
HEYER ET AL . VOL. 8 ’ NO. 6 ’ 5757–5764 ’ 2014

www.acsnano.org

5757

April 09, 2014

C 2014 American Chemical Society

Toward Deep Blue Nano Hope
Diamonds: Heavily Boron-Doped
Diamond Nanoparticles
Steffen Heyer,†,# Wiebke Janssen,‡,§,# Stuart Turner, ),* Ying-Gang Lu, ) Weng Siang Yeap,‡,§ Jo Verbeeck, )

Ken Haenen,‡,§,* and Anke Krueger†,^,*

†Institut für Organische Chemie, Julius-Maximilians-Universität Würzburg, Am Hubland, D-97074 Würzburg, Germany, ‡IMOMEC, IMEC vzw, Wetenschapspark 1,
B-3590 Diepenbeek, Belgium, §Institute for Materials Research (IMO), Hasselt University, Wetenschapspark 1, B-3590 Diepenbeek, Belgium, )EMAT, University of
Antwerp, Groenenborgerlaan 171, B-2020 Antwerp, Belgium, and ^Wilhelm Conrad Röntgen Research Center for Complex Material Systems (RCCM),
Julius Maximilians-Universität Würzburg, Am Hubland, D-97074 Würzburg, Germany. #S. Heyer and W. Janssen contributed equally.

B
oron-doped diamonds in their natural
and synthetic forms (HPHT and CVD)
have a wide range of possible applica-

tions. Besides their evident use as gem-
stones, the most famous being the Hope
and the Blue Wittelsbach diamonds,1,2

B-doped CVD diamond films show the
widest known electric potential window,
making them an ideal material to be used
as electrochemical electrodes.3�5 Despite
years of research, interest is still growing,
ranging from very fundamental investiga-
tions on its (superconducting) properties6�8

to possible uses in new applications such as
X-ray beam monitoring.9

To date, nanocrystalline diamond parti-
cles with homogeneous boron doping have
not been reported as such. However, dia-
mond powders coated with a boron-doped
surface layer have been investigated. In
these attempts the boron was present in
the outer shell, but not present in the
undoped diamond core, and the size of
the clustered particles was relatively large.10

Further work was done in order to use these
particles for catalytic applications (i.e., by
platinization).11 Another approach was re-
ported using diamond microcrystals ob-
tained from CVD films as the catalyst
support.12 The growth of a boron-doped
diamond layer on a conductive carbon ma-
terial (hereglassy carbon)was also reported.13

But still, fully doped, well-dispersed diamond
nanoparticles with small diameters are not
only of fundamental interest to the scientific
community; a broad rangeof applications can
be envisaged for this type of material. The
application of boron-doped seeds for the
growth of homogeneous boron-doped dia-
mond films is especially attractive. In order
to understand the properties of boron-
doped nanoparticles, structural features
such as the location of the boron atoms in
the nanocrystal, the superconducting proper-
ties, or theoccurrenceof charge transfer upon
surface functionalization with suitable dyes
need to be investigated.14 Later on, there
could be applications in electrochemistry
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ABSTRACT The production of boron-doped diamond nanoparticles enables the

application of this material for a broad range of fields, such as electrochemistry,

thermal management, and fundamental superconductivity research. Here we

present the production of highly boron-doped diamond nanoparticles using boron-

doped CVD diamond films as a starting material. In a multistep milling process

followed by purification and surface oxidation we obtained diamond nano-

particles of 10�60 nm with a boron content of approximately 2.3 � 1021 cm�3.

Aberration-corrected HRTEM reveals the presence of defects within individual

diamond grains, as well as a very thin nondiamond carbon layer at the particle surface. The boron K-edge electron energy-loss near-edge fine structure

demonstrates that the B atoms are tetrahedrally embedded into the diamond lattice. The boron-doped diamond nanoparticles have been used to nucleate

growth of a boron-doped diamond film by CVD that does not contain an insulating seeding layer.
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and atomic force microscopy (using the highly doped
particles as starting material in molds to form conduct-
ing AFM tips for scanning spreading resistance mea-
surements (SSRM)).15 In general, they could be used as
seeding crystals during CVD to avoid a first insulating
layer between the substrate and the growing diamond
films, which is undesirable for most electronic and
electrochemical applications, as it increases the inter-
face resistance between diamond layer and substrate.
Therefore, it is of great interest to produce diamond
nanoparticles with high boron content at the C-lattice
positions in a way that can be upscaled for the above-
mentioned applications.
Both natural and synthetic diamond (nano)particles

are known to contain lattice defects and impurities.
Several defect centers have been investigated in great
detail, among them, the most prominent, the NV
center, but also, for example, silicon-based defects
(i.e., SiV) and nickel- or chromium-related defects.16�19

