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The size of nanodiamonds formed upon laser irradiation could be easily controlled over simply adjusting
laser pulse parameters. The stable size and structure of nanodiamonds were mostly determined by laser
power density and pulse width. Both large nanodiamonds with multiply twinning structure (MTS) and
small nanodiamonds with single crystalline structure (SCS) emitted strong visible light after surface

passivation, and their fluorescence quantum yield (QY) was 4.6% and 7.1%, respectively.
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1. Introduction

The chemical, optical and electrical properties of nanoparticles
strongly depend on their size, shape, and crystal structure [1-3]. It
is a major scientific breakthrough that people can systematically
manipulate the size and crystal structure of carbon nanoparticles,
such as nanodiamond which is attractive for using as the polishing
material, seeding treatment of the substrate in CVD film growth,
etc. [1-4]. In these applications, homogeneous distribution size
and good dispersion obviously are key factors. Furthermore, the
light emission from carbon nanoparticles with surface passivation,
such as diamond and graphite structure, is size-dependent, i.e., the
smaller the size of carbon nanoparticles are, the higher their
photoluminescence (PL) efficiency they have [5-10]. Fluorescent
diamond and other carbon-based nanoparticles are highly
promising in biology and medicine as fluorescent probes because
they are biocompatible, chemically inert, and low cytotoxic [5-17].
Therefore, many researchers expect that an available method can
be found to produce fluorescent carbon nanoparticles with
homogeneous size and crystalline structure to help them to
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understand the luminescent mechanism and improve the PL
quantum efficiency [7,8,11-13].

Nowadays, nanodiamond is generally produced from carbon
contained in explosives by their detonation [18-20]. Although this
method yields nanodiamonds with a narrow distribution of
particle sizes centered around 5nm, the disadvantages of
aggregation and impurities in these nanodiamonds retard their
applications to a large extent [18-20]. Based on the high
temperature and high pressure (HTHP) produced by high-power
laser, a new avenue that pulsed-laser irradiates graphite target or
powder in liquid has been opened to synthesize nanodiamonds
[21-26]. Importantly, the experiment results show that the size of
nanodiamond is possibly determined by the laser parameters. For
example, large nanodiamonds (above 30 nm) tend to be synthe-
sized by ns-pulsed laser with high-power density [21-23], while
small nanodiamonds (below 15 nm) are produced by ms-pulsed
laser with low-power density [24-26]. Therefore, we proposed
that the size of diamond or other nanoparticles can be controlled
over simply adjusting the laser parameters. A general method for
obtaining homogeneous sized nanoparticles is the addition of
some organic reagents which inhibit the growth of nanoparticles
under laser irradiation [27], but there are some disadvantages, for
example, the introduction of impurities in nanoparticles or
difficulty in removing the organic molecular from nanoparticle
surfaces. Hereby, we expect to control the size of nanoparticles by
adjusting laser parameters when nanoparticles are prepared by
pulsed-laser irradiation in liquid.
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Nanodiamonds have been synthesized successfully by irradiat-
ing graphite suspension using millisecond-pulsed laser in the
previous work [24-26]. In the present work, we firstly report that
the parameters of pulsed laser affect the size distribution of
nanodiamonds produced by laser irradiation, which can be used for
regulating fluorescent properties of nanodiamonds.

2. Experimental

Commercial natural graphite powders that are supplied by
Qingdao Taineng Graphite Co., Ltd. of China with a purity of 99.97%
and a particle size less than 2 wm are used as precursors. Graphite
powders were mixed with water, and then the water suspension
was irradiated by a Nd:YAG pulsed-laser with a wavelength of
1.06 wm. The pulse width (pulse duration) of the laser can be tuned
from 0.1ms to 20ms in 0.1 ms increment. The repetition
frequency of 20 Hz and laser power density of 4 x 10° W cm—2
were used during the irradiation of graphite suspension. The power
densities were adjusted by controlling the distance between the
focusing lens and the liquid surface and the values were measured
by a laser power meter (LEM 2020). Sample A and B were prepared
at the pulse width of 0.4 and 1.2 ms, respectively. After 4h
irradiation, both samples were purified by boiling in perchloric
acid to remove the untreated graphite. The as-prepared nanodia-
monds suspended in water are colorless.

Although various organic molecules or polymers can be used as
surface-modified solvent, polyethylene glycol (PEG) is not only
aqueous compatible and nontoxic but also readily conjugated with
antibodies or other bioactive molecules. We attempted many types
of PEG with different molecular weight and other polymers as
surface-modified solvent to investigate their impact on the PL of
diamond nanoparticles, but in the present paper we take PEG;gon
as an example.

