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Abstract. The high activation energy required for graphite–diamond transition limits its applicability in novel areas. To
exploit fully the multifunctional properties of diamond in diverse fields, there is a necessity to explore more efficient ways
for its synthesis. In this study, we have demonstrated a new approach for nanodiamonds formation by employing a
commercially available low power 10 W continuous-wave fibre laser. The laser system is modulated to generate the highpressure high temperature environment necessary for the phase conversion of graphite to diamond. The microsecond pulse
duration combined with liquid confinement effect on plasma provide scope for a lower rate of supercooling, which
restricts the epitaxial growth of the crystals. The sample is characterized by X-ray powder diffraction, transmission
electron microscope and Raman spectroscopy, confirming the presence of different types of nanodiamonds including
newly discovered n-diamond. The process offers many important advantages like scalable process, non-catalyst-based
eco-friendly and cost-effective synthesis of metastable nanodiamonds. The results demonstrate the effectuality of inexpensive commercial lasers towards attaining the localized extreme environment necessary for direct phase conversion of
diamond materials.
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Introduction

Diamond is the special allotrope of carbon having closest
atomic packing (176 atoms nm-3) and exist from nano to
macro scale. The high atomic density combined with the
maximum number of equidistant covalent bonds among
carbon atoms (4) results in the enormous bond strength of
7.4 eV. This strong atomic bonding is responsible for its
extreme physical, chemical, electronical and optical properties. The combination of these properties in a single
allotrope of carbon makes it a wonder material, which finds
its way in many emerging technologies like diamond batteries [1], fuel cells [2], quantum computing [3], quantum
sensing [4], particle detector [5], theranostics [6], etc.
After the discovery of nanodiamonds in the 1960s [7],
various synthesis routes have been developed like highpressure high temperature carbon vapour deposition (HPHT
CVD) [8], microwave plasma carbon vapour deposition
(MPCVD) [9], ultrasonic cavitation method [10], detonation
synthesis [11] and pulse laser ablation in liquid (PLAL)
[12]. Each route has its advantage and disadvantage, which
strongly influence the properties of nanodiamond [13].
Nevertheless, the requirement of very high activation
energy for graphite to diamond phase transition makes it
difficult to synthesize by efficient means mainly due to the
inherent cost associated in keeping the environment in

extreme conditions. PLAL-assisted nanodiamond synthesis
has gained immense popularity in past decades, because
first, the laser is an efficient source of energy capable of
heating material to thousands of Kelvin in a very short time
frame, and second, laser ablation in liquid has been considered as a favourable process for graphite–diamond
transformation.
According to the phase diagram of carbon, the conversion
of graphite to diamond takes place in the HPHT region i.e.,
1600–2500 K at 15 GPa [14]. This has been previously
achieved by PLAL experiments using high power pulsed
lasers [15–20], despite the wide-scale availability of continuous wave-type lasers mainly due to the crucial effect of
rapid quenching of carbon plume after laser irradiation on
the formation of diamond crystals. The laser shot heat the
target instantly giving rise to the carbon plume and water
layer plays an equally important role by confining the highenergy carbon plume and rapidly quenching it [21]. The
quenching rate is enormous and depending upon various
experimental parameters, it varies from 105 to 1017 K s-1
leading to different types of crystal structures [22]. The
utilization of pulsed laser with pulse width ranging from
low 25 fs to as high as 1.2 ms has been previously shown to
produce nanodiamonds of various types and sizes. Laser
parameters like wavelength and intensity also play a crucial
role in the type and size of crystals [15–20].
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Fibre lasers are more efficient, eco-friendly and
economical sources of energy than pulsed lasers. They also
exhibit superior beam quality due to minimum beam
propagation ratio (M2 value) and also comprise of all solidstate immovable components leading to high reliability and
low maintenance cost due to no wear and tear [23]. In an
attempt to explore a novel, environment friendly and costeffective approach to synthesize diamond material, we
employed a commercially available 10 W CW fibre laser to
achieve the localized HPHT conditions vital for the formation of diamond crystals from graphite. The parameters
of laser were set to produce highly energetic plasma at
solid–liquid interface followed by slow undercooling to
promote diamond nucleation. Characterization of the sample resulted in the identification of nanodiamonds having
different morphologies, including n-diamond that is discussed in detail in the results section.

