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a b s t r a c t
The morphology and presence of impurities strongly inﬂuence mechanical, optical, electrical, and thermal
properties of detonation nanodiamonds (DNDs). Here we report insights on the chemical composition
and its effect on the optical properties of the DNDs obtained by rate-zonal density gradient ultracentrifugation. Herein, for the ﬁrst time, a detailed valence band structure of as-prepared and oxidized DNDs is
reported. Photoemission spectroscopy (PES) measurements demonstrate that the defects, originating
from fullerene-like C bonding in the sp2 shells of the DNDs, are governing the literature-reported loss
of the emission spectral features arising from the nitrogen-vacancy (NV) center excitations. X-ray
photoelectron spectroscopy (XPS) measurements reveal that nitrogen is present in the DNDs in the form
of N–O bonded species located at the surface region/sp2 shells, while in core of the DND it is in the form of
N–C/N@C species.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Detonation nanodiamonds are produced by the detonation of
explosives in a closed chamber in an oxygen-deﬁcient atmosphere.
They have the smallest particle size among different kinds of synthetic diamonds, typically in the range of 10 nm, and exhibit outstanding mechanical, optical, electrical, and thermal properties [1].
This makes DNDs promising in a diversity of areas of science and
technology, ranging from the ‘conventional’ applications such as
abrasives, cutting and polishing tools [2,3], to the ‘cutting-edge’
ones – drug delivery, biomedical imaging, non-toxic contrast
agents [4–7], magnetic sensors [8], composites [9,10], and quantum computing [11–13].
The structure and chemical composition of DNDs strongly inﬂuence their mechanical, optical, electrical, and thermal properties
[14–18]. One prominent example is the nitrogen doping which
plays an important role in the ﬂuorescence of the DNDs [19].
Nitrogen defects are most prominent in diamond since nitrogen
is a common impurity of the material. Its concentration in DNDs,
the ability to control the doping, and the production of
nitrogen-vacancy (NV) centers are of great importance for the
q
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fabrication of single color centers. An NV center comprises of a pair
of substitutional nitrogen atom and a nearby lattice vacancy in the
nanodiamond. These centers exist in two charge states: NV0, a
neutral species and NV , a negatively charged species [1]. Due to
their strong ﬂorescence, the NV centers are the key component
in the DND-based quantum computing applications. The application of color centers in diamond relies on progress in quality
control of diamond material and the ability of precise generation
of defects [20–22].
Presence of nitrogen also strongly affects the mechanical
properties of the carbon-based materials. Sjostrom et al. reported
that CN ﬁlms that have fullerene-like microstructure consisting
of a three-dimensional network of covalently bonded C and N
atoms exhibit extreme mechanical properties, with hardness of
60 GPa and an elastic recovery as high as 85% [23]. It has been
demonstrated that the addition of N induces buckling of the basal
planes, enabling cross-linking between the planes via
sp-hybridized carbon. This cross-linking strengthens the weak
bonds between the basal planes and results in a structure having
the rigidity of a three-dimensional covalently bonded system.
Despite the large number of studies on DNDs and the demonstrated high potential for a variety of applications, fundamental
understanding of the structural and chemical composition of the
DNDs remains relatively poor. The DNDs are known to comprise of
an sp3 (diamond) carbon core covered with a shell of sp2 (graphitic)
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carbon [24,25]. Most studies that were performed on the DNDs
involve the oxidative puriﬁcation step that considerably changes
their shape and properties [1]. The effect of the puriﬁcation step
on the chemical composition of the DNDs however has not yet been
studied in detail. The goal of this study is to gain insights into the
structural and chemical composition of the sp2 shell and the sp3 core
of the diamonds in contrast to the state-of-the-art consideration of
the DND as a single photo-luminescent entity. The study aims at
answering another important question raised by Mochalin et al.
namely, the role of surface chemistry of the DNDs in modifying the
brightness of ﬂuorescence from the NV centers [1]. Elucidating the
correlation between the electronic structure and optical properties
of as-prepared versus oxidized DNDs will aid the fundamental
understanding, assure the quality, and make them attractive for
basic studies as well as engineering applications.
2. Experimental
2.1. Detonation nanodiamonds (DNDs) preparation
The DNDs, purchased from Sigma Aldrich, were prepared by
rate-zonal density gradient ultracentrifugation, described elsewhere [26].
2.2. Oxidation procedure
2 grams of as-received DNDs (Detonation Nanodiamonds) were
uniformly mounted on the bottom of an alumina crucible (MTI
Corporation, USA, dimension 100  40  18 mm), and then loaded
in a mufﬂe furnace (Lindberg Blue M, Thermo Scientiﬁc). The oxidation process was carried out at 425 °C for 48 h with an 8-min
ramp of heating and cooling process. The oxidized DNDs were then
collected and treated with excess hydrochloride acid (37%, ACS
reagent, Sigma–Aldrich) to remove the metal or metal oxide impurities that were previously unreachable due to the shielding of carbon. The mixture was centrifuged and rinsed with MilliQ water for
several times. The ﬁnal stable solution of DNDs was obtained by
dispersing the particles in pH10 solution at a rough concentration
of 10 mg/mL; water adjusted with ammonium hydroxide (28–30%,
ACS reagent, Sigma–Aldrich), and stored for future fractionation
and characterizations.

