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Nanodiamonds have outstanding mechanical properties, chemical inertness, and biocompatibility, which give them
potential in various applications. Current methods for preparing nanodiamonds often lead to products with impurities and
uneven morphologies. We report a two-step high-pressure high-temperature (HPHT) method to synthesize nanodiamonds
using naphthalene as the precursor without metal catalysts. The grain size of the diamonds decreases with increasing
carbonization time (at constant pressure and temperature of 11.5 GPa and 700 °C, respectively). This is discussed in terms
of the different crystallinities of the carbon intermediates. The probability of secondary anvil cracking during the HPHT
process is also reduced. These results indicate that the two-step method is efficient for synthesizing nanodiamonds, and that

it is applicable to other organic precursors.
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1. Introduction

Nanodiamonds have outstanding mechanical!'3! and op-
tical properties,[*! high biocompatibility, low toxicity, and
large surface area.’] These factors make nanodiamonds
promising candidates in applications such as fine grind-
ing and polishing,[®7! single photon emitters in quantum

S,[8’9 10,11

I lTuminescent hybrid materials,!'%!! drug delivery,

12-19]

optic
and bioimaging.!

The most common large-scale methods for preparing nan-
odiamonds are detonation synthesis and the high-pressure
high-temperature (HPHT) technique, **?!! both of which have
limitations. In detonation synthesis, the nanodiamonds usually
have high contents of impurities and require tedious purifica-
tion which is costly and detrimental to the environment.!?%23]
In the traditional HPHT technique, metals are often used as
catalysts which can allow for more mild synthesis conditions,
but inevitably introduces impurities. Nanodiamond particles
prepared in this method usually have sharp edges and haphaz-
ard shapes resembling those of broken glass.?*>>! The low pu-
rity and uneven morphology of the synthesized nanodiamonds
currently restrict their applications.

In recent years, organic species have been employed as
precursors for the HPHT synthesis of nanodiamonds with-
out metal catalysts. For instance, nanodiamonds were syn-
thesized from adamantane in titanium tubes at about 9 GPa
and 1267 °C.1*61 Carbon samples containing 30-50 nm-
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sized diamond nanoparticles were synthesized using adipic
acid (C¢H004) as a precursor at 14 GPa and 1235 °C.[27]
Coexisting micron- and nano-sized diamonds were formed
through thermal transformations of binary mixtures of naph-
thalene and octafluoronaphthalene at 8 GPa and 1500 °C.
The large amounts of nano-sized diamonds were attributed
to the specifics of carbonization of the fluorocarbons under
pressure.?8] Sub-micron-sized diamonds containing a small
number of nanodiamond particles were synthesized from
naphthalene at 11 GPa and 1700 °C without using metal
catalysts.[*”] These methods afforded high-purity nanodia-
monds without the use of metal catalysts. However, signif-
icant hydrogen, methane, or ethane are produced under the
HPHT conditions when using organics as precursors.3%-31]
This leads to drastic volume shrinkage which often damages
the secondary anvil and chamber of the HPHT apparatus (68
multi-anvil apparatus), thus hindering the application of or-
ganic precursors in the HPHT process.

In this work, we report a two-step HPHT method for syn-
thesizing nanodiamonds from a naphthalene precursor. This
method includes a carbonization step at 11.5 GPa and 700 °C
and a subsequent diamondation step at 11.5 GPa and 1700 °C.
The grain size of the diamonds can be tuned by varying the
carbonization time. This method also reduces the probability

of secondary anvil cracking in the HPHT process.
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2. Experimental details

Naphthalene (Shanghai Macklin Biochemical Co., Ltd.)
was used as the precursor without further purification. The
synthesis was carried out in a Kawai/Walker type multi anvil
apparatus.'3?! The experiment mainly adopted the 14/8 (G2)
assembly reported by Leinenweber et al. 33

Cylindrical samples of the naphthalene precursor (3.5 mm
in diameter and 2.8 mm in height) were first obtained by cold
compression. The pressed samples were placed in a graphite
container, which was also used as the heater for the HPHT ap-
paratus. The phase transition from organic naphthalene to di-
amond under HPHT conditions was accomplished in a closed
environment. Detailed experimental steps are shown in Fig. S1
of supplementary material.

