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 The synthesis of a new class of fl uorescent carbon nanomaterials, carbon-
dot-decorated nanodiamonds (CDD-ND), is reported. These CDD-NDs are 
produced by specifi c acid treatment of detonation soot, forming tiny rounded 
sp 2  carbon species (carbon dots), 1–2 atomic layers thick and 1–2 nm in size, 
covalently attached to the surface of the detonation diamond nanoparticles. 
A combination of nanodiamonds bonded with a graphitic phase as a starting 
material and the application of graphite intercalated acids for oxidation of 
the graphitic carbon is necessary for the successful production of CDD-ND. 
The CDD-ND photoluminescence (PL) is stable, 20 times more intense than 
the intrinsic PL of well-purifi ed NDs and can be tailored by changing the 
oxidation process parameters. Carbon-dot-decorated DNDs are shown to be 
excellent probes for bioimaging applications and inexpensive additives for PL 
nanocomposites. 

2–10 nm in size, are the most popular 
fl uorescent nanoparticles for these appli-
cations due to their high brightness, spec-
tral tunability, narrow emission spectra, 
and photostability. [ 3 ]  However, cadmium 
and other heavy metals used in conven-
tional group II–VI quantum dots are 
a major concern in commercial appli-
cations. [ 2,4 ]  In addition, in bioimaging 
applications, blinking effects in quantum 
dots prevent reliable long-term single 
particle tracking. [ 5 ]  Recent reports show 
that blinking can be reduced or even sup-
pressed, [ 6 ]  but at the expense of a higher 
bleaching yield. [ 7 ]  Blinking and toxicity of 
quantum dots motivate investigation of 
alternative materials. Alternative inorganic 
fl uorescent nanocrystals include group 
IV nanoparticles (silicon, silicon-carbide, 

diamond, and germanium), [ 8 ]  core–shell fl uorescent silica 
nanoparticles, lanthanide-doped oxide, and other oxide nano-
particles. [ 1,9 ]  Photoluminescent (PL) metal nanoparticles and 
clusters (Au, Ag, Cu, Pt, and others) have also been fabricated 
recently. [ 10,11 ]  

 Important requirements for PL nanoparticles in bio-
logical applications include low toxicity of the particles and 
high quantum yield and photostability of their luminescence. 
Because of their innate biocompatibility, high resistance against 
photobleaching, long fl uorescence lifetime and wide fl uores-
cence spectral region, carbon-based nanomaterials are gradu-
ally evolving into bioimaging probes of a new generation, also 
providing a drug carrier capability. [ 12–14 ]  

 There are several categories of carbon-based luminescent 
nanoparticles. The fi rst group are so-called carbon dots, which 
are small, surface-passivated carbon nanoparticles with a par-
ticle size below 10 nm and fl uorescence that most likely origi-
nates from surface energy trapping sites and their associated 
radiative recombinations. In order to ensure bright fl uorescence 
emission, a very large surface-to-volume ratio for carbon dots 
is required. [ 15 ]  Various carbon-based starting materials, such 
as soot, activated carbons, graphite, carbohydrates, [ 12–14 ]  and 
nanodiamond [ 16 ]  have been used as precursors to luminescent 
carbon-based nanomaterials using oxidizing conditions at ele-
vated temperatures. Surface-passivated carbon dots are strongly 
emissive in the visible region, and emission intensity typically 
peaks in the green, sometimes extending into the near-infrared 
(NIR) region. [ 12,14 ]  Carbon dots exhibit no optical blinking [ 15 ]  
and are highly photochemically stable with experimentally 

  1.     Introduction 

 The rapid advancement in nanomaterial fabrication has 
brought a broad plethora of fl uorescent nanoparticles, which 
are indispensable for bioimaging applications in life sciences, [ 1 ]  
optoelectronic applications including light-emitting devices and 
display backlighting, photovoltaic, and photodetector devices, 
anti-counterfeiting products, airborne pollution sensors, and 
even quantum information processing. [ 2 ]  Quantum dots made 
from group II–VI and III–V semiconductor materials, typically 
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determined emission quantum yields up to 75%. [ 17 ]  According 
to in vitro and in vivo biological evaluations, carbon dots are 
non-toxic. [ 12,14 ]  

 A second large group of fl uorescent carbon-based structures 
is related to graphene oxide (GO). The atomic structure of GO 
is composed of a graphene basal plane with a non-uniform cov-
erage of oxygen-containing functional groups, such as epoxy 
and hydroxyl groups, resulting in sp 2  carbon islands of a few 
nanometers in size isolated within a defective sp 3  carbon net-
work. Edges of the GO can contain other various oxygen-con-
taining groups. [ 12–14 ]  Typical C:O ratios in GO range between 
2 and 4. Although luminescent GO structures can be relatively 
large, isolated structures of nanometer size can be also pro-
duced (nanoGO). [ 18,19 ]  A popular method of the production of 
PL GO-based structures is the creation of nanosized sp 2  islands 
by a partial reduction of graphite oxide. The latter is typically 
obtained by oxidizing graphite under harsh conditions (Hum-
mers and modifi ed Hummers methods), followed by exfolia-
tion into predominantly single-layer sheets. The fl uorescence 
for GO-based structures has been reported from the visible to 
the NIR range and the maximum intensity is located between 
500 and 800 nm. [ 12–14 ]  Photoluminescence in GO-based struc-
tures was proposed to originate from emissive electronic tran-
sitions within a bandgap formed by quantum confi nement in 
the isolated sp 2  carbon islands, [ 20 ]  as well as by functionalized 
surface defect sites. [ 20–22 ]  The use of PL nanoGO in biological 
imaging was demonstrated both in vivo and in vitro. [ 12–14 ]  
Although passivated carbon dots and nanoGO particles dem-
onstrate bright stable luminescence, PL nanocarbons obtained 
by different chemical treatments vary widely in structure and 
composition as well as their PL properties. “Standardization” of 
the produced PL nanocarbons would be very useful for future 
advancement of their applications in bioimaging. 