variable temperature scanning tunnelling microscope (STM)
Omicron VT STM XA 50/500, SPHERA U7 hemispherical energy
analyzer with 7 channel MCD detector, high intensity He I/II lamp
HIS 13 ultraviolet photon source, XM 1000 monochromated X-ray
source: high intensity, high energy resolution monochromated Al
Ka X-ray source with 500 mm Rowland circle diameter, minimum
spot size 1 mm, photon line width <250 meV. Spectra were
acquired at normal emission using Al Ka (1486.6 eV). The photoelectrons were collected by the hemispherical energy analyzer
operated in constant analyser energy (CAE) mode.
2.5. Fluorescence measurements
Fluorescence measurements were carried out with a NanoLog
(HORIBA Jobin Yvon, USA) conﬁguration in a front-face detection
set-up. A 450W Xenon lamp was used as the excitation source.
470 nm monochromatic light was obtained through a 1200 g/mm
excitation monochromator and used to excite samples. Emission
was captured by a standard iHR320 R928 PMT 250–850 nm detector (Horiba Scientiﬁc, USA).
2.6. Raman spectroscopy
UV Raman spectra were captured with Aramis Raman
Spectroscopy (Horiba Scientiﬁc, USA) by loading dried samples
(dried under vacuum at room temperature in a Thermo Scientiﬁc
vacuum oven) on a special sample holder (Linkam 600) with argon
ﬂow and using a 325 nm UV laser. The capturing parameter was
15 s for 4 cycles, to minimize the laser burning-off effects but
maintain a high enough signal to noise ratio at the same time.
2.7. Photoemission spectroscopy
The ultraviolet photoemission spectroscopy measurements
were carried out in PHI Versa Probe II instrument UHV chamber
equipped with He ultraviolet discharge source. The He II radiation
was used for all experiments. Photoemission spectra were
recorded using PHI software SmartSoft –XPS v2.0 with the pass of
2.9 eV, energy step of 25 meV and processed using PHI MultiPack
v9.0.
3. Results and discussion

2.3. Transmission electron microscopy (TEM)
TEM images were obtained using a TitanG2 80–300 instrument,
equipped with an image-corrector from CEOS. The instrument was
equipped with energy-ﬁlters from Gatan Inc. (the ﬁlters were however not used for the images reported herein). 2 lL of DNDs suspended in water was deposited on ultrathin carbon-coated ﬁlms
on 300 mesh copper grids and dried in air for at least 1 h. DNDs
are subjected to re-aggregation during the drying process in preparation of TEM grids. Shenderova et al. suggested that
re-aggregation can be largely circumvented by dispersing DNDs
in DMSO/Methanol mixture [46]. Here, we dispersed the dried
sample powder in DMSO followed by the addition of an equal volume of methanol to the solution. The mixture was then sonicated
(sonication bath: Bransonic, Mexico) for 1 h, followed by deposition onto the ultrathin TEM grids.
2.4. X-ray photoelectron spectroscopy (XPS)
The DND samples for XPS were prepared via drop-casting from
an aqueous solution onto a high purity (99.9%) copper (Cu) foil.
Measurements were carried out in a UHV chamber with a base
pressure of 2  10 10 Torr. The chamber was equipped with the