2.

Materials and methods

The experimental setup is shown in figure 1. A graphite
pellet is used as the starting material by compressing highpurity graphite powder at 120 kg cm-2 using a hydraulic
press to make a solid pellet. This pellet was then suspended
in a beaker with deionized water such that the water level is
not more than 2–3 mm above the upper surface of the pellet.
The pellet was targeted by continuous wave fibre laser
(Trotec speedy 100 flexx) having wavelength, power and
frequency 1064 nm, 10 W and 80,000 Hz, respectively. To
ablate the graphite pellet we used some random pattern with
hairline thickness, as these engravers work on graphics
design input. The whole process was repeated for 30 min
and the left-out pellet was discarded. The solution was dried
in an oven at 80°C to prevent bubble formation and
splashes.

Figure 1.

Graphical illustration of experimental setup.
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Sample characterization

X-ray powder diffraction (XRD) measurements were
performed on a Bruker D8 diffractometer using Ni-filtered
Cu Ka source (k = 1.5418 Å), with an accelerating voltage
of 40 kV and electric current of 30 mA. High-resolution
images of ablated sample were taken using high-resolution
transmission electron microscope (HRTEM) JEOLJEM2100, equipped with an Orius camera in-line (Gatan,
Pleasanton, CA, USA) with accelerating voltage of 200 kV
using lanthanum hexaboride filament. The sample was first
purified by thermal oxidation of graphitic content at 420°C
for 120 h in a furnace as described by Pichot et al [24]. The
resultant sample was dispersed in alcohol followed by dropcasting onto carbon-coated 300 mesh copper grid and drying in vacuum. For Raman spectroscopy, the purified
sample was dispersed in alcohol and drop casted on glass
slide until completely dry and performed using confocal
Raman spectrometer (WITec Focus innovations) with
532 nm Nd:YAG laser at 600 line mm-1 grating. The
sample was excited by the unpolarized laser beam of 1 lm
spot size with a numerical aperture (NA) of 0.9 and a
spectral resolution of 0.1 cm-1.

3.

Results and discussion

The fibre laser was run on the submerged target for 15 min.
The power density and fluence of laser used in the present
work are approximately 12.7 9 106 W cm-2 and
158.7 J cm-2, respectively. When a high fluence laser is
focussed on the graphite target exceeding its damage
threshold (55 J cm-2) [25], the high energy photons get
absorbed by the graphite layer due to inverse bremsstrahlung
and photo-ionization, which give rise to the plasma plume at
the solid–liquid interface [21]. As more and more carbon
atoms are energized during laser irradiation, the plasma

Figure 2. Schematic of phase transformation from graphite to
nanodiamond. During irradiation of graphitic target plasma
expands. Post irradiation rapid compression of plasma plume
takes place. The rapid compression promotes epitaxial growth on
diamond nucleation site.
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expands quickly as illustrated in figure 2. After irradiation,
this expansion of plasma undercools quickly due to liquid
confinement effect and parasitic plasma formation around the
irradiated spot, resulting in the rapid quenching of reactive
carbon species in plasma [26]. In this high pressure–temperature (P–T) region, diamond becomes the stable phase of
carbon [21,27]. The rate of undercooling affects the growth
velocity and thus the size of the diamond nucleus. Ultra-rapid
quenching at a rate of V & 1013 K s-1 yields amorphous
carbon, while V & 106–108 K s-1 of quenching rate leads to
metastable crystalline phases [28].
The low repetition rate of laser corresponding to 12.5 ls
pulse duration employed in the present study, moving at a
speed of 2 9 109 nm s-1, hinders the ultra-rapid quenching
and promotes slow undercooling, leading to restricted epitaxial growth as observed in high-resolution transmission
electron microscope (HRTEM) analysis, shown in figure 4b. The findings in this study in agreement with the
study of Sun et al [16], where a much longer pulse laser
with a pulse width of 1.2 ms has been employed, resulting
in the formation of ultrafine nanodiamonds.
Due to a very small 10 lm beam diameter, the final
sample obtained was limited with high graphitic content.
Therefore, in order to identify the crystal planes associated
with diamond, high-resolution XRD was performed on the
sample, as shown in figure 3. In XRD spectra the diamond
(111) and graphite (110) peaks stay close to each other, to
distinguish between the two peaks XRD centred at 2h = 44°
is shown in inset (a). The spectra of laser-ablated sample (in
blue) is comprised of a peak at 2h = 44° reflecting the
(111) plane of the diamond. The laser-ablated sample also
presented a small peak at 2h = 44.2°, similar to one in the