 A third large group of fl uorescent carbon nanostructures is 
based on nanodiamond (ND) particles. Nanodiamond particles 
are produced by detonation of carbon-containing explosives 
(DND) or by grinding of microdiamond powders manufactured 
by static high-pressure, high-temperature (HPHT) synthesis. [ 23 ]  
These two classes of ND particles have different structural char-
acteristics and, as a result, different optical properties. A major 
difference between DND and HPHT ND in terms of optical 
applications is the state and content of nitrogen impurities 
within the core of the ND particles. NDs of HPHT synthesis 
contain N as a natural impurity in the form of the substitu-
tional nitrogen (Ns) with concentrations of up to 300 ppm (for 
HPHT ND type Ib). ND produced from natural diamond type 
Ia (Ns concentration up to 3000 ppm) is also available. High-
energy particle irradiation of type Ib ND followed by annealing 
causes formation of PL NV centers with red emission, [ 24 ]  while 
ND from diamond Ia demonstrates green luminescence origi-
nating from the formation of N-V-N centers after irradiation 
and annealing. [ 25 ]  Diamond nanoparticles containing NV color 
centers have caught on as an attractive alternative to quantum 
dots with stable luminescence that does not photobleach or 
photoblink. [ 26 ]  The emission from NV defects peaks in the red 
and NIR spectral regions and is therefore attractive for bio-
logical labeling. Additionally, improved intracellular contrast 
may be achieved by time-gated imaging, taking advantage of 
the long decay lifetime (20 ns) of PL ND [ 27 ]  as compared to 

the short decay lifetime of the cell medium auto fl uorescence 
(2 ns). The fi rst report of the use of PL NDs for biological 
labeling appeared in 2005, [ 26 ]  demonstrating that PL-NDs con-
taining NV centers are spontaneously internalized in HeLa cells 
and show the absence of toxicity in in vitro experiments. Many 
reports indicate the spontaneous internalization and effi cient 
detection of PL NDs in cells during in vivo imaging as well. [ 28 ]  
Production of HPHT nanodiamonds with sizes smaller than 
35 nm, containing a suffi cient number of NV centers to provide 
the required brightness for inter-cell imaging, though, is still 
challenging. Up to now, nanodiamonds synthesized from explo-
sives were not among the preferred candidates for imaging 
applications. [ 29 ]  Although DND contains up to 2–3 wt% of N, 
the N conglomerates in DND are mainly optically inactive. [ 30 ]  
Advantages of DND include the small size of the primary parti-
cles (≈1–6 nm) [ 31 ]  and available industrial production resulting 
in 1–2 orders of magnitude less expensive material than HPHT 
ND. DND has a low level of intrinsic photoluminescence, [ 29,30 ]  
related to residual sp 2  carbon phase present in the DND; how-
ever, surface modifi cation can provide DND with PL proper-
ties. [ 32,33 ]  Thus, synthesis of NDs a few nanometers in size with 
bright red luminescence for biological imaging remains an 
important goal. 

 In this paper, we report that specifi c acid treatment of ND-
containing detonation soot, produces tiny rounded sp 2  carbon 
species (carbon dots), which are 1–2 atomic layers thick and 
covalently attached to the surface of DND particles. These 
carbon-dot-decorated DNDs demonstrate stable red PL that 
exceeds the PL intensity of typical DND by more than a factor 
of 20 and can be tailored by changing the oxidation process 
parameters. As DNDs can be de-agglomerated into individual 
≈5 nm primary particles or fractionated to small size aggre-
gates, this approach provides perspectives for the production of 
sub-10 nm size PL NDs with bright stable luminescence in the 
red and NIR regions, which is extremely well suited for biolog-
ical imaging. The simplicity and effectiveness of the treatment 
of the detonation soot with graphite intercalated (GIC) acids for 
the production of CDD-ND holds promise for large-scale pro-
duction of inexpensive PL ND.   

 2.     Results 

 Recently, we demonstrated that a 3:1 sulfuric to nitric acid mix-
ture can be used to produce PL nanostructures by oxidation of 
micrographite, nanographite, and other graphitic source mate-
rials at temperatures exceeding 100 °C. [ 34–36 ]  It was possible to 
control the PL color of the reaction suspension by tuning the 
reaction temperature and/or reaction time. Various graphite 
oxide nanostructures were observed in the reaction suspen-
sion with increasing reaction time, including nanoribbons, 
graphene-like nanoplatelets, and sub-10 nm nanoparticles. In 
this paper, a similar treatment was applied to detonation soot, 
which is a product of the detonation of carbon-containing high-
energy explosives [ 23 ]  and consists of a mixture of nanodiamond 
and graphitic carbon. A starting sample of detonation soot in 
the 3:1 sulfuric/nitric acid mixture has a characteristic black 
color owing to the presence of sp 2  carbon. A color change of the 
residue from black to gray in an oxidation reaction is typically 
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assigned to the oxidation of the non-diamond carbon compo-
nent in the soot, and production of a gray purifi ed ND powder. 
During treatment of the soot in the 3:1 sulfuric to nitric acid 
mixture, oxidation of the non-diamond carbon in the soot takes 
place relatively quickly (within tens of minutes) when the tem-
perature exceeds roughly 100 °C. In order for this quick oxida-
tion to take place, the weight ratio of the detonation soot and 
the acid mixture should exceed approximately 1:100. Surpris-
ingly, the gray colored NDs, washed from the acids after reac-
tion, possess a bright luminescence, which is visible on a UV 
bench or under a fl uorescent microscope. As was the case in 
a previous study, [ 35 ]  oxidation of the sp 2  phase of the soot with 
the acid mixture results in the production of graphene/graphite 
oxides structures with bright orange PL. The details of this 
treatment are listed below.  