Numerous applications of these nanoparticles have
been reported. Besides nanodiamond-based biomedi-
cal markers and sensors that rely on the stable fluores-
cence of lattice defects such as the NV center,16 single
photon sources,17 nanomagnetometers,20 and setups
for optical applications such as STED microscopy21 can
be fabricated using suitably sized and structured
nanodiamonds.
Methods for the production of such doped nano-

particles include the implantation of atoms or clusters
into existing nanoparticles, the growth of doped crys-
tallites by chemical vapor deposition, and top-down
approaches starting from larger objects that already
contain the respective lattice defects.
Ion implantation can be used to treat already avail-

able nanoparticles; however, the lattice suffers damage
from the high impact of the implanted objects.22 In the
case of diamond such damage can result in the forma-
tion of dislocations or the partial or even complete
graphitization of the nanoparticles.23 Another issue is
related to the location of the foreign atoms. Implanta-
tion does not guarantee that the foreign atoms are
placed at lattice positions. Implantation of atoms at
unwanted interstitial locations as well as the formation
of defect clusters cannot be excluded. Nevertheless,
this technique has been used to produce diamond
nanostructures with NV centers.24 In the case of boron-
doping this method, however, is not applicable due to
the large number of necessary defects that cannot be
healed by annealing. The production of doped nano-
particles by CVD methods is limited to small amounts
of material, as the process has to be stopped at a very
early stage.25,26 The resulting particles typically show a
very broad size distribution and often irregular shape.
In some cases, though, considerable control of the
properties of these CVD-grown particles has been
achieved.27 Also the removal of the substrate can
damage the obtained nanocrystallites. Furthermore,

this technique typically leads to overgrown particles
with a defect-free core and a doped shell. This inho-
mogeneous distribution of defects is undesirable for
most applications.10

The production of diamond nanoparticles from bulk
and CVD diamond has been demonstrated by some of
us for diamond containing SiV17,28 or NV20 color cen-
ters. The latter has also been reported for the crushing
of HTHP diamond.29 Such methods are typically ac-
companied by differing levels of sample contamina-
tion, e.g., by zirconia from milling beads, and surface
graphitization is observed.28 Additionally, the concen-
tration of these defects is typically orders ofmagnitude
lower than for boron-doped materials.
Here we report on the production of truly boron-

doped diamond nanoparticles, starting from highly
boron-doped polycrystalline CVD diamond, leading
to noncontaminated, colloidal solutions of the boron-
doped ND particles.

RESULTS AND DISCUSSION

The starting material was a 14.5 μm thick, polycrys-
talline, B-doped diamond film produced bymicrowave
plasma-enhanced chemical vapor deposition (MW PE
CVD). The film features randomly oriented microcrys-
tals with an average crystal size around 7 μm, with
single grains measuring up to 20 μm (Figure 1a).

Figure 1. (a) SEM image of the original boron-doped film
showing grain sizes in the micrometer range; (b) Raman
spectra of the back side of the initial film (iv), and the three
size fractions (spectra i�iii; see dynamic light scattering
(DLS) results in Figure 2 for size distributions) after crushing.
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Raman spectroscopy (excitation at λ = 445 nm) reveals
a clear peak at∼1325 cm�1 related to sp3-bonded car-
bon (Figure 1b, spectrum (iv)). The Fano resonance as
well as the band at 1211 cm�1 confirms boron doping
above 1020 cm�3.30 Nanosized grains of the early
deposition, hence a high density of sp2-containing
grain boundaries, explain the presence of the G-band
at∼1550�1570 cm�1 visible in the spectrum from the
backside of the film (Figure 1b, (iv).
The polycrystalline diamond film was isolated from