The experimental procedure initially involved increasing
the pressure in the apparatus to 11.5 GPa at room temperature.
As shown in Scheme 1, the temperature rise occurred in two
steps. In step 1, the precursor was slowly heated to 700 °C
(heating rate of 2 °C per second) for 35 min, 90 min, 135 min,
and 180 min, respectively. Carbon intermediates with differ-
ent crystallinities were obtained, thus it is referred to as the
carbonization step. In step 2, the carbon intermediates with
different crystallinities were heated to 1700 °C (heating rate of
25 °C per second), at which the temperature was maintained
for 5 min. The intermediates were converted into diamonds,
thus it is referred to as the diamondation step. Finally, the
samples were cooled to ambient conditions, purified with acid
and dried.

The resulting samples were labeled N1, N2, N3, and
N4, for carbonization time of 35 min, 90 min, 135 min, and
180 min, respectively. For comparison, samples NX (X = 5-
8) were also obtained at 11.5 GPa and 700 °C for carbonization
time for 35 min, 90 min, 135 min, and 180 min, respectively,
but without the subsequent diamondation step. The pressure
was calibrated by the pressure-induced phase transitions of
bismuth, barium, and thallium. The temperature was moni-
tored using a W5%Re-W26%Re thermocouple (C-type). The
measurement error throughout the temperature and pressure
ranges was less than 5%.

The samples were analyzed at ambient conditions by x-
ray diffraction (XRD), Raman spectroscopy, scanning electron

microscopy (SEM), and transmission electron microscopy
(TEM). XRD patterns were obtained using Cu Ky, (0.154 nm)
as the radiation source (Rigaku, SmartLab). Raman measure-
ments were carried out using a SOL spectrometer (Confotec,
MRS520) equipped with a 532 nm wavelength laser. SEM im-
ages were collected using a JSM-6700 F apparatus (JEOL,
Japan). TEM images were collected using an FEOL-2010 mi-
croscope (Japan) operated at 200 kV.

step 1:
carbonization
at 11.5 GPa, 700 °C.

step 2:
diamondation
at 11.5 GPa, 1700 °C.

Scheme 1. Schematic of the synthesis of nanodiamonds via the two-step
HPHT method. 1. cylindrical sample of the precursor naphthalene; 2.
graphite container; 3. ZrO, sleeve; 4. octahedron pressure medium of MgO.

3. Results and discussion

Figure 1 shows the XRD patterns and Raman spectra of
samples NX (X = 1-4). The XRD patterns are used to deter-
mine the composition.3*! Figure 1(a) shows that three domi-
nant peaks at around 43.8°, 75.3°, and 91.4° are observed in
the XRD patterns of samples NX (X = 1-4), which are at-
tributed to diffractions from the (111), (220), and (311) planes
of diamond, respectively. The XRD patterns of samples NX
(X = 1-4) also exhibit two weak peaks from the (002) and
(100) planes of graphite, indicating that some graphite is not
converted to diamond. Figure S2 shows the EDS spectra of
samples NX (X = 1-4). The percentage of carbon in sam-
ples NX (X = 1-4) is higher than 95%, which indicates that
they are all of high purity.®) Raman spectroscopy is used
to confirm the formation of diamond, as shown in Fig. 1(b).
The spectrum of naphthalene exhibits two peaks at around
1382 cm™! and 1576 cm~! which are assigned to the totally
symmetric vibrations vs(a,) and v3(ay), respectively.*®! Sam-
ples NX (X = 1-4) all show the characteristic peak of diamond
at 1332 cm™!.

Table 1. The experimental conditions and results for samples NX (X = 1-8).

Step 1: Carbonization at 11.5 GPa and 700 °C

Step 2: Diamondation at 11.5 GPa and 1700 °C

Time?®/min Morphology TimeP/s Average size/nm
N1 35 / 300 457
N2 90 / 300 204
N3 135 / 300 62
N4 180 / 300 127
N5 35 amorphous / /
N6 90 chipped / /
N7 135 layered / /
N8 180 block / /

aCarbonization time; °

constant temperature time at 11.5 GPa and 1700 °C.
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Fig. 1. (a) XRD patterns and (b) Raman spectra of the naphthalene precursor and samples NX (X = 1-4) prepared using different carbonization

time at 11.5 GPa and 1700 °C.
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Fig. 2. (a)—(d) Grain size distributions of samples NX (X = 1-4) prepared using different carbonization time. The red curves show fitting of
the lognormal distribution function. Inset shows the corresponding SEM images.

SEM images of samples NX (X = 1-4) synthesized with
different carbonization time at 11.5 GPa and 1700 °C are
shown in Fig. 2. These images show the typical morphologies
of diamond particles with submicron and nanometre sizes. By
measuring thousands of diamond particles in each image, the
grain size distributions are obtained, as shown in Figs. 2(a)-
2(d). The grain size in sample N1 is heterogeneous, while
samples N2 and N3 have relatively homogeneous and smaller
grain sizes. The average grain size of samples NX (X = 1-

4) as a function of carbonization time is shown in Fig. 3.
The average grain size decreases with increasing carboniza-
tion time, but suddenly increases when the carbonization time
is increased to 180 min. This may be related to the carbon in-
termediates obtained during the carbonization process at dif-
ferent time. Figure S3 shows the XRD patterns of the naphtha-
lene precursor and samples prepared at 11.5 GPa with different
temperatures, from which the thermal transformation of naph-
thalene can be characterized. One can see that increasing the
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temperature leads to the naphthalene precursor dehydrogenat-
ing to amorphous carbon, then to well-crystallized graphite,
and finally to diamond when the temperature reaches 1700 °C.
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Fig. 3. Average grain size of samples NX (X = 1-4) as a function of
carbonization time.

Figure 4 shows a TEM image and corresponding selected
area electron diffraction pattern of sample N3. In Fig. 4(a),
there are many nanodiamond grains with sizes of 40—-120 nm.
The HRTEM image in Fig. 4(a) inset shows well-resolved lat-
tice fringes with a spacing of 0.206 nm, which corresponds to

(371 The diffraction rings

the (111) crystal plane of diamond.
in Fig. 4(b) demonstrate the presence of nanodiamonds, cor-
responding to the (111), (220), and (311) planes in cubic dia-

mond.

Fig. 4. (a) TEM image of sample N3. Inset shows HRTEM image of a
single diamond particle from the white rectangle area marked in (a). (b)
Selected area electron diffraction pattern of sample N3.

To explore the influence of carbonization products on
the diamonds grain size, samples N5, N6, N7, and N8 were
obtained at 11.5 GPa and 700 °C for carbonization time of
35 min, 90 min, 135 min, and 180 min, respectively. The
mechanism of nucleation and growth of the synthesized dia-
mond was studied by XRD, Raman spectroscopy, and SEM, as
shown in Fig. 5. The XRD patterns in Fig. 5(a) show the differ-
ent crystallinities of the samples. Sample N5 shows a typical
XRD peak of amorphous carbon. The XRD pattern of sample
N6 exhibits the (002) and two-dimensional (01) peaks charac-
teristic of graphite. These two peaks at 23°-29° and 41°-47°
are attributed to the stacking of parallel layer planes and the
regular structure within the individual layer plane segments,
respectively. Peaks of the type (hkl) are absent, indicating

that sample N6 contains some disordered carbons.*®3°! Fur-
ther increasing the carbonization time to 135 min or 180 min
leads to the presence of the (100) peak for samples NX (X =7,
8). This indicates the three-dimensional ordering of graphite
planes and the beginning of graphite formation.
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Fig. 5. (a) XRD patterns, (b) Raman spectra, and (c)—(f) SEM images
of samples NX (X = 5-8) obtained using different carbonization time
at 11.5 GPa and 700 °C.