Chemical composition and sample cleanliness of as-prepared
DNDs, prepared by the established procedure, [26] was studied
with XPS (Fig. S1) and showed that the DNDs mainly comprise of
C, with small amounts of O, N, and traces of Cl. The presence of
Cl is explained by the HCl acid treatment. The detected oxygen is
commonly observed in the samples that have been exposed to
air, if no further treatment e.g. degassing, plasma or similar treatment was done, prior to transfer to the ultra-high vacuum (UHV)
chamber. This is explained to be due to water molecules or/and
surface hydroxyls adsorbed on the surface.
Oxidative puriﬁcation procedure is commonly utilized in the
DNDs research studies and has proven to be an effective method
of removing the sp2 shell. Thus, in order to gain an understanding
of the role of the sp2 shell, a comparative study of the electronic
structure and chemical composition of DNDs before and after the
removal of the sp2 shell was performed.
Transmission electron microscopy (TEM) performed on the
DNDs showed that they consist of agglomerates of several
crystalline primary particles embedded in an amorphous matrix
as shown in Fig. 1(A and B), consistent with the other TEM reports
on DNDs [24]. Occasionally, single-crystalline particles are also
observed (not shown). The as-prepared DNDs are surrounded by
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Fig. 1. TEM of DND-agglomerates consisting of several crystalline primary particles (a), embedded in the amorphous carbon matrix (b). The sp2 shell seen in (b) is
signiﬁcantly reduced after the oxidative puriﬁcation procedure (d), while certain degree of agglomeration remains (c).

layers of sp2 shell (Fig. 1(B)) that gets signiﬁcantly reduced after
the oxidative puriﬁcation procedure (Fig. 1(D)), while a certain
degree of agglomeration remains (Fig. 1(C)). The average particle
size of as-prepared DNDs was estimated to be 100 nm, and was
found to reduce to 35 nm following oxidation (without measuring the involved DND dispersion and the agglomeration). The overall removal of the sp2 shell was monitored by Raman spectroscopy
and revealed its substantial reduction (see Supplementary Fig. S2)
consistent with the TEM measurements. The as-prepared sample
shows an intense, broad peak around 1600 cm 1 corresponding
to the G-band of graphitic carbon (red spectrum, Fig. S2). The diamond peak can be observed as a weak shoulder near 1330 cm 1.
However, upon oxidation this grows into a sharp spectral feature
(blue spectrum, Fig. S2) signaling signiﬁcant removal of the sp2
shell [28,29].
Surface properties have been shown to play a deﬁning role in
determining the physical–chemical properties of small DNDs
(10–20 nm) owing to their large surface-to-volume ratio [27].
Prior to the removal of sp2 shell through oxidation, DNDs exhibit
a broad featureless photoluminescence (PL) spectrum. This has
been linked to the presence of defects in the graphitic shell [27–
29]. However, a direct evidence of such defects has not yet been
reported. Fig. 2 compares the ﬂuorescence spectrum of the DNDs
covered with graphitic shells with that of the oxidized DNDs. As
expected, oxidation of the shell leads to development of prominent
features in the emission spectra. The features observed after the
shell removal correspond to NV0 and NV centers [28,30].
In stark contrast, the non-oxidized diamonds show a broad,
background-like emission. To gain a better understanding of the
effect of the graphitic shell on the emission we compared the
shell-covered and oxidized DNDs using photoemission spectroscopy (PES) which allows direct probing of the electronic

Fig. 2. Fluorescence spectra showing development of strong emission features near
579 nm (NV0) and 639 nm (NV ) for the oxidized samples. The non-oxidized
sample shows a broad, featureless emission in the same region. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

structure. We have deployed similar methodology in the recently
reported PES studies of trap states in lead sulﬁde (PbS) colloidal
quantum dot (CQD) based solar cells [31,32].
We report, for the ﬁrst time, detailed valence band (VB)
structure of as-prepared and oxidized DNDs. The spectra closely
resemble the band structure reported for amorphous C and CN
ﬁlms [33–37]. Fig. 3(c) shows the VBs of the shell-covered and
oxidized DNDs. The spectra were referenced to the sp2 components
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Fig. 3. C1s core level peaks for the (a) as-prepared and (b) oxidized DNDs are
shown. (c) VBs of the as-prepared and oxidized DNDs. Graphitic shell covered DNDs
have an enhanced DOS near 3.0 eV below the Fermi level (black, dashed line) as
highlighted in the zoomed spectrum in (d). (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

of the C (1s) core level peaks, Fig. 3(a) and (b), which were
charge-neutralized at 284.8 eV.
The VB spectra show three prominent features (i, ii, iii). (i) and
(iii) appear centered around 7 eV and 24 eV, respectively, while (ii)
is a broader peak extending from 11 eV to 20 eV. O 2p and 2s
electrons give rise to features near 7 eV and 24 eV, respectively
for the oxidized sample (blue spectrum). The split in the band
stretching from 11 eV to 20 eV has been reported for graphite, diamond and amorphous carbon ﬁlms and is suggested to be arising
from the s-states of carbon with the split representing an absence
of odd-membered rings [36,37].
The VB of the as-prepared DNDs shows the s-band from 11 eV
to 20 eV without a split (red spectrum). This hints towards the
presence of odd-membered rings in the graphite shell [37]. The
enhancement near 8 eV is from r bonds of C 2p [33,38]. Fig. 3(d)
shows a close-up of the near-Fermi level region for the two samples. There is an enhancement of the density of states (DOS) in
3–4 eV region of the VB for the as-prepared DNDs (indicated by
the blue arrow in Fig. 3(c)). The studies of amorphous CN ﬁlms
have demonstrated that an enhanced DOS near the Fermi level is
due to lone pair of electrons from N populating the conduction
band of sp2 carbon thereby creating defects [33]. Also, for amorphous C ﬁlms, p bonds of C 2p have been reported to contribute
to the feature around 3–4 eV [34,36,37]. The enhanced density
near the Fermi level was therefore attributed to contributions from
C 2p p bonds and defect states in the sp2 carbon shell owing to formation of 5-membered carbon atom rings, [33]: the N-induced
fullerene-like defects as a result of buckling of graphitic carbon
sheets are common in CN ﬁlms [33,35]. This is consistent with
the suppression of the 283.7 eV component of C 1s core level peak
upon oxidation (Fig. 3(b)). This component is attributed to the
5-membered carbon ring defects present in the graphitic shell of
the DNDs [39,40].
We suggest that these defect states, originating from the
fullerene-like bound C species in the sp2 shells on the

as-prepared DNDs, serve as traps for the photoexcited charge carriers, responsible for the loss of the NV- and NV0-related emission
spectral features, (tentatively) via radiative recombination
channels [41].
It is worth mentioning that the oxidation method, although efﬁcient in removing the sp2 shell, introduces oxygen into the sp3
cores. The exact mechanism of the oxygen introduction i.e. either
substitution or interstitial incorporation is unknown and is beyond
the scope of the current study. Fig. S3 shows the oxygen 1s core
level peaks for the as-prepared and oxidized samples and the relative atomic concentrations as measured by XPS are summarized in
Table SI1. Oxygen content is found to increase upon oxidation.
We have found that for the as-prepared DNDs, oxygen resides
mostly in the graphitic shell and decreases as the shell is removed
by controlled annealing in UHV conditions (see Table SI2).
However oxidized DNDs were not found to lose their oxygen content upon annealing even at elevated temperatures (above 500 °C),
indicating that oxygen atoms were incorporated into the sp3 cores
of the DNDs. The post-oxidation penetration of oxygen into the
core might lead to an interaction of the NV centers with the oxygen
atoms.
XPS study revealed that the N1s spectra exhibit two pronounced spectral features, as shown in Fig. 4a (N1 and N2 for the
lower and higher BE components, respectively), that are clearly
resolved for all spectra, and are centered around the BE positions
399.0 eV and 402.5 eV for the as-prepared sample. The lower BE
component was further split into three components, each with a
FWHM of 1.4 eV. Due to varying and system-dependent reports
available in the literature for the N 1s peak components it is difﬁcult to make an unambiguous peak assignment. However considering that the shift in the N 1s from higher to lower binding energy
(BE) tracks the degree of hybridization (BE (±0.2 eV) of –NH+3
401.5 > –NH2 400 > @NH 398.5 > „N 397 eV), we assign the three
components of the N1 peak to three different N containing species
with main contribution (the largest component) corresponding to
an sp3 such as in C–NH2 species [42,43]. It is also clear that
no –C„N species are present. The second feature centered around
402.5 eV is typically assigned to N–O bonds [44]. This is in agreement with the recent report by Zhu et al. where the authors
observe two main spectral features associated with the N 1s core
level peak; the higher BE feature has been linked to oxidized
pyridinic N while the feature at lower BE is suggested to be a contribution of pyridinic, pyrrolic and sp3-bonded N [45].
Since the DNDs consist of a crystalline core and graphitic shell
there is a possibility of N having different bonding states, one when
it is within the crystalline core, and a second – when at the shell