 2.1.     Oxidation Treatment and Luminescence 

 In a series of experiments, detonation soot-1, containing 
≈70 wt% of nanodiamond and 30% of graphitic carbon, was 
treated in similar conditions (amounts of reagents and duration 
of treatment), but at different temperatures: 70, 80, and 90 °C. 
The residue was carefully washed in DI water and inspected 
using a fl uorescence microscope. Water suspensions of the 
residue were also inspected on a UV bench. It was concluded 
that treatment at approximately 80 °C and above is needed to 
produce structures containing PL ND. Within the temperature 
range of ≈80–100 °C, at least 2–3 h treatment is required to pro-
duce PL structures, while at higher temperatures, results of the 
soot oxidation become noticeable after a short treatment time 
(tens of minutes). Photographs of the acidic reaction media, 
containing oxidized soot products after a treatment of detona-
tion soot-1 in a 3:1 sulfuric/nitric acid mixture at 115 °C for 
increasing reaction time intervals, are shown in Figure S1 (Sup-
porting Information). From the set of samples illuminated with 
white light, it can be seen that the color of soot in the reaction 
media progresses from very dark gray (15 min of treatments), 
to light gray for treatments exceeding 75 min. The oxidized 
ND particles in Figure S1 (Supporting Information) are sus-
pended in the acidic reaction media. The samples demonstrate 
orange–yellow PL with a grayish hint due to the nanodiamond 
particles, when illuminated with a 365 nm UV lamp (Figure S1, 
Supporting Information, bottom). If the reaction media are left 
undisturbed, the NDs sediment to the bottom, forming gray-
white residues (color depends on the duration of the treat-
ment). The transparent supernatant, free of nanodiamonds, has 
a light-yellow color in white light and very bright yellow-orange 
PL under UV illumination (Figure S2, Supporting Informa-
tion). This color is characteristic of graphite/graphene oxide 
(GO) nanoparticles. [ 35 ]  As will be shown below by transmission 
electron microscopy (TEM), the transparent yellow supernatant 
contains nanometer-sized carbon spheres (sp 2  carbon struc-
tures) from approximately 5 nm up to 10–20 nm in size. 

 The nanodiamond samples, obtained by the method pre-
sented here, will be called carbon-dot-decorated NDs (CDD-
NDs), in accordance with their structure revealed below by 
high-resolution TEM (HRTEM). The term “dots” is attributed to 
single-digit sp 2  carbon structures, ranging from less than 1 nm 

to a few nanometers in size. The CDD-NDs were extracted 
from the acidic media by repeated washing in DI water using 
centrifugation and sonication. Every sample was washed until 
no free-standing carbon dots or balls were left in the super-
natant after centrifugation. The zeta potential in DI water of 
the washed CDD-ND was between −35 and −45 mV, with an 
average volumetric particle size of 100 nm. Using centrifuga-
tion, the sample was separated into more narrow size fractions, 
including a fraction of 20–30 nm particles, which was used in 
the cell studies. After the collected CDD-ND were resuspended 
in DI water and placed on a bench under UV light, all samples 
demonstrated surprisingly strong pinkish-reddish photolumi-
nescence ( Figure    1  ). Samples treated in the acid mixture over 
2–5 h visually exhibited the strongest PL.  

 PL spectra of dry powders of CDD-NDs treated for var-
ious time are shown in  Figure    2  . The integral PL intensities 
appeared to be 10 to 20 times stronger for the samples as com-
pared to the well-purifi ed DND (bottom line of the Figure  2 a). 
It can also be concluded from Figure  2  that it is possible to 
maximize the PL emission by choosing the proper treatment 
time (at a fi xed temperature). The maximum intensity of the 
emission was observed for a sample treated for 2 h at 115 °C. 
For the samples treated for 30, 45, and 60 min, the emission 
peak position remained at 660–680 nm when using an excita-
tion wavelength of 488 nm (Figure  2 a). For the reaction time of 
90 min and 2 h, the emission peak was blue-shifted to approxi-
mately 620 nm. At the same time, emission in the region 
around 800 nm decreased (as compared to the sample treated 

   Figure 1.    Photographs of the DI water suspension of CDD-ND A) and 
supernatant solution in the acids B) produced after 5 h of treatment of 
detonation soot-1 with a mixture of 3:1 sulfuric/nitric acid at 115 °C. The 
samples are illuminated with a white light (top) and 365 nm UV light 
(bottom). 
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for 60 min). Absorption spectra of the CDD-ND did not reveal 
any characteristic peaks (Figure  2 b).  

 The treatments described above for the sample soot-1 were 
repeated with a sample marked as soot-2. This sample was 
produced by a method of “dry synthesis”, and contained only 
35 wt% of ND and 65% of graphitic carbon in the soot, whereas 
sample soot-1 contained 70 wt% of ND owing to preservation 
of ND phase during fast “wet” cooling of the detonation prod-
ucts. After treatment of the sample soot-2 in a mixture of 3:1 
sulfuric/nitric acid at 115 °C for 5 h and washing with DI water, 
its PL was also high (Figure S3, Supporting Information). 
Figure  2 b demonstrates 20 times stronger PL intensity from the 
sample soot-2 treated for 4 h as compared to the sample soot-2 
treated for 24 h (bottom line at the fi gure). It is also seen that 

the emission band of 4 h treated soot-2 has a clear pronounced 
maximum at 590 nm. 

 Importantly, higher temperature and longer time of treat-
ment leads to essential decrease of the sample luminescence. 
For instance, in one of the experiments, soot-2 was treated at 
130 °C and showed red PL for the washed CDD-ND from a 
probe taken after 1 h of treatment. The remaining sample in 
the acidic reaction media was additionally treated for 20 min at 
200 °C. After the treatment, the residue appeared white. This 
white residue is a well-purifi ed ND (as confi rmed by Raman 
spectroscopy). Inspection of the washed residue in a fl uores-
cent microscope did not reveal PL emission. In another experi-
ment, soot-2 was treated for 24 h at 115 °C. The washed ND 
revealed very weak PL (Figure S3, Supporting Information and 
Figure  2 b). These examples show that, in order to obtain intense 
photoluminescence for the treated samples, the reaction needs 
to be stopped before all sp 2  carbon has been fully oxidized. 