Graphite generally shows two characteristic Raman bands
at 1350 cm~! and 1580 cm™1, which are the so-called D-band
and G-band, respectively. The former is usually attributed to
the Ay breathing mode of carbon and is closely associated
with lattice defects in graphite sheets. The latter is usually
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attributed to the Epg stretching mode of sp” bonded carbon.
The D/G-band intensity ratio (Ip/Ig) directly reflects the de-
gree of crystallinity and defects in the graphite.[*?! As shown
in Fig. 5(b), the values of Ip /I for samples N5-N8 gradually
decrease from 2.5 to 0.9. This indicates that the crystallinity of
graphite progressively increases with increasing carbonization
time.

The SEM images in Figs. 5(c)-5(f) show carbon in-
termediates with different morphologies such as amorphous,
chipped, layered, and block. Amorphous carbon is obtained
at shorter carbonization time, while graphite is obtained and
becomes gradually more ordered with increasing carboniza-
tion time. These observations are consistent with the results
obtained from the XRD patterns and Raman spectra.

Carbonization is a necessary process in the transforma-
tion of hydrocarbon to diamond, which involves many com-
plex reactions such as polymerization, poly-condensation,
cracking reactions, molecular rearrangement, and hydrogen
transfer.[*=*31 Carbon intermediates with different crystallini-
ties are obtained in samples NX (X = 5-8) by using differ-
ent carbonization time at 11.5 GPa and 700 °C. Their crys-
tallinity increases with increasing carbonization time. It has
been suggested that diamond nucleation is more likely to oc-
cur with carbon nanoparticles containing amorphous carbon as

[46-49] and that the quantity of nucleation and gran-

a precursor,
ularity of synthesized nanodiamonds decrease with increas-
ing crystallinity of the graphite precursor.!>*3 Thus, the de-
creasing average grain size of samples N1-N3 with increasing
carbonization time may be attributed to the increase of crys-
tallinity of carbon intermediates, which does not favor the nu-
cleation and growth of nanodiamonds. The average grain size
of sample N4 is slightly larger than that of sample N3. Con-
sidering the higher crystallinity of the carbon intermediates in
sample N8, the reason that the average grain size of sample
N4 does not further decrease is probably related to the longer
holding time which boosts the growth of nanodiamonds. It is
reasonable to conclude that the change in grain size of sam-
ples NX (X = 1-4) is related to the effect of the corresponding
carbon intermediates with different crystallinities obtained in
the carbonization step. Note that in our present process, the
naphthalene precursor is first converted into carbon intermedi-
ates by annealing at relatively low pressure and temperature.
Therefore, the gases produced may be vented slowly during
the process without damaging the equipment. The resulting
graphitic materials are then heated to much higher tempera-
tures for a few minutes to be converted into diamonds. In
comparison with the commonly used detonation and metal-
catalyst methods, the two-step HPHT method is more friendly

to produce well characterized metal-free diamond material.

(a)

anthracene

1332

|

Intensity

(b) acridine

1400 1600
Raman shift/cm~!

1200 1800

Fig. 6. Raman spectra of diamond obtained employing (a) anthracene
and (b) acridine as precursors in the two-step HPHT method.

To investigate the versatility of the two-step HPHT
method, anthracene and acridine were also employed as pre-
cursors for synthesizing diamonds. As shown in Fig. 6, the
Raman peak at 1332 cm~! reveals the formation of diamond
in both cases. This indicates that the two-step HPHT process
is a general method to prepare diamonds from other organic
precursors.

4. Conclusion

A two-step HPHT method was used for the size-
controlled synthesis of diamonds, employing naphthalene as
a precursor without metal catalysts. The average grain size of
the diamonds could be tuned by adjusting the carbonization
time. This was attributed to the effect of carbon intermedi-
ates with different crystallinities on the nucleation and growth
of the diamonds. This work provides an approach for tuning
the grain size of diamonds and overcoming secondary anvil
cracking, and can be applied to other organic precursors for
producing nanodiamonds.
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