Figure 3. XRD diffractogram of graphite sample (in black) and
laser-treated sample (in blue). In inset (a–e), high-resolution XRD
of laser-treated sample showing diamond planes (111), (200),
(220), (311) and (400), corresponding at 2h = 44.1, 50, 75.4, 90.7
and 119.8, respectively.
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pure graphite sample (in black), suggesting the presence of
graphitic content in the sample. Other characteristic planes
of diamonds (220), (311), (400) corresponding to 2h =
75.4°, 90.75° and 119.8° can also be seen in the inset (c–e).
The diamond peaks are indexed using JCPDS file card no.
750219. It may be noted that a peak centred at 2h = 55° is
also present in the spectra as shown in inset (b). This peak is
associated with the (200) plane of the newly discovered ‘ndiamond’ and is forbidden for diamond [29]. This plane
corresponds to the fcc cubic structure of carbon with lattice
constant 0.3594 nm, which is quite close to that of diamond
thus named n-diamond (new diamond) [30].
The selected area electron diffraction (SAED) pattern in
figure 4c also confirms the presence of (200) plane of
n-diamond. This is in agreement with the work of Mortazavi
and co-workers [30] that the usage of IR laser induces more
energetic plasma at solid–liquid interface, leading to the
formation of n-diamond, which is generally formed under
more extreme temperature and pressure than cubic

Figure 4. (a) HRTEM image of single nanodiamond with
interplanar spacing d = 0.206 nm. (b) HRTEM image of
nanodiamonds clusters. (c) SAED diffraction of nanodiamonds.
(d) n-diamonds embedded in amorphous carbon. (e) HRTEM
image of nanodiamonds sitting together with different interfaces.
The measured interplanar distances and angle are d1 = 0.258 nm
and d2 = 0.255 nm and h(d1, d2) = 61°. (f) HRTEM image of
carbon onion with 15 concentric graphite shells having interplanar
spacing d = 0.35 nm.
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diamond. HRTEM image of different morphologies of
n-diamond can be seen in figure 4d. The n-diamond crystals
are found embedded in the amorphous carbon structure.
Similar morphologies have been reported by groups previously using different synthesis techniques [17, 29–32].
Figure 4a shows the HRTEM image of a single nanodiamond embedded in graphitic carbon. The calculated dspacing d = 0.206 nm from the lattice fringes is in good
agreement with the reported interplanar spacing for (111)
plane of diamond. Figure 4b displays the aggregated cluster
of nanodiamonds. The concentric rings obtained from the
SAED pattern matches those with the cubic diamond
reflecting the (111), (220), (311) and (400) planes. The
strong aggregation of nanodiamonds observed in our case
has been previously explained to be due to electrostatic
interaction between newly formed diamond crystals in
colloidal solutions [33].
Figure 4e displays the lattice fringes from the orientation
of different planes of nanodiamonds. The measured interplanar distances and angle, i.e., d1 = 0.258 nm, d2 = 0.255 nm
and h(d1, d2) = 61° can only be attributed to diamond [34].
Furthermore, in the rare instance, we also spotted carbon
onions as can be seen in figure 4f. A layer of 15 concentric
shells with measured interplanar spacing d = 0.35 nm matches closely with the (002) plane of graphite. These spherical structures reversibly transform in the nanodiamonds
during the events of laser irradiation. The concentric shells
of graphite act as pressure cells in the transformation of
diamond crystals and are found to co-exist with the nanodiamonds [35]. These nanostructures might be formed in
our study due to the re-irradiation of the graphitic target
repeatedly having diamond structures on the surface.
A typical Raman spectrum of graphite and laser-treated
sample is shown in figure 5. The starting material, graphite,