 In order to reveal the role of the starting material (soot) in 
the production of CDD-ND and to explore alternative ways of 
CDD-ND synthesis, a well-purifi ed ND sample was boiled in 
the acid mixture together with independently produced carbon 
dots from nanographite. [ 35 ]  The intention of this experiment 
was to attach CDs to NDs. After 2 h of the reaction time, fol-
lowed by washing and extraction of NDs by centrifugation, the 
fi nal ND sample demonstrated weak PL. It can then be con-
cluded that during treatment in the acid mixture, chemisorp-
tion of free standing carbon dots does not take place and the 
use of detonation soot as a starting material is essential. In the 
soot, NDs and sp 2  carbon are covalently bonded and it can be 
assumed that a fraction of these bonds between the ND surface 
and the residual sp 2  carbon is preserved, forming carbon dots 
bonded to the ND surface. 

 To be able to judge the infl uence of the acid mixture (3:1 sul-
furic/nitric acids ratio) on the fi nal product, similar reactions 
were repeated with fuming nitric acid and 1:1 sulfuric/nitric 
acid mixtures. No visible oxidation of the soot was achieved, 
even at high temperature and over several hours of oxidative 
reaction. 

 In a series of experiments, other starting ND–graphitic 
carbon complexes were also tested. Polycrystalline diamond, 
produced from graphite by a shockwave-induced phase trans-
formation typically contains inclusions of a graphitic phase, as 
confi rmed in Raman and XRD measurements. [ 29 ]  Treatment of 
the polycrystalline nanodiamond particles in the 3:1 sulfuric/
nitric acids mixture produced a bright blue PL supernatant 
containing free carbon dots; well-washed diamond particles 
did not show appreciable PL. Similar results were obtained for 
detonation NDs with a high content of amorphous carbon. An 
experiment was also done with onion-like carbon structures 
containing ND cores, produced by a high temperature vacuum 
annealing of DNDs. [ 37 ]  The supernatant consisting of free CDs 
showed bright orange PL. Well-washed ND demonstrated PL 
that was less bright compared to the CDD-ND produced from 
detonation soot. 

 In order to test the performance of CDD-NDs in biology-
related media, the emission intensity of water slurries of 
CDD-ND was measured. These intensities were compared to 
the emission intensity of other nanocarbon-based PL parti-
cles, such as well-purifi ed DND and graphene/graphite oxides 

   Figure 2.    Fluorescence emission spectra measured for: A) typical detona-
tion ND (bottom line) and for the CDD-ND produced at increasing reac-
tion time by treatment of detonation soot-1 with a mixture of 3:1 sulfuric/
nitric acids at 115 °C; B) CDD-ND produced by a 4 and 24 h treatment of 
detonation soot-2 in a mixture of 3:1 sulfuric/nitric acids at 115 °C. The 
excitation wavelength is 488 nm. (see also Figure S3, Supporting Informa-
tion). The inset to Figure  2 b shows absorption spectra of a 0.3 mg mL −1  
CDD-ND suspension in DI water. 
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produced by the acid oxidation of nanographite (Figure S4A, 
Supporting Information). An inset Table in Figure S4A (Sup-
porting Information) contains the parameter  F  o  for all these 
samples. The parameter  F  o  is a quantitative characterization 
of the photoluminescence, being the ratio of integral inten-
sity of photoluminescence to the integral intensity of the 
water Raman valence band. [ 38,39 ]  The polydispersed CDD-ND 
sample, obtained after 90 min of acid treatment, has a 10 times 
higher intensity than a typical polydispersed ND. NanoGO has 
an almost 100 times higher brightness than CDD-ND parti-
cles (50 times in comparison with the most bright CDD-ND 
obtained after 2 h of treatment). Figure S4B (Supporting Infor-
mation) illustrates the PL intensity stability of the suspensions, 
including a suspension of organic dye Alexa Fluor, under pro-
longed laser irradiation. All carbon-based samples demonstrate 
high stability of the PL, while the intensity of the Alexa sample 
decreased by 45%. Deviation from the average of the integral 
PL intensity was 3–4% for the CDD-ND and the nanoGO sam-
ples, and 6–8% for the well-purifi ed DND samples.   

 2.2.     Structural Characterization: Electron Microscopy, XRD, XPS 

 To better understand the processes involved in the carbon 
dots formation, the typical detonation soot prior to treatment 
and the graphitic material collected from the supernatant 
of the reaction media were investigated, and are displayed in 
 Figure    3  a,b. The HRTEM image of detonation soot in Figure  3 a 
clearly shows that the starting material is a mixture of nanodia-
mond (white arrows) and graphitic structures (e.g., onion struc-
tures, indicated by black arrows). The inset Fourier transform 
pattern shows the presence of both graphitic and diamond lat-
tice refl ections, typical for this type of material. An image of 
the supernatant material is displayed in Figure  3 b. This heavily 
agglomerated material is mainly amorphous, as evidenced by 
the lack of lattice refl ections in the inset Fourier transform.  

 HRTEM images of the carbon dot decorated DND material 
are displayed in  Figure    4  a–c. Figure  4 a is an overview image of 
the material; the white arrows point to round graphitic struc-
tures and 1–2 nm carbon dots at the nanodiamond surfaces. 
These structures are clearly present all over the nanodiamond 
material surfaces. The inset electron diffraction pattern taken 
from the same region only displays lattice refl ections typical of 
the diamond crystal structure, evidencing that all large graphitic 
onion structures have been destroyed. The HRTEM images in 
(b) and (c) show that the dots are attached to the nanodiamond 
surfaces. These nanodiamond surfaces are generally covered 
by 1–2 monolayers of graphitic material, which, in turn, is 
attached to the carbon dots. The inset Fourier transform in (c) 
evidences the diamond particle in the white rectangle is imaged 
along the [011] zone axis orientation.  

