the Raman spectra of un-oxidized samples. For
the oxidized ones, the diamond content is relatively high, but taking into account the much higher particle size, the GLC content is
still very signiﬁcant. Therefore, among the studied samples, the
most structurally uniform diamond nanoparticles seem to be produced by the laser irradiation. The structural uniformity of NDs can
be signiﬁcantly improved by the surface oxidation.
4. Conclusions
Raman spectra provide key information on the structure of
nanodiamonds, such as relative content of different carbon phases
and the crystallite size. This allows us to study the behavior of
different structure fragments during chemical and physical treatment. Diamond nanoparticles consist of the inert and stable diamond core, surrounded by the shell of amorphous sp3 carbon and
GLC, which more easily undergoes transformations. Thus, deagglutination procedure is accompanied by minor graphitization
of the shell due to local heat/pressure effect. Oxidation treatment in
both layer-by-layer and air-oxidation regimes results in the

Fig. 6. Oxidation of ND by air (left) and layer-by-layer etching (right). Top curves: spectra of original samples, middle: oxidized, bottom: difference. The Raman spectra were
measured under 355 nm excitation. (A colour version of this ﬁgure can be viewed online.)
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[8]

[9]

[10]

[11]

[12]

[13]
Fig. 7. The effect of nitrogen ions irradiation on the ND structure: Raman spectra
under 355 nm excitation of irradiated sample (top), original sample (middle), and the
difference (bottom).

decrease of GLC and amorphous carbon content, while the diamond
core remains practically the same. The irradiation of NDs with nitrogen ions results in both decrease of the crystallite size and
pronounced graphitization.
Quantitative study of the Raman spectra of different NDs makes
it possible to compare different ND production methods in terms of
the structural uniformity of the resulting material. Among the
studied samples (DND, LND, HPHT-ND) the laser-assisted synthesis
gives the most pure “diamond” material with lowest content of GLC
and amorphous carbon. The structural uniformity of NDs can be
signiﬁcantly improved by the surface oxidation under mild
conditions.
Raman spectroscopy is an important quantitative tool to analyze
the ND spectra. We believe the present results would assist the
synthesis of the NDs with desired properties and boost the development of the nanocarbon technology.
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