PEG;o0n Of 250 mg was mixed with the purified samples A and
B. The mixture was heated to 120 °C, held for 72 h, and then cooled
down to the room temperature. After such treatments, the color of
samples A and B is changed from colorless to brownish-yellow. The
PL spectra of two samples were measured on a Hitachi F4500
fluorescence spectrophotometer under excitation at the wave-
length of 420 nm. FEI Tecnai G? F20 field-emission-gun transmis-
sion electron microscopy (TEM) was employed to analyze the size
and structure of diamond nanoparticles.

3. Results and discussion

Samples A and B were obtained under the pulse width with 0.4
and 1.2 ms, respectively, while other laser parameters are
invariable. TEM examination shows that the diamond nanocrystals
(DC) in sample B range from 2 to 13 nm in diameter and that there
are two dominant groups with diameters of about 4 and 7.5 nm,
respectively. The microstructure of the DC was extensively
investigated by high-resolution TEM (HRTEM). The HRTEM images
indicate that nanotwinning configurations exist in most of the DC
(~98%) with diameters larger than 4 nm. The twinning structures
include single twins, double twins, and multiple twins. However,
for sample A only single crystals are observed and their size
distribution mostly range from 3 to 4 nm. To give a reliable size
distribution of the different DC structures, we recorded more than
210 nanocrystals and carried out a statistical analysis, as shown in
Fig. 1.

Compared with the results obtained by ns-pulsed laser with
high-power density, the higher yield around 1% is gotten besides
the smaller size in the present experiment. However, the yield
gotten by our method is still lower than that by detonation
method. It should be noted that the crystalline structure changes
from single crystal to multiple twins with the size of the DC

50
[single crystal
a0 (] EZZ3 Twinning
= —
-E 30
2
320 F
£
©
o
10
L7
0 H i I i a- m T
2 8 10 12

4 8
Diameter (nm)

Fig. 1. Size distribution of both single crystals and multiple twins.

increase based on Fig. 1. In order to control the size of the DC by
laser parameters, the reasons for the formation of smaller DC and
the size-dependent structure must be figured out.

The reason that the smaller DC are obtained in our experiment
results from the conditions produced by ms-pulsed laser irradia-
tion, which may determine the stability of diamond nucleation and
the diamond nucleus growth. Based on the nanothermodynamical
theory reported by Yang et al. [21,28], the Gibbs free energy is
expressed as a function of the radius r, pressure P, and temperature
T under the assumptions of spherical and quasi-isotropic
nanocrystals.

AG(r,P,T) = ilm3£+4m2y (1)
3 Vi

where V,,, Ag, y represent the molar volume, the molar-volume

Gibbs free energy, and the surface energy, respectively. When the

conditions are around the equilibrium line, Ag is determined by

[28]:

Ag = AV x AP (2)

where AV is the mole volume difference between diamond and
graphite. According to the thermodynamic phase diagram of
carbon, the phase equilibrium line function P(T) of the diamond-
graphite phase transition in the bulk is approximately expressed
by P® =2.01 x 10°T +2.02 x 10° [21,28,29]. On the other hand,
the nanosize-induced additional pressure is given by the
Laplace-Yong equation, as P" = 2y/r. So the phase equilibrium
line on the nanometer scale is a function of the temperature,
pressure and nanocrystal radius, and is expressed by
P"® =2.01 x 10°T + 2.02 x 10° — 2y/r. Therefore, for the forma-
tion of the DC [21,28]:

Agy :AV(P—Z.O] x 10°T +2.02 x 109+2$> (2a)
For the formation of the graphite nanocystals (GC) [29]:

6 9 2V
Agg = AV(2.01 x 10°T +2.02 x 10° — =8 — P (2b)

When the phase transition takes place near the size-dependent
phase equilibrium line, the Gibbs free energy of between the DC
formation and the GC formation is equal, i.e.:

4_5Agq 2, 43 Agg 2

37" V—md+4m Ya=37r W]g+4rrr Ve (3)
According  to  Vipa=3.417 x 100°m®> mol ™!, Vg =5.187 x
10°°m?®mol™!, and y4=3.7Jm 2% y,=055]m 2 [21,29], the
dependence of the critical diameter of the DC formation as a stable
phase on pressure is illustrated in Fig. 2 at the given temperature in
the range of 4000-4200 K. We can see clearly from Fig. 2 that the
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