 The nature of the carbon dots was further investigated using 
spatially resolved electron energy-loss spectroscopy, performed 
in the same microscope as the HRTEM imaging but operated 
in scanning TEM (STEM) mode. To do so, we adopted the so-
called spectrum imaging technique (Supporting Information). 
In this technique, the sample area of interest, here containing 
dots-decorated nanodiamonds ( Figure    5  a), is scanned in small 
steps using a fi ne (≈1.5 Å) electron probe. At each point of the 
scan, an EELS signal is acquired containing the C-K (285 eV), 
the N-K (400 eV), and the O-K (532 eV) edge, allowing the chem-
ical nature of the material to be investigated. A dark-fi eld STEM 
overview image, taken simultaneously with the 49*27 point 
spectrum image, is displayed in Figure  5 a. Several nanometer-
sized structures, presumably the carbon dots, are visible at 
the surface of the nanoparticles. Averaged EELS spectra from 
regions marked by 1 and 2 in Figure  5 a are plotted in Figure  5 e. 
The top EELS spectrum from region 1, a nanodiamond region, 
shows the presence of carbon at this position through the C-K 
edge starting at 285 eV, but also a small amount of nitrogen 
though the N-K edge around 400 eV. The fi ne structure of the 
C-K edge, with a large σ* contribution starting at 292 eV, cor-

responds largely to the diamond energy-loss 
near edge (ELNES) signature. [ 40 ]  The small 
π* contribution at 285 eV in this spectrum 
arises from graphitic material at the top and 
bottom nanodiamond surfaces. An overview 
spectrum with high  S / N  ratio, summed over 
many CDD-ND particles simultaneously is 
displayed in Figure S5 (Supporting Informa-
tion). Again, the π* contribution at 285 eV 
arises from the graphitic structures and dots 
at the ND surfaces, while the large σ* contri-
bution at 292 eV confi rms that the majority 
of the material is indeed still diamond. 
The nitrogen signal, peaking around 403 eV, 
mainly arises from nitrogen embedded within 
the nanodiamond cores. [ 41 ]   

 The spectrum from a single-carbon dot at 
the nanodiamond surface, spectrum 2, looks 
distinctly different from spectrum 1. The 
fi ne structure of the C-K edge has a large π* 
contribution at 285 eV, and a broader σ* con-
tribution. The σ* contribution in the spec-
trum does not show the presence of sharply 

   Figure 3.    TEM investigation of the detonation soot and carbon supernatant material. a) HRTEM 
image of detonation soot, a mixture of nanodiamond (white arrows) and graphitic material 
(e.g., onion-like structures, black arrows), the starting material for the production of carbon 
dot-decorated diamonds. The inset Fourier transform shows the presence of both graphitic 
and diamond lattice refl ections. b) Heavily agglomerated carbon material collected from the 
supernatant of the reaction media. The material is mainly amorphous, as evidenced by the lack 
of lattice refl ections in the inset Fourier transform. 
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defi ned peaks, as is the case for graphite, but also does not cor-
respond to the case for amorphous carbon. As was clear from 
the HRTEM images, the dots are made up of graphitic material 
that is highly deformed or defected. No signifi cant nitrogen or 
oxygen signal is detected in the carbon dot structure in position 
1. As the signal to noise (S/N) ratio in the spectrum is relatively 
low, due to the small size of the carbon dot structure, an aver-
aged spectrum from several dots is also plotted in Figure  5 e. 
The spectrum confi rms that no signifi cant nitrogen or oxygen 
signal is present in the carbon dots. 

     Figure 4.    TEM investigation of CDD-ND. a) Overview image of typical 
CDD-ND material. The white arrows point to round graphitic structures 
and 1–2 nm carbon dots at the nanodiamond surfaces. The inset elec-
tron diffraction taken from a similar region only displays lattice refl ections 
typical of the diamond crystal structure, evidencing that all large graphitic 
onion structures have been destroyed. b,c) High-resolution TEM images 
showing the dots are attached to the nanodiamond surfaces, which are 
generally covered by 1–2 monolayers of graphitic material. The inset Fou-
rier transform in (c) evidences the diamond particle in the white rectangle 
is imaged along the [011] zone axis orientation. 

   Figure 5.    STEM-EELS investigation of CDD-ND. a) ADF-STEM overview 
image of the region investigated by spatially-resolved EELS. b) Diamond 
map. c) Non-diamond carbon map; the scale bar is 2 nm in (b) and 
(c). d) Color maps showing the non-diamond shell and dots covering 
the diamond nanoparticle cores. e) Extracted EELS spectra from regions 
1 (nanodiamond) and region 2 (carbon dot) in the EELS spectrum image. 
The bottom spectrum is a summed spectrum from several dots. 
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 To plot the distribution of diamond and non-diamond carbon 
species in the studied region, we fi tted a diamond reference 
as well as the reference obtained from several carbon dots to 
all the acquired spectra. Plotting the intensity of the two fi tted 
components provides the diamond and non-diamond (graphitic 
material) maps displayed in Figure  5 b,c. A color overlay of both 
is also plotted in Figure  5 d. 

 XRD spectra of the CDD-ND produced by treatment of deto-
nation soot-1 at 115 °C for different time intervals are shown in 
Figure S6 (Supporting Information). For the sample treated for 
1 h, both diamond (≈46° (diamond (111) and 75°(diamond 220)) 
and graphite (≈27°) phases present, while in the sample treated 
for 4 h the diamond phase dominates. This illustrates that the 
small 1–2 nm carbon dots formed after several hours of treatment 
do not provide a noticeable contribution to the XRD graphite 
peak, confi rming the HRTEM and ED results obtained above. 

 XPS spectra of the CDD-ND produced by treatment of deto-
nation soot-1 at 115 °C for 4 h are shown in Figure S6 (Sup-
porting Information). The spectra are typical for DND and 
have broad C 1s and O 1s peaks. Based on XPS measurements, 
the CDD-ND samples contain ≈6 wt% of oxygen, ≈2 wt% of 
nitrogen, and 92 wt% of carbon. FTIR spectra (not shown) dem-
onstrate a well-pronounced 1730 cm −2  carbonyl peak which, in 
combination with negative zeta potential, confi rms the pres-
ence of carboxylic groups on the CDD-ND surface.   

 2.3.     Demonstrations of Applications  

 2.3.1.     Cells Studies 
 CDD-ND agglomerates with an average particle size of 
about 20–30 nm were used in the cell studies. In parallel, 

well-purifi ed detonation ND agglomerates with average sizes of 
60–80 nm and weak surface structural luminescence (bottom 
graph at Figure  2 a) were also investigated. HaCat cells incu-
bated with or without nanodiamonds for 24 h displayed normal 
elongated morphologies ( Figure    6  B,C) compared to con-
trol cells (Figure  6 A) as demonstrated with transmitted light 
microscopy. The difference in relative fl uorescent intensity and 
uptake of the two different nanodiamonds compared to control 
cells was evaluated with laser scanning confocal microscopy 
(Figure  6 D–F). Cell nuclei were counterstained (blue) in order 
to determine the cell locations. As can be seen in Figure  6 D, 
the control cells only display the nuclear signal compared to the 
non-fl uorescent well-purifi ed DNDs (Figure  6 E), which display 
weak background fl uorescence compared to the strong areas of 
red fl uorescence for the carbon-dot-decorated nanodiamonds 
(Figure  6 F). These images suggest that fl uorescent CDD-ND 
are indeed well-suited for in vitro cell culture imaging.    

 2.3.2.     Polymer Nanocomposites 

 Figure S8 (Supporting Information) illustrates photographs of 
a cellulose composite containing CDD-ND (left) and a pure cel-
lulose fi lm (right) on a glass slide. Red luminescence imparted 
by the CDD-ND to the fi lm is clearly seen at the bottom left 
picture.     

 3.     Discussion 

 In this work, we have demonstrated that during treatment of 
detonation soot in a 3:1 mixture of sulfuric and nitric acids, 
luminescent composite structures consisting of NDs decorated 

     Figure 6.    A–C) Representative transmitted light and D–F) fl uorescent images of HaCat cells dosed with 25 µg mL −1  of nanodiamonds for 24 h. A,D) 
Control. B,E) Typical detonation ND. C,F) Carbon dots decorated ND. Nanodiamonds appear in red and nuclear counterstain in blue. 
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with 1–2 nm rounded nanocarbon particles can be produced 
( Figure    7  ). These rounded structures, permanently attached 
to the ND surface, are 1–2 atomic layers thick, highly defected 
graphitic structures. Two important conditions for the pro-
duction of CDD-ND are (1) the use of detonation soot as a 
starting material and (2) a 3:1 sulfuric/nitric acid mixture as an 
oxidizer. This mixture of sulfuric and nitric acids is a known 
graphite intercalating reagent, [ 42,43 ]  which penetrates between 
the graphitic planes resulting in expansion of the planes, fol-
lowed by oxidation and breaking of extended graphitic struc-
tures. It has also been shown that the dilation and the oxidation 
of graphitic carbon is most effi cient when using a 3:1 ratio of 
sulfuric/nitric acids, [ 42 ]  proving to be a highly effi cient method 
to produce tiny nanometer-sized oxidized graphitic/graphene 
structures. [ 35,44 ]   

 During synthesis by detonation of explosives, ND is formed 
by crystallization of liquid carbon droplets when the tempera-
ture and pressure correspond to the ND phase region in the 
nanocarbon phase diagram [ 23 ] ; when the pressure drops below 
the diamond–graphite equilibrium, the growth of diamond is 
replaced by the formation of graphite on the surface of ND 
particles as well as in the surrounding area. As a result, the 
nanodiamond lattice forms covalently bound structures with 
surrounding graphitic regions. If cooling of the detonation 
products is not performed fast enough, a fraction of the NDs is 
converted into OLC during synthesis (Figure  3 a). During con-
trolled etching of non-diamond carbon using GIC acids, gra-
phitic structures are effi ciently oxidized and destroyed around 
the ND particles, but for a certain period of time, tiny graphitic 
spots remain attached to the ND surface. The conditions of the 
treatment in a mixture of sulfuric/nitric acids can be chosen to 
avoid complete etching of non-diamond carbon structures from 
ND surfaces. 

 Simultaneously with the formation of 
CDD-ND, free-standing carbon spheres, 
5–10 nm in size, are formed by the oxida-
tion of the non-diamond carbon in the soot 
(Figure  7 , top). These structures possess very 
bright luminescence and can be used as PL 
structures on their own, when extracted 
from the reaction medium. Thus, the pre-
sent approach allows production of PL struc-
tures from both diamond and non-diamond 
carbon components of the detonation soot. 
The rounded or semispherical, well-separated 
1–2 nm sp 2  carbon structures reported in this 
work are clearly different from the sp 2  carbon 
layers and cage structures, seen in HRTEM 
images of typical DND [ 41,45 ]  and do not 
resemble bucky-shells on (111) surfaces [ 46 ]  
either. 

 CDD-NDs possess orange-red PL, which is 
more than 20 times brighter than the intrinsic 
PL observed for well-purifi ed DND (Figure  2 ), 
which is attributed to the surface defects. [ 30 ]  
As we have shown above, in the CDD-ND 
composite PL is mainly attributed to the PL 
of the carbon dots permanently attached to 
the ND surface. To date, a plethora of dif-

ferent types of ultrasmall (few nms) carbon-based structures 
with bright luminescence had been produced. [ 12–14 ]  Numerous 
mechanisms of the PL emission were suggested, mostly based 
on the presence of surface energy trapping sites. [ 12–14 ]  Defected 
graphitic structures of the rounded carbon dots on the ND 
surfaces and the presence of carboxylic acid groups suggest a 
possible mechanism of emission based upon an electronic cou-
pling of carboxylic acid groups with nearby atoms in polycylic 
aromatic compound-like species. [ 22 ]  Unique features of the cur-
rent carbon dots structures are, however, related to their tiny 
size, approximately 1–2 nm in diameter, smaller than the sizes 
of typical carbon and graphene dots. [ 12–14 ]  Another peculiarity 
is their predominant red-NIR emission. A shift of the PL emis-
sion into the orange region was observed when the duration of 
the acid treatment was increased. This shift can be explained in 
terms of a size-dependent blue-shift, related to bandgap elec-
tron transitions in QDs. [ 14 ]  However, carbon dots on ND sur-
faces quickly oxidize and eventually disappear, so that yellow 
or shorter wavelength emission was not revealed. This is pos-
sibly connected with the fact that ≈1 nm carbon dot structures 
providing red emission are mechanically stable on the ND sur-
face, whereas smaller structures that would provide shorter 
wavelength emission are not mechanically stable. It cannot be 
excluded that the red-NIR positions of the PL could be related 
to interaction of the carbon dots with the NDs (either with 
its surface or interior optically active defects). Further studies 
are therefore required to explain the PL properties of the dia-
mond–carbon dots composites. Importantly, through correct 
choice of the duration and temperature of the acid treatment, a 
maximum position and intensity of CDD-ND PL in the red-NIR 
regions can be obtained (Figure  2 ). 

 It is interesting that these highly PL structures were not 
observed previously, as the 3:1 sulfuric/nitric acid treatment is 

   Figure 7.    Schematic of the formation of PL products by treatment of detonation soot in a mix-
ture of 3:1 sulfuric/nitric acid:carbon dots decorated ND produced from the diamond phase 
of the detonation soot (bottom) and free standing PL nanocarbon structures including carbon 
balls (Figure  3 b), formed by oxidation of the non-diamond carbon in the soot (top). 
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quite popular for ND purifi cation and carboxylation. [ 47 ]  Within 
the detonation ND community, there is a method of oxidation of 
non-diamond carbon in the detonation soot through treatment 
of the soot with a mixture of concentrated nitric and sulfuric 
acids (often with addition of sulfur anhydride) at temperatures 
exceeding 250 °C for several hours. [ 48 ]  The conditions of treat-
ment described in Brylyakov et al. [ 48 ]  correspond to complete 
removal of non-diamond carbon from the DND surface, which 
is considered standard practice in producing high-purity nano-
diamonds. However, in our method, the process of refl uxing at 
lower temperatures with careful control of reaction time allows 
control of the amount of non-diamond carbon left on DND sur-
faces, resulting in the appearance of PL properties.   

 4.     Conclusion 

 In this paper, we report a simple and effi cient method for the 
production of ND-based, all-carbon, highly PL structures. The 
produced CDD-ND structures were fractionated down to a 
20–30 nm size fraction. There is however no fundamental limit 
to the production of 5 nm primary CDD-ND, by disintegra-
tion of the ND aggregates within detonation soot through the 
use of, e.g., bead milling prior to the acid treatment. The high 
luminescence of the all-carbon CDD-ND composites, which are 
water stable due to the oxygen-containing groups at the particle 
surfaces, can be used in a wide variety of applications. As dem-
onstrated in the cell study in the present work, CDD-ND with 
their predominant red-NIR emission, are attractive biolabels for 
in vitro cell culture imaging. It can be, in principle, considered 
for in vivo imaging in small animal studies. Nanodiamonds 
have been extensively studied as potential injectable thera-
peutic agents for generalized drug delivery in mouse models of 
cancer, [ 49 ]  where carboxylated detonation NDs were shown to be 
drug carriers with a high loading capacity. Nanocarriers imaging 
capability is an important aspect of the in vivo studies, which 
was achieved in ref. [ 49 ]  by conjugating detonation ND with a 
NIR dye. CDD-ND can further extend the potential of detona-
tion ND as a drug carrier by providing intrinsic red-NIR imaging 
capability, eliminating need in NIR dyes, and a carboxylated sur-
face, preferable for binding of a broad range of therapeutics. [ 49 ]  

 CDD-ND can be also valuable research tools in the develop-
ment of DND-based polymer nanocomposites, as they can allow 
visualization of DND distribution within a polymer matrix and 
facilitate the development of the nanocomposite processing. As 
NDs are nanoadditives that can signifi cantly improve mechan-
ical properties of composites and coatings, CDD-ND provide 
a new functionality to nanocomposites, fl uorescence. Their 
production cost can, in principle, be comparable to the cost of 
typical DND, opening perspectives for large-scale applications 
in PL nanocomposites, cosmetics, optoelectronics, photovoltaic, 
and anti-counterfeiting products.   

 5.     Experimental Section 
  Starting Material : Detonation soot (sample soot-1) provided by 

SKN, Russia, was produced by detonation of a mixture of TNT/RDX in 
ice cooling media. Sample soot-2 was provided by NPO Altai, Russia, 

and was synthesized in a mixture of TNT/RDX in CO 2  cooling media. 
Theses samples were synthesized in the so-called “wet” and “dry” 
cooling conditions, correspondingly. The soot-1 contains ≈70 wt% of 
nanodiamond and soot-2 about 35% of nanodiamond. Soot samples 
were purifi ed from metallic impurities by treatment in HCl. Final 
incombustible impurities content in both samples was about 1 wt%. 

