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Raman spectroscopy of carbon nano-particles synthesized by laser
ablation of graphite in water
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Carbon nanoparticles (CNPs) have been synthesized by laser ablation of polycrystalline graphite in water using a pulsed Nd:YAG laser
(1064 nm) with a width of 8 ns. Structural and mesoscopic characterization of the CNPs in the supernatant by Raman spectroscopy provide
evidence for the presence of mainly two ranges of particle sizes: 1-5 nm and 10-50 nm corresponding to amorphous carbon and graphite
NPs, respectively. These results are corroborated by complementary characterization using atomic force microscopy (AFM) and transmission
electron microscopy (TEM). In addition, large (10-100µm) graphite particles removed from the surface are essentially unmodified (in
structure and topology) by the laser as confirmed by Raman analysis.
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1. Introduction

Carbon exists in various possible forms, such as graphene,
graphite, diamond, amorphous carbon and derivatives of
these in the presence of other constituents,e.g. hydrogen,
forming possibly hydrogenated amorphous carbon. Thus, re-
searching on carbon materials is facilitated by using a tech-
nique that provides a unique finger-print for each of these
phases. Further, to be appealing, a characterization tool must
be non-destructive?, fast, with high lateral resolution and pro-
vide as much structural and electronic information as possi-
ble. All these requirements are embodied by Raman spec-
troscopy. Hence, Raman spectroscopy has been of distin-
guished importance in recent years when,e.g. investigating
the electronic structure and optical properties of single walled
carbon nanotubes [1] and graphene [2].

Synthesis of carbon nano-particles (CNPs) using differ-
ent techniques has attracted increasing interest ever since the
buckey-balls were discovered [3]. The synthesis of a range
of different CNPs and their applications are the subject of re-
search and development within a range of disciplines, such as
biotechnology [4] and nanotechnology [5]. Presently, a par-
ticularly interesting technique for synthesizing high pressure
phases is laser ablation in liquid (LAL) [6]. The laser beam
induces a high temperature and a high pressure where the liq-
uid provides the additional pressure gain compared to laser
ablation in vacuum [7]. The high temperature of the ablated
plume during laser ablation of graphite in water was con-
firmed by the work of Saito (2003)et al [8], where the plume

temperature was determined to be between 4000-6000 K dur-
ing the first 1000ns. Soon after LAL became known nano-
crystalline diamond nano-particles (NCDNPