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Abstract
Nanodiamonds have attracted considerable interest for their potential applications in quantum computation, sensing, and 
bioimaging. However, synthesis of nanodiamonds typically requires high pressures and temperatures, and is still a chal-
lenge. Here, we demonstrate production of nanodiamonds by pulsed laser ablation of graphite and diamond-like carbon 
in water. Importantly, this technique enables production of nanocrystalline diamonds at room temperature and standard 
pressure conditions. Moreover, we propose a method for the purification of nanodiamonds from graphitic and amorphous 
carbon phases that do not require strong acids and harsh chemical conditions. Finally, we present a thermodynamic model 
that describes the formation of nanodiamonds during pulsed laser ablation. We show that synthesis of the crystalline phase 
is driven by a graphite–liquid–diamond transition process that occurs at the extreme thermodynamic conditions reached 
inside the ablation plume.

1  Introduction

Nanodiamonds (NDs) attracted a great interest and conse-
quent active research, because they maintain most of the 
superior properties of bulk diamond and transfer them at 
the nanoscale. These properties include high hardness, high 
thermal conductivity, chemical stability, biocompatibility, 
and controllable surface structure [1]. This makes NDs 
promising for a variety of applications in different fields 
[2–4]. Of particular interest are NDs containing nitrogen-
vacancy (NV) center. Indeed, the spin-dependent photolu-
minescence of this point defect [5] allows the detection of 
external perturbations, such as magnetic fields, suggesting 
the uses of NV-enriched NDs as nanoprobes [6]. A num-
ber of techniques have been proposed for the production of 
NDs, including milling of bulk diamond, detonation, and 
high-temperature high-pressure synthesis [1, 7, 8]. Indeed, 
the diamond phase requires very high pressures and tem-
peratures, respectively, of the order of GPa and thousands 

of Kelvin, for its formation [9]. Here, we propose a method 
for the preparation of NDs by pulsed laser ablation of car-
bon targets immersed in water. The main advantage of this 
technique is that it enables the synthesis of NDs at room 
temperature and standard pressure conditions. We propose a 
thermodynamic model explaining the formation mechanism 
of NDs under the transient physical conditions in the abla-
tion plume. Finally, we describe a simple physico-chemical 
cleaning method of NDs, needed for the removal of graphitic 
byproducts of the ablation process. Moreover, a second way 
to obtain NDs is followed: it consists on the pulsed laser 
irradiation of a diamond-like carbon (DLC) film immersed 
in water. DLC films are synthesized by the standard pulsed 
laser deposition (PLD) of pyrolytic graphite in vacuum con-
ditions. Also in this case, a model for the synthesis of NDs 
is described.

2 � Materials and methods

2.1 � Ablation of graphite in water

The ablation of the pyrolytic graphite target in ultra-pure 
water was performed using a Lambda Physik LPX220i 
KrF excimer laser with a wavelength of 248 nm and pulse 
duration of 20 ns. Laser energy used was in the interval 
500–600 mJ per pulse, with a repetition rate of 10 Hz. The 
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experimental setup is shown schematically in Fig. 1. The 
laser beam was focused on the graphite target surface, using 
a lens with a 400 mm focal length. A lens with such rela-
tively long focal length was used to increase the distance 
between the objective and the water surface, thus avoid-
ing deposition of water on the lenses during irradiation. 
The laser beam was focused to a spot of 0.73 ± 0.05 mm2 
(obtained by measuring the spot size on the target surface 
by scanning electron microscopy after one pulse irradiation), 
and the laser fluence was varied in the range between ~ 50 
and ~ 60 J cm−2, where the energy losses of ~ 25% due to the 
presence of the optics are taken into account.

To reduce the splashing of water, since it brings also to 
the loss of the ablated particles dispersed in the liquid, a 
cylindrical graphite target with the top surface tilted was 
used, as schematically shown in Fig. 1. The thickness of the 
water layer above the laser focal spot was of 2–3 mm. Since 
the flow velocity of the plume is perpendicular to the graph-
ite surface, this configuration reduced the sputtering of water 
drops during irradiation. The angle of inclination of the top 
surface was set to 45°. To avoid the formation and deepen-
ing on the target surface, the target was moved every 1000 
pulses. To collect a sufficient amount of ablated particles, 
the irradiation was performed for 1 h. After ablation, the 
target was removed from the vial, and the water-suspended 
powder was slowly dried in an oven at 90 °C, until complete 
evaporation of water.

2.2 � Purification method

Many different purification methods based on selective 
oxidation of sp2 carbons by gas- or liquid-phase oxidants 
were reported [10]. Here, to remove the graphitic byprod-
ucts and isolate NDs, the following cleaning technique was 
implemented. First, the ablated particles were sonicated in 
2-propanol for 3 h. Then, the 2-propanol was removed by 
evaporation, and the powders were dispersed in a solution 
of concentrated hydrogen peroxide H2O2 in water (50% in 

weight), and irradiated by a UV lamp (wavelength of 365 nm 
and power intensity of 140 mW cm−2) for 6 h. The ultravio-
let light promotes the dissociation of hydrogen peroxide to 
form hydroxyl groups ·OH−. This kind of free radicals can 
etch sp2 carbons more efficiently than sp3 carbons, due to the 
lower bond strength, and remove graphitic residues from the 
surface of NDs. After the irradiation, the water and residual 
H2O2 was evaporated, and the cleaned powders were depos-
ited on a silicon substrate for subsequent analysis.

2.3 � DLC synthesis

The diamond-like carbon (DLC) films were produced by 
pulsed laser deposition (PLD) of a graphite target in vacuum. 
The ablation of the graphite target was performed with a 
residual pressure inside the vacuum chamber of 1.1 × 10− 5 
mbar, with the same KrF excimer laser used for the ablation 
in liquid. The laser beam impinged on the graphite target 
with an incident angle of 45° and with a spot diameter of 
1 mm2. The graphite target was rotated during ablation, to 
avoid formation of a crater in the irradiation spot. Laser flu-
ence used during deposition was of 22 ± 1 J cm−2. The value 
was chosen on the basis of the previous literature reporting 
increase in the fraction of sp3 carbon atoms inside the depos-
ited DLC film for large fluence [11]. The graphite target was 
placed at a distance of 7 cm from a silicon substrate. The 
cleaning procedure of the silicon substrate includes three 
subsequent cleaning steps in acetone, ethanol, and deion-
ized water in an ultrasonic bath (10 min each) followed by a 
drying in a gaseous nitrogen feeble flux. The total number of 
pulses was 5000 with a repetition rate of 10 Hz. After depo-
sition, the film was annealed to relax internal stresses [12]. 
To this end, the substrate was mounted on a heated holder, 
and the temperature was brought to 300 °C, with a heating 
ramp of rate 0.1–0.2 °C s−1, for 1 h. Characterization of the 
DLC film is provided in Fig. 3c, showing the microRaman 
spectrum. Only one broad peak is visible at 1550 cm−1, cor-
responding to the G peak, typical of DLC films with a high 
fraction of sp3 carbon atoms. Raman spectroscopy provides a 
qualitative means to estimate the sp3/sp2 ratio by measuring 
the intensity ratio I(D)/I(G) of the D peak and the G peak. 
As reported in [11], when the sp3 fraction content becomes 
larger than ~ 20%, the I(D)/I(G) ratio drops to zero. In our 
case, since the D peak is not visible, we can conclude that 
the sp3 fraction of carbon atoms in the DLC film is above 
20%. The DLC films were deposited following the procedure 
reported in [11], where more qualitative analysis (such as 
electron energy loss spectroscopy) of the sp3/sp2 ratio was 
performed. In that work, the formation of DLC films with 
an sp3 content of 80% was reported; since the deposition 
of the DLC film was done under same experimental condi-
tions, we assume that the sp3 fraction is the same of [11]. 
The deposited film was 140 nm thick, as shown in the SEM Fig. 1   Pulsed laser ablation in liquid experimental setup



The modeling and synthesis of nanodiamonds by laser ablation of graphite and diamond-like carbon…

1 3

Page 3 of 7  72

image of its side wide, given in the inset of Fig. 3c. The DLC 
films were then immersed in 2–3 mm of deionized water and 
irradiated with a single shot of the KrF laser, focused with 
a large spot size, of 13.3 ± 0.7 mm2, to have a small laser 
fluence of 0.76 ± 0.05 J cm−2.

3 � Experimental result

The samples were characterized with a multi-technique 
approach. The external morphology of the samples was stud-
ied by scanning electron microscopy (SEM), using a JSM-
7001F FEG-SEM, while the chemical composition of the 
nanoparticles was investigated by energy dispersive X-ray 
spectroscopy (EDXS). Moreover, microRaman spectroscopy 
was performed to get insight in the hybridization state of 
the carbon atoms, using a Jobin Yvon LabRAM ARAMIS 
spectrometer with a 532 nm as exciting wavelength.

3.1 � NDs obtained through ablation of graphite 
in water

A typical SEM image of the ablated particles after purifi-
cation is shown in Fig. 2a, while Fig. 2b presents the cor-
responding EDXS spectrum. Clustered crystallites of the 
size of the order of hundreds of nanometers, attributed to 
ND agglomerates, were obtained. These clusters were still 
embedded in what is believed to be graphite, given that the 
EDXS spectrum detected only the presence of carbon. The 
signal in EDXS spectrum of silicon comes from the substrate 
on which the powders were deposited, while the peak of 
oxygen comes from the oxidation of the surface layers of 
the samples.

The purified samples were analyzed with Raman spec-
troscopy: the spectrum is shown in Fig. 2c. The ND peak, at 
1335 cm− 1, is shifted to higher energy with respect to bulk 
diamond, whose Raman peak is at 1332 cm− 1 [13]. This is 
attributed to the presence of stress in the NDs, in particular 
compression exerted by the external graphitic matrix, that 
leads to an increase in the vibrational frequency of the car-
bon atoms [14]. The FWHM of the peak is of 45 cm− 1 that 
can be explained by the compressive strain [15] or by small 
size of the single diamond crystallites (ultrananocrystalline 
range) [16]. Nevertheless, the spectrum is dominated by the 
G peak of graphite at 1580 cm− 1, meaning that a residual 
sp2 carbon atom matrix is still present. The D peak, usually 
at 1350 cm− 1, is not detected: this is likely due to the small 
numbers of organized sixfold sp2 carbon aromatic rings after 
the laser irradiation and the cleaning process [17]. The G 
peak vibrations, instead, do not require sixfold aromatic 
rings, and they are present also when the carbons are organ-
ized in chain structures. Moreover, the strong intensity of 
the G peak can be explained by the higher sensitivity of 

visible Raman spectroscopy to the π bonds between sp2 car-
bon atoms rather than the σ bonds between carbon atoms in 
the sp3 hybridization [17].

3.2 � NDs obtained through ablation of DLC in water

The DLC film was immersed in water and irradiated with 
a single laser pulse having fluence of 0.76 J cm−2: Fig. 3a, 
b presents the SEM images of the irradiated film at differ-
ent magnification, showing nanoparticles below 100 nm 
size dispersed on the film. These carbon nanostructures 
were studied with Raman spectroscopy; the result is shown 
in Fig. 3d. The peak at 1337 cm− 1 can be attributed to 
compressed-strained NDs, while the G peak is detected at 
1572 cm− 1.

4 � Thermodynamic model

The detailed discussion on the thermodynamic model 
explaining the formation of NDs during ablation of graphite 
in water is developed in [18], and, here the model is extended 
to DLC targets. This model is based on two peculiarities of 
laser ablation in liquid ambient, namely, the high cooling 
rate and the values of pressure and temperature that can be 
obtained under pulsed laser irradiation processes. In particu-
lar, the pressure is a consequence of the shockwave emission 
caused by laser ablation, but it is not enough to reach the 
so-called high-temperature high-pressure (HPHT) condi-
tions for diamond growth. This is supported by the detailed 
analysis of the thermodynamic state of the plasma reported 
by Amans et al. [19], and by the finding of Viecelli et al. 
[20], that suggests a shift of the triple point of carbon phase 
diagram toward higher pressure when carbon nanoparticles 
are considered, making HPHT growth more unlikely. Moreo-
ver, through in situ X-ray diffraction, Kraus et al. observed 
diamond formation after shock compression of graphite 
(both pyrolytic and polycrystalline) after laser ablation in 
the nanosecond regime [21]. According to the carbon phase 
diagram given in Fig. 4, with the particular thermodynamic 
conditions of temperature (5000 K [22]) and pressure (2–4 
GPa [18, 23]), the ablation mainly involves liquid carbon 
target, and in laser-induced phase explosion process, liquid 
carbon nanodroplets are emitted [24, 25]. The reported tem-
perature of 5000 K [22] refers to the rotational temperature 
of C2 diatomic molecules, mainly related to rigid movement 
of the molecule [19]. However, the rotational temperature 
is drifted by collisions between ablated molecules [26], and 
for this reason, despite thermodynamic equilibrium is not 
reached inside the plume, rotational temperature can be cor-
related to kinetic temperature of heavy species. When the 
temperature of the plume starts to decrease, also because 
of the water environment, the liquid carbon returns to the 
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solid state. The phase in which it solidifies is determined 
by the cooling rate that can be 1010–1011 K s−1 for nano-
second laser pulses. When the liquid carbon atoms enter a 
supercooling regime, the system is out of thermodynamic 
equilibrium, and the separation between the graphite-phase 
and the diamond-phase regions in the carbon phase diagram 
is no longer well defined, as the one described by the equi-
librium phase diagram in Fig. 4. The system then enters 
in a region, schematized by the enlarged dashed red arrow 
in Fig. 4, in which diamond phase is formed as metastable 
phase. This condition allows for the nucleation of NDs as a 
metastable phase inside the plume, where the liquid carbon 

clusters act as nucleation seeds. The transition to the sta-
ble form of carbon, namely, graphite, is prevented by the 
rapid cooling rate: the metastable phase is literally frozen 
under the action of the undercooling. Finally, when pres-
sure drops, only graphite phase is formed. The duration of 
the shockwave-induced high-pressure state, namely, the time 
interval in which diamond phase forms, is estimated to be 
twice the duration of the laser pulse [23, 27]. After that, only 
sp2 structures forms around nanodiamonds, thus requiring 
purification of the samples.

The most important parameter for the synthesis of NDs 
is the state of undercooling that allows the formation of 

Fig. 2   a SEM image of a sample obtained with  pulsed laser ablation 
of graphite in water, after removal of non-diamond phase of carbon, 
showing a multicrystalline particle of dimension less than 1  μm. b 
Typical EDXS spectrum of the nanoparticles: the peak of carbon is 
at 0.27 keV. In addition, the peaks of silicon at 1.74 keV and of oxy-
gen at 0.52 keV are detected. They come from the substrate on which 

the particles are deposited and from the oxidized surface layers of 
the ablated powders, respectively. c Raman spectrum obtained under 
532  nm excitation wavelength of purified particles. The main peak 
at 1580  cm− 1 is the graphite G peak, while the peak at 1335  cm− 1 
(shown in detail in the inset) is attributed to compressive-strained 
NDs
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Fig. 3   a, b Shows two SEM images of the irradiated DLC film with 
a fluence of 0.76  J  cm−2 at different magnifications; nanoparticles 
below 100 nm size are dispersed on the carbon film. c Raman spec-
trum of the initial DLC film obtained under 532 nm excitation wave-

length: only a broad peak at 1550 cm− 1 is detected. d Raman spec-
trum of the irradiated film, under same excitation condition, showing 
the G peak at 1572 cm− 1, and the peak of the NDs at 1337 cm−1

Fig. 4   Carbon phase diagram. Different colors indicate the regions in 
which a certain phase of carbon is thermodynamically stable: white 
for diamond (D), grey for graphite (G), green for liquid carbon (L), 
and blue for gaseous carbon (V). The yellow curve gives the melt-
ing point of DLC as a function of pressure [29]. The red arrow indi-
cates the path for the formation of NDs during ablation of graphite 
in water. In the first step, the system is brought into the liquid carbon 

region. Subsequently, the liquid carbon is undercooled, enabling for-
mation and crystallization of metastable diamond phase. The dotted 
red arrow stresses the fact that the system is out of equilibrium and 
that the graphite and the diamond regions are no longer well defined 
as at thermodynamic equilibrium. The right side of the image repre-
sents a schematization of the multi-step process that yields the NDs
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diamond phase even if the system does not enter in the dia-
mond stable region of carbon phase diagram. This peculiar 
characteristic of the ablation in liquid is strongly exploited 
in the synthesis of NDs by ablation of DLC in water. In 
this case, the laser fluence is smaller, and the confinement 
exerted by the liquid layer is weaker, leading to a smaller 
increase of the pressure. Moreover, at this low laser fluence, 
the ablation is not relevant; therefore, the process can be 
referred as laser annealing. The explanation of ND forma-
tion is based on two facts. First, the DLC film that contains 
a large amount of sp3 carbon atoms (~ 80% in our case) 
implies that there are already clusters made by sp3 carbon 
atoms in the film [28], but without a crystalline order. Sec-
ond, it was demonstrated that diamond-like carbon melts at 
much lower temperature as compared to crystalline carbon 
[29]. As indicated by the yellow curve of Fig. 4 that shows 
the melting temperature of DLC as function of pressure, 
DLC melts at lower temperature compared to graphite. As 
a consequence, the irradiated DLC film can be melted by 
laser annealing using a low fluence laser pulse that would 
not be able to melt a graphite target. When the amorphous 
carbon becomes liquid, it enters in an undercooled regime, 
since according to carbon phase diagram, the system is in 
the region in which carbon atoms are in solid phase. In this 
undercooled state, the sp3 carbon clusters already present in 
the target provide a nucleation seed for the formation of NDs 
at the surface of the DLC target.

Summarizing, the choice of this particular target gives 
two main advantages with respect to graphite. First, the 
system enters in an undercooling state after irradiation 
with a less energetic laser pulse (0.76 J cm−2 vs more than 
50 J cm−2), thus enabling ND formation just by laser melt-
ing of the target, rather than by explosive ablation. Second, 
since the NDs form on the surface and are not embedded in 
a graphite matrix as in the graphite ablation case, a clean-
ing procedure for the removal of graphitic byproducts is not 
required.

5 � Conclusions

NDs were successfully synthesized through pulsed laser 
ablation of graphite and DLC in water. This technique is 
very convenient, since it enables formation of diamond 
phase that usually requires extreme values of temperature 
and pressure, performing the experiment at standard pres-
sure and room temperature conditions. Moreover, a liquid-
phase purification technique of NDs from the non-diamond 
phase, in which NDs are embedded in the case of ablation 
of graphite, is described. This is an effective cleaning pro-
cedure, since it possesses the advantages of the liquid-phase 
purification techniques, namely, the high density of the oxi-
dizer, but without harsh chemical conditions and dangerous 

acidic environment. The advantages of using DLC targets 
in ND production are then exploited. In particular, the ND 
formation just occurs by laser melting of the target, rather 
than by explosive ablation, because of the lower melting 
temperature of DLC with respect to graphite. In addition, 
since the NDs form on the surface and are not embedded in 
a graphite matrix as in the graphite ablation case, a clean-
ing procedure for the removal of graphitic byproducts is not 
required. Finally, a thermodynamic model of formation of 
NDs by ablation of graphite and DLC in liquid is provided.
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