  Oxidation Reaction : An amount of 250 mg of detonation soot was 
added to a 200-mL three-neck round bottom fl ask, along with 50 mL 
mixture of a three to one ratio of 95%–98% sulfuric acid (Aldrich) 
and 68% nitric acid (J.T. Baker). The fl ask was fi tted with a water-
cooled refl ux condenser and a thermometer. The gas evolved was 
neutralized by bubbling through a solution of sodium hydroxide. Using 
an oil bath, the bath temperature was elevated to the appropriate 
temperature (between 90 and 120 °C) while the mixture was stirred. 
After the mixture was heated for different time intervals (from 15 min 
to 24 h) at the appropriate temperature, the fl ask was allowed to cool 
to room temperature. During reaction, probes of the reaction media 
were collected at different time intervals. After cooling, the residue 
was collected by centrifugation at 5000–20 000 g  forces for 10 min and 
washed with deionized (DI) water until the supernatant had a value 
above pH 5. At this stage, transparent supernatant after collection of the 
CDD-ND residue did not show any photoluminescence, indicating that 
free standing carbon dots were completely removed by washing. Then 
washing was continued until the CDD-ND had acquired a high negative 
zeta potential (at least −35 mV) and at least part of NDs remained 
suspended in DI water after the centrifugation at 25 000 g  forces. The 
residue for XRD, XPS, and Raman spectroscopy characterization was 
dried overnight under vacuum at 50 °C. 

  Luminescence Measurements : PL spectra of the powders were recorded 
at room temperature using a LABRAM HR spectrometer with 488 nm 
excitation light from an Ar+ laser. The laser beam was focused at a spot 
2 µm in diameter on the surface of the CDD-ND samples. The PL of the 
sample was too high to be able to record Raman spectra. 

 The PL spectra of suspensions were recorded at room temperature 
using a laser Raman spectrometer with 488 nm excitation light from an 
Ar+ laser. The output power was 400 mW, and the real power density 
in cuvette was 10 W cm −  2  at 488 nm excitation. For suppression of 
the elastic scattering, an edge fi lter (Semrock) was used. It allowed 
measurement of spectra separated by 100 cm −1  from the laser excitation. 
The system of registration consisted of monochromator (Acton, grades 
900 and 1800 grooves mm –1 , focal length 500 nm, spectral resolution 
1 cm −1 ) and two detectors: PMT (Hamamatsu, H-8259-01) and a CCD 
camera (Jobin Yvon, Synapse1024* 128 BIUV-SYN). 

 PL stability of aqueous suspensions of typical DND, CDD-ND, 
nanoGO, and Alexa of the same concentration 0.3 g L −1  has been 
studied. The cuvette with solutions was fi xed in a cuvette holder for 2 h, 
being constantly irradiated with laser radiation at 488 nm wavelength. 
Spectra were recorded with PMT every 15 min in the range from 500 to 
800 nm. The geometry of the experiment and experimental conditions 
was identical for all the solutions. The obtained curves were corrected 
for laser power, signal accumulation time, PMT sensitivity, sample 
absorption. 

  Transmission Electron Microscopy : To prepare the samples, a drop of 
a water-based CDD-ND solution was placed on a carbon-coated copper 
grid and left to dry. Bright-fi eld TEM and electron diffraction experiments 
were carried out on a Philips CM30 microscope, operated at 300 kV. 
High-resolution TEM, STEM, and spatially resolved EELS experiments 
were carried out on a FEI Titan 80-300 “cubed” microscope fi tted with 
an aberration-corrector for the imaging lens and the probe forming 
lens, an electron monochromator and a GIF Quantum energy fi lter for 
spectroscopy, operated at 80 kV to minimize knock-on damage to the 
sample. For high-resolution imaging, the electron monochromator was 
used to provide an energy resolution of ≈0.3 eV, doing so extending the 
information transfer in the HRTEM images. STEM-EELS experiments 
were performed using a convergence semi-angle  α  of ≈21 mrad and a 
collection semi-angle  β  of ≈24 mrad, at a beam current of approximately 
80 pA. A fi ne electron probe (diameter ≈1.5 Å) was scanned over a 
region of the sample, acquiring an EELS spectrum at each point. All 
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spectra were acquired at an energy dispersion of 0.25 eV per pixel and 
an energy resolution of approximately 1.2 eV. Chemical maps for the C 
signals (non-diamond carbon and diamond) were generated by fi tting 
the carbon K-edge to a known reference for diamond and the internal 
reference for non-diamond carbon (bottom spectrum Figure  5 ). 

  Cell Studies : The human keratinocyte cell line (HaCaT) was purchased 
from the American Type Culture Collection (ATCC). The cells were 
cultured in T-75 fl asks with RPMI 1640 cell culture media (Invitrogen) 
supplemented with 10% fetal bovine serum (ATCC) and 1% penicillin/
streptomycin (Sigma), and incubated at 37 °C in a humidifi ed incubator 
with 5% CO 2 . For nanodiamond exposure, the RPMI 1640 media was 
supplemented with 1% penicillin/streptomycin and no serum. HaCat 
cells were plated at ≈350 000 cells mL –1  in two-chambered slides and 
allowed to adhere and grow for 24 h prior to dosing with nanodiamonds. 
Non-fl uorescent DND and fl uorescent nanodiamonds (CDD-ND) were 
incubated with human keratinocyte (HaCat) cells in culture in order to 
determine if their PL is strong enough to be useful for cell biology in 
vitro studies. Both forms of nanodiamonds were probe-tip sonicated 
for 1 min (20W, Cole-Palmer instrument), then diluted to fi nal dosing 
concentrations of 25 µg mL −1  in cell culture media. 

 Transmitted light microscope images of live cells after 24 h of dosing 
with NDs were taken on an Olympus IX71 inverted phase contrast 
microscope and were captured via QCapture Pro Imaging Software. 
Fluorescent images were taken on a BD Pathway laser scanning confocal 
microscope with Attovision 5 software at 20× magnifi cation after fi xation 
of the cells and counterstaining of the nuclei with SYTOX Green dye 
(Invitrogen, false colored blue) followed by preservation with Prolong 
Gold Antifade reagent (Invitrogen). 

  Formation of Cellulose/CDD–ND Composite : CM-Cellulose (Sigma) was 
dissolved in 1 mL of DI water in the amount of 5 wt%. Then, 1 mL of 
0.25 wt% CDD-ND water suspension was added and the mixture was 
sonicated, cast on a glass slide and dried overnight at room temperature. 
Resulting cellulose-CDD-ND nanocomposites contained 5% of CDD-ND.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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