its silicon substrate by chemical etching in a tetra-
methylammonium hydroxide (TMAH) solution. The
absence of significant amounts of silicon from the
substrate was proven by energy-dispersive X-ray spec-
troscopy (EDX). Further evidence was obtained by
the absence of the respective signals in the Raman
spectrum (Figure 1b) recorded at 445 nm excitation
wavelength.
Crushing of the filmwas carried out using a vibration

mill and grinding balls made of tempered steel. The
choice of the equipment's constituting material is of
importance, as a compromise between sufficient hard-
ness and easy removal of abrasion debris has to be
found. In previous reports we used zirconia-coated
milling vessels as well as zirconia milling beads.31 This
material exhibits a very high hardness; however, dia-
mond is still harder and hence some abrasion is
observed. As nanoscale zirconia is very difficult to
remove (treatment with phosphoric acid or strong
base is required for a prolonged time followed by, for
example, a chromatography step),32 we opted for steel
as a softer yet easier to remove material here. The
crushing was carried out in amultistep fashion in order
to avoid material heating and subsequent graphitiza-
tion. After milling, a mixture of diamond powder and
iron abrasion is obtained. The iron and most of the
other steel components can be removed using hydro-
chloric acid treatment at elevated temperature. The
remaining contaminants are dissolved during the oxi-
dative treatment (see below). The resulting diamond
material exhibits a black color, and Raman spectra
reveal the existence of large amounts of sp2 carbon
within the material (Figure S1, Supporting Information).
An attempt to separate diamond nanoparticles as a
colloidal solution from this initial powder by dispersing
it and precipitating larger fractions failed. As can be
seen in Figure S2, the obtained brown colloid did not
contain diamond. Instead, disordered graphitic materi-
al was observed. The latter in part stems from the grain
boundaries of the CVD diamond film (see above).
Another part is formed during the milling; the high
energy impact of the grinding balls and the generation
of dangling bonds at the freshly generated surfaces
promote the reconstruction of the particle surface to
sp2 carbon. The resulting sp2 carbon nuclei lead to
subsequent formation of more extended areas of
graphitic material on the particle surfaces due to local

heating in the milling mixture. Hence, an additional
step for the removal of this carbonaceous material had
to be conceived. As has been reported in the litera-
ture,33 the reactivity of perfectly ordered carbon in the
diamond lattice is lower compared to disordered sp3

carbon and any kind of graphitic material. Here, the
oxidative removal of the sp2 carbon was carried out
using a treatment with a hot mixture of concentrated
sulfuric and nitric acid (9:1). This treatment removes
not only most of the sp2 carbon but also the remaining
metallic impurities such as chromium and manganese
from the composition of the tempered steel milling
equipment. Dispersing the resulting material yielded a
deep blue colloidal solution of boron-doped diamond
particles in water (the entire sample is dispersed, no
coarse residue remains). This dispersion was further
fractionated by centrifugation to give three size frac-
tions containing nanodiamonds of different diameter
(Figure 2, i�iii) with about 20% of the particles being
below 70 nm and 35% of the particles being below
100 nm. The Raman spectra of the material after
oxidation (Figure 1b, i�iii) show the removal of most
of the disordered carbon and a distinct diamond peak
as well as the Fano resonances. Furthermore, the
oxidation leads to an oxidized diamond surface carry-
ing carboxylic acid groups and other oxygen-containing
surface groups. The zeta potential of the particles
(�50 mV at pH 5.8 for fraction i, �44 mV at pH 5.3 for
fraction ii, and �37 mV at pH 5.4 for fraction iii) is
evidence of this process. The difference in absolute
values can be attributed to the different particle size
and the different amount of nondiamond carbon in the
different size fractions. The finding of oxygenated sur-
face groups is corroborated using IR spectroscopy by
the occurrence of signals related to different types of
carbonyl groups (Figure 3), whereas the varying degree
of nondiamond carbon contamination can be seen in

Figure 2. Particle size distribution of the three size fractions
(i to iii) obtained by fractionated centrifugation of the
diamond suspension after purification and deep blue col-
loidal solution of B:ND fraction iii in water (inset). Centrifu-
gation was carried out at 5000 rpm for 5 min for ii and
8000 rpm for 5 min for iii. Colloid i contains the entire
amount of the crushed diamond sample including all par-
ticle sizes.
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the Raman spectra i�iii in Figure 1. Assuming a more
or less truncated octahedral shape of the crystallites
and taking the median of the particle size distribution
into account, one can estimate specific surface areas of
about 42, 21, and 7m2 g�1 for the three size fractions of
the boron-doped diamond nanoparticles.
These surface groups support the formation of

stable colloidal solutions due to Coulomb stabilization
of the nanoparticles. The colloidal solutions exhibit a

bright blue color as a result of the absorption proper-
ties of the boron centers in the diamond lattice and are
stable for prolonged periods of time. With the particle
sizes of the different fractions ranging from45 to 100 to
300 nm (maxima of the individual size distributions), an
efficient method for the production and colloidal dis-
persion of such boron-doped diamond nanoparticles
has been found (Figure 2).
As diamond is a hard but rather brittlematerial, it can

be cleaved. This cleavage occurs preferentially along
low surface energy planes, like the {111} planes.34 As
can be seen from the HRTEM images (Figure 4), the
resulting material after the milling and purification
process still exhibits some degree of faceting, induced
by the crushing. The first step in the milling process is
the separation of the individual microcrystalline grains
as well as smaller, overgrown nuclei at the basis of the
substrate-free diamond films. The required amount of
milling energy in this step is not very high, as mainly
non-sp3 bonds and noncovalent interactions in the
grain boundaries have to be overcome. As discussed
above, this initial crushing also liberates nondiamond
carbon from the grain boundaries. In the subsequent
“nanomilling” step, the microcrystallites themselves
need to be cleaved. As this cleaving will preferentially
occur along the weakest planes, a major issue with
doped diamond crystallites is the location of the lattice
defects. Some of us reported recently that the carbon

Figure 3. FTIR spectra of the three size fractions (i, ii, and iii;
see Figure 2 for assignment) of diamond particles after
production andpurification. Besides thepresenceof surface
water (andmost likely surface OH groups) the IR reveals the
existence of other oxygen-containing groups such as car-
bonyl and ether functions. Furthermore, the CH bonds at
the surface result in additional bands around 3000 cm�1.

Figure 4. TEM imaging and EELS spectroscopy of the B:NDs. (a) Low-magnification TEM image showing the diamondparticles
have sizes ranging from∼30 to 70 nm in diameter. (b and e) HRTEM images recorded from selected areas i and ii of a single
diamond grain in c. (d) Fourier transform of the defect indicated by a white arrow in b, evidencing it is a Σ3 {111} twin
boundary. Both HRTEM images show amorphous and graphitic carbon covering the diamond particle surface (indicated by
black arrows). (f) EELS spectrum acquired from a pristine diamond region (indicated by the white dashed rectangle in e),
demonstrating the presence of boron. Inset black spectrum: B K-edge fine structure. Inset red spectrum: B K-edge fine
structure reference for B tetrahedrally embedded in CVD diamond.
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bond length at defective regions in a CVD diamond
grain is longer (∼5 pm bond elongation) than the
classical C�C bond in diamond.35 On top of this,
the boron content is larger at defect-rich regions in
the diamond lattice.36 Crushing along lattice planes
containing defect centers and along highly defective
regions should be preferred over crushing along
defect-free zones. As a consequence, boron centers
will show up at the surface of the resulting particles,
where they are not stabilized by the surrounding
diamond lattice. It is known that defects near the
diamond surface diffuse away.37 As a result of this
process, one should expect a decrease in boron con-
tent in the crushed material and indeed the initial
concentration of about 3 � 1021 cm�3 (∼17 000 ppm)
is reduced to approximately 13 000 ppm in the final
diamond nanoparticles.7 Nevertheless, this value is
still extremely high, and to the best of our knowledge
no boron-doped diamond nanoparticles have been
reported so far at all.
In order to study the morphology of the boron-

doped nanodiamond and investigate the distribution
of boron within individual diamond nanoparticles,
the boron-doped nanoparticles were studied using a
combination of high-resolution transmission electron
microscopy (HRTEM) and spatially resolved electron
energy-loss spectroscopy (STEM-EELS).
Figure 4a is an overview bright-field TEM image of