Figure 5. Raman analysis of graphite (black) and laser processed sample (blue). The deconvoluted peaks (green) shown in
inset differentiates the diamond peak at 1328 cm-1 from graphitic
D band.
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shows the characteristic G band centred at 1580 cm-1 along
with the weak D band centred at 1350 cm-1, representing
the ordered graphitic layers of sp2 microdomains and some
bond angle-related disorders, respectively [36]. The lasertreated sample reveals diminished G band with a broad
feature around the D band. Due to the inherent core-shell
structure of nanodiamond, spectral studies are dominated by
the graphitic and amorphous structures owing to their larger
Raman cross-section for visible excitation [36]. As a result,
we deconvoluted this peak centred around 1350 cm-1 using
Origin Pro software by Origin Lab (version 9.0.0) to distinguish the diamond peak from the D band. We fitted two
peaks in the region 1250–1450 cm-1 using the Lorentzian
multiple peak fitting procedure centred around 1330 and
1360 cm-1. As shown in the inset, the best fit was produced
after 3 iterations with Adj R2 = 0.91506. The resultant first
peak centred at 1328 cm-1 represents the nanodiamonds,
indicating the sp3 bonding structures. The observed downward shift of the peak from 1332 cm-1 for the bulk diamond
is due to the phonon confinement effect in crystal sizes
lower than &10–20 nm [37,38]. In contrast to the large size
crystals, where translational symmetry is preserved over
large distances, the plane-like waves cannot exist within the
nanocrystals due to the finite boundary leading to the confinement of the phonons. It results in the observed peak
broadening with a full-width at half-maximum (FWHM) =
46 cm-1 along with the downshift of 4 cm-1. Based on this
phonon confinement model [37], the relationship between
the FWHM of Raman peak and the crystallite size has been
taken from the earlier report [39]:
C ¼ 2:990 þ 0:185=L;

ð1Þ
-1

where C is the FWHM of the Raman peak (cm ) and L the
particle size (lm). In our case, the measured FWHM of
46 cm-1 resulted in the average size of the diamond core
around 4.3 nm, which is in good agreement with the
HRTEM analysis considering the core-shell morphology of
nanodiamond crystals.
The remarkable sensitivity of Raman to molecular morphologies reveals several other spectral features. For
example, another peak at 1364 cm-1 is due to the presence
of short graphitic and amorphous structures in the sample,
which is also apparent in figure 4. As compared to the weak
D band of the graphite sample (shown in black), the D band
of the laser-treated sample is broad and intense reflecting
the abundance of these fragments in different sizes. The
broad peak around 550 cm-1 also indicates the presence of
amorphous sp3 bonded carbon in these structures [40].
Moreover, the diminished G band in the purified sample
proves the efficacy of the purification method reported by
Pichot et al [24] and its broadening reflects the influence of
bond bending due to shell curvature of graphitic carbon
[41]. It indicates the presence of a curved graphitic outer
shell, which is responsible for the epitaxial growth retardation of nanodiamond crystals during the event of rapid
quenching. All these evidences suggest that the fibre laser
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employed in the present study is propitious to produce fine
nanodiamonds.

4.

Conclusion

In conclusion, we have demonstrated the applicability of a
commercially available low power fibre laser to produce the
localized HPHT environment necessary for the generation
of diamonds. Despite the low yield of the sample due to the
very small 10 lm laser beam diameter, sufficient characterization studies were performed to identify the nanodiamonds with different morphologies. The narrow size
distribution found in the study is due to the restricted epitaxial growth of the diamond crystallites within the plasma
in the event of rapid quenching. Parameters like laser
wavelength and pulse width also play a crucial role in the
morphologies and dynamic size of nanodiamond by
affecting the localized plasma temperatures and the rate of
supercooling, respectively. Considering the ever-increasing
demand of nanodiamonds in various sizes and shapes, fibre
lasers with different specifications can be utilized and various parameters such as power and repetition rate can be
optimized for synthesizing different types of nanodiamond
crystals. This synthesis route also proves to be highly
environment-friendly and cost-effective, as the raw materials are just deionized water and graphite, while the laser
employed is an inexpensive source as compared to other
high power pulsed lasers. Moreover, by changing the substrate and solution, variety of other important
metastable nanocrystals requiring high activation energy
can also be synthesized.
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