Fig. 4. XPS spectra of N1s for (a) as-prepared and (b) after Ar+-sputtering,
exhibiting two pronounced spectral features. The inset in (b) shows a depth
proﬁling via Ar+-sputtering performed at the rate of ca 0.2 monolayer/min. The
spectra were acquired upon the incremental removal of every 0.5–0.6 monolayer.
(For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
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or/and surface region. In order to elucidate this, depth proﬁling via
Ar+-sputtering was performed at the rate of ca 0.2 monolayer/min,
and XPS spectra were acquired upon the incremental removal of
every 0.5–0.6 monolayer (inset of the Fig. 4b). Upon the removal
of 3 monolayers of the graphitic shell a signiﬁcant attenuation
of the N2 peak was observed (Fig. 4b). The N1/N2 ratio increased
2 times, indicating N–O bonded species are located at the
surface/surface region, whereas the spx (x = 3 and 2) type N bonded
to C is in the diamond core. Since the ratio changes in a linear
manner (inset of Fig. 4b), one may conclude that N species are
randomly distributed throughout the surface region. The corresponding C 1s peaks (along with the associated discussion) for
the as-prepared and the sputtered samples are shown in the
Supplementary Information (Fig. S4).
The residual intensity of N2 peak (Fig. 4(b)) is attributed to the
shadowing effect that might occur during depth proﬁling measurements of the powder samples. Unlike the single crystal or
epitaxially-grown thin ﬁlm surfaces that exhibit atomically ﬂat
planar morphology, the powder samples consist of supported individual nanoparticles and are highly corrugated, therefore, certain
part of the surface is out of the ‘line-of-sight’ of the sputter gun,
while still contributing to the photoemission signal, due to probing
depth of XPS (ca 2 nm for the N1s). A signiﬁcant peak shift towards
higher binding energy is however observed after sputtering for the
N–O component initially at 402.5 eV (by 0.8 eV) and the sp3 and
sp2 – like ‘N-C components’ at 400.3 eV and 399.2 eV, respectively
(by 0.6 eV). The component initially at 398.4 eV remains
unchanged.
The atomic concentrations of C, N and O for the various sputtering cycles are shown Table SI3. It is found that as the sp2 shell is
removed, the N2sp and O are reduced systematically (Table SI2).
Since sputtering is a destructive technique per se, we switched to
sequential heating of the as-prepared DNDs in order to be able to
systematically control the removal of N and O with sp2 shell. Sp2
shell was found to decrease systematically with N2sp and O, however, around 650 °C the sp2 shell is again found to increase as a
result of graphitization of the diamond core. Based on these experiments, we take the view that without physically damaging the
DNDs, it is not possible to systematically control the N and O along
with the sp2 content.
4. Conclusions
The presence of N in the sample is expected as it is the most
common impurity in diamond, and is present in two distinct chemical states, N–O bonded species distributed uniformly throughout
the graphitic shell, and C–N/C@N species in the diamond core.
The combined luminescence and valence band study indicates that
defect states, originating from the fullerene-like bound C species in
the sp2 shells on the non-oxidized DNDs, serve as traps for the
photo-excited charge carriers, in turn responsible for the quenching of the emission spectra. This work highlights the importance
of the oxidation step in removing the graphitic shell and settles
the longstanding doubt over the role of the shell in quenching
the core-related PL activity, by suggesting the shell-related defect
states to be acting as charge carrier traps.
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Supplementary data associated with this article can be found, in
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