the produced material. The nanodiamond particle size
is relatively monodisperse with particles ranging from
approximately 30 to 70 nm in diameter, in accordance
with the particle size distribution from light scattering.
No debris from the milling procedure was found in
between the nanoparticles. An overview image of a
single 40 nm diameter nanodiamond particle is shown
in Figure 4c, with two details of the image presented in
Figure 4b and e. Even though the particles have been
milled down to the nanoscale, individual particles
can still contain defects, such as the Σ = 3 {111} twin
boundary indicated by the white arrow in Figure 4b.
The nature of the Σ = 3 twin is evidenced through
the Fourier transform of the HRTEM image, dis-
played in Figure 4d. The surface of the nanoparticle
is covered by a nondiamond carbon shell, with a
thickness of 3�5 nm (see example regions indicated
by black arrows in Figure 4b and e). As all TEM
experiments were carried out at a relatively low
acceleration voltage of 120 kV, the observed shell,
which was stable during the TEM measurements, is
not formed by exposure to the electron beam, but is
the result of the high mechanical impact during the
milling.38

The presence of boron incorporated into the
individual nanoparticles is evidenced by electron
energy-loss spectroscopy. An EELS spectrum, acquired
from the region indicated by the white rectangle in
Figure 4e, is plotted in Figure 4f. The presence of boron

is evidenced through the B K-edge at 190 eV. Using
standard EELS quantification techniques, the boron
content was determined to be 1.3 ( 0.2 at. %
(∼13 000 ppm ≈ 2.3 � 1021 cm�3). This concentration
is somewhat below the boron concentration deter-
mined for the B-doped microcrystalline diamond film
prior to the nanoparticle formation. This loss of boron
has its origin in the breaking down of grain bound-
aries and defective regions in the material during
milling, where B is known to be enriched, as discussed
above.
The fine structure of the carbon K-edge, starting

at 285 eV, mainly shows features associated with
sp3-hybridized carbon in diamond (σ* contribution).
The small π* contribution at 285 eV arises from the
graphitic material at the nanoparticle surface. The
coordination of B in the nanoparticles can be deter-
mined through investigation of the energy-loss near-
edge structure (ELNES) of the boron K-edge. The ELNES
signature is known to be sensitive to the local environ-
ment of the probed atomic species. In the inset in
Figure 4f, the fine structure of the B K-edge (in black)
is plotted together with a reference spectrum for

Figure 5. B:NCD film grown on B:nanodiamond seeds. (a)
SEM image of a B:NCD film, grown on a Si substrate. (b)
Cross-sectional ADF-STEM image of the B:NCD film on Si. (c)
High-resolution ADF-STEM image of the interface between
the Si substrate and the B:NCD film. The high-quality B:
diamond (evidenced by the inset Fourier transformpattern)
grows directly on top of the Si, without the presence of any
nondiamond phases at the interface.
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tetrahedrally incorporated B in diamond (in red).39 The
three peaks A, B, and C, which are present in both
spectra, are indicative of tetrahedrally embedded bor-
on in diamond and, therefore, indicate that most of the
B is embedded in the diamond lattice. The small π*
contribution in the B fine structure most likely arises
from B embedded in a planar configuration in the
nondiamond carbon surface shell or at defects in the
material, but might also originate from heavily dis-
torted tetrahedral B sites.
One of the most technologically relevant applica-

tions of the synthesized boron-doped nanodiamonds
is the use as seeds for the growth of B:NCD films. In
many applications of B:NCD films, it is of great impor-
tance that the full film is conductive and, therefore,
doped with boron. When nondoped seeds are used
(which is usually the case at this point in time), this
leads to nonconductive regions in between the sub-
strate and the B:NCD film, which is particularly unfavor-
able for B:NCD films of a few tens to hundreds of
nanometers in thickness. To test the applicability of
our B:diamonds to the seeding, we grew a B:NCD film
on a Si substrate, with B:nanodiamonds providing the
seed crystallites for CVD.40

A SEM image of the grown film, presented in
Figure 5a, shows a dense film growth. This same dense
growth is evidenced by a cross-sectional annular dark-
field (ADF-)STEM image, presented in Figure 5b.
It is clear from the image that the polycrystalline
B:diamond film has a film thickness of approximately
600 nm and is grown directly on top of the Si substrate.
The high-resolution ADF-STEM image in Figure 5c
evidences that the B:NCD grains are of high crystalline
quality, with minimal nondiamond carbon at the grain
interfaces. The diamond grains show the presence of
typical Σ = 3 {111} twin boundaries. Importantly, the

B:diamond has grown directly on the Si film, without
any other insulating phases present at the interface.

CONCLUSION

In summary, we have produced intrinsically boron-
doped diamond nanoparticles for the first time. The
starting material of polycrystalline CVD diamond film
with a boron content of ∼17 000 ppm was subjected
to a multistep milling procedure, leading to diamond
nanoparticles with a crystallite size of 30�70 nm. The
boron content of these particles was measured at
∼13 000 ppm, indicating that the lattice defects were
not destroyed during the mechanical treatment. A
multistep acid treatment led to the removal of sur-
face-bound sp2 carbon as well as the removal of most
of the disordered carbon from the surface of the
resulting particles. A stable, bright blue colored colloi-
dal of the boron-doped diamond nanoparticles was
obtained. The detailed HRTEM and EELS analysis
showed the presence of boron atoms at the C-lattice
positions as well as the tetragonal coordination of
these dopants. The diamond lattice did not suffer
substantial damage in the applied treatment. The
process relies on the production of suitably doped
diamond films and requires rather harsh crushing and
cleaning conditions. Nevertheless, it yields diamond
nanoparticles with high boron content distributed
over the whole particle. We demonstrated the use of
these samples as seeding for the growth of boron-
doped CVD diamond that does not have an insulating
layer between the substrate and the film. In the future
we will use these boron-doped diamond nanoparticles
for a variety of applications, e.g., electrochemistry,
thermal management, seeding applications, and the
study of fundamental properties of boron-doped dia-
mond nanoparticles such as superconductivity.

METHODS
Equipment. The following equipment was used. CVD growth:

ASTeX 6500 series MWPECVD reactor (Seki Diamond Systems,
Japan). Ball mill: PULVERISETTE 23 (Fritsch, Germany) equipped
with grinding bowl and balls (3mm)made from tempered steel.
Dynamic light scattering and zeta potential: Zetasizer Nano
(Malvern, UK). Raman spectra: DXR Ramanmicroscope (Thermo,
UK). SEM: Ultra Plus field emission scanning electron micro-
scope equipped with a GEMINI e-Beam column operated at
1.00 kV (Zeiss, Germany). HRTEM: FEI Titan 80-300.

Growth of Diamond Film. (a) Boron-doped film for nanoparticle
production: A cleaned, double-sided polished silicon wafer
(2 in.) was dip-coated in a water-based state-of-the-art colloidal
suspension of ultradispersed nanodiamonds for seeding and
subsequently spin-dried.36 The suspension contained 6�7 nm
sized detonation nanodiamonds from NanoCarbon Institute
Co., Ltd., and featured a zeta potential of 45 ( 5 mV.

After seeding, a 14.5 μm thick microcrystalline film was
deposited in anASTeX 6500 seriesMWPECVD reactor at 3%C/H
ratio and 5000 ppm B/C ratio. The B-containing feed-gas was
trimethylborane (TMB). Throughout the growth process the
plasma power was maintained at 4000 W, the working pressure
was kept at 45 Torr (6666.1 Pa), while the total gas flow was

500 sccm. These conditions resulted in an initial deposition
temperature of 750 �C, which further decreased to 700 �C
during the growth.

In order to obtain free-standing diamond, the Si substrate
was entirely etched in an aqueous 25% tetramethylammonium
hydroxide solution at around 80 �C for several hours.

(b) Boron-doped film using the B-DNPs as seeds: The
B:nanodiamond colloid was drop-casted on a cleaned 1 � 1 cm2

Si substrate and slowly rotated while gently blow-dried. The
B:NCD film deposited during 4 h in the previously mentioned
reactor in 1% C/H with 5000 ppm B/C in the gas phase. The CVD
plasma was operated at 3500 W, 35 Torr (4666.3 Pa), and a total
gas flow of 500 sccm, which resulted in a substrate temperature
of 800 �C.

Production of Diamond Nanoparticles. A 174 mg amount of the
boron-doped diamond wafer and 4 mL of 2-propanol were
placed in a 10 mL grinding bowl (tempered steel) of a PULVERI-
SETTE 23 vibrationmill (Fritsch, Idar-Oberstein) with 20 grinding
balls (tempered steel, d = 3 mm). The sample was treated 8 h
(4 cycles of 2 h) in themill at a frequency of 50 s�1. After cooling
to room temperature the resulting powder was flushed out of
the beaker with 30mL of water. To remove iron abrasion, 30mL
of concentrated hydrochloric acid was added to the suspension
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in a 100 mL round-bottom flask, equipped with a magnetic
stirring bar and a condenser. The mixture was stirred at 125 �C
(bath temperature) for 16 h. After cooling to room temperature,
30 mL of water was added and the diamond was centrifuged.
The acids were removed by several washing/centrifugation
cycles (15min, 15.000 rpm, 25150g) using doubly distilled water
until pH 5.6 was reached. During the purification process, the
stable supernatant was collected, submitted to fractionated
centrifugation for particle size separation, and dialyzed for
4 days (cellulose hydrate dialysis tube, cutoff 10�20 kDa,
MICRODIN-NADIR) with doubly distilled water. By 30 min cen-
trifugation at 40.000 rpm (163000g), very small particles of
8�27 nm could be collected. As Raman spectroscopy revealed
only the G- and D-bands of amorphous and graphitic carbon,
these had to be removed by treatment with a mixture of
concentrated sulfuric and nitric acid. The carbon colloid was
destabilized by addition of a few drops of sulfuric acid and
centrifuged 15 min at 40.000 rpm (163000g). The brown solid
was dispersed in a mixture of 20 mL of concentrated sulfuric
acid and 2 mL of concentrated nitric acid. The mixture was
stirred at 180 �C (bath temperature) for 16 h. The colloid became
colorless, and no solid could be isolated.

Since in the precipitate of the centrifugations diamond was
detectable with Raman spectroscopy, the milling process was
repeated. After the removal of the iron abrasion with concen-
trated hydrochloric acid as described, the oxidation was carried
out using a 9:1 mixture of concentrated sulfuric acid and
concentrated nitric acid. The aqueous workup was carried out
as described by cycles of washing and centrifugation with
doubly distilled water. Up to pH 5.8, no stable supernatant
could be received by 15 min centrifugation at 15.000 rpm
(25150g), so the centrifugation speed and time were reduced
to 5 min and 5000 rpm (2790g). Now a clear, deep blue colloid
withparticle sizes of 45 to 143nmcould be isolated. By increasing
the centrifugation speed to 8000 rpm (7150g), the bigger
particleswere removed and the resultingparticle sizes,measured
by DLS, were reduced to 25�100 nm. In total, three size fractions
of ∼25�100, 40�400, and 30�1000 nm have been obtained.
TEM images and Ramanmeasurement showed that the collected
particles were indeed diamond containing boron doping

High-Resolution TEM Imaging and Electron Energy-Loss Spectroscopy.
A TEM sample of the material was prepared by placing a few
drops of a liquid dispersion of the B:NDs on a holey carbon film
coated on a copper mesh TEM grid. All electron microscopy
and spectroscopy experiments were carried out on a FEI Titan
80-300 “cubed”microscope, fitted with an aberration-corrector
for the imaging lens and the probe-forming lens. The micro-
scope was operated at 120 kV, in order to minimize knock-on
damage to the diamond particles. EELS experiments were
performed in STEM mode using a convergence angle R of
∼22 mrad and a collection semiangle β of ∼17 mrad. The
spectra were acquired at an energy dispersion of 0.25 eV/pixel
and an energy resolution of approximately 1.5 eV. Quantifica-
tion of the B concentration was performed in the Digital
Micrograph software package. The ADF-STEM experiments
shown in Figure 5 were performed on the same Titan “cubed”
microscope, operated at 300 kV. The convergence semiangle R
was 22mrad, and the collection semiangle for ADF imagingwas
20mrad. The cross-sectional lamella was prepared by a focused
ion beam lift-out procedure, carried out in a FEI Helios FIB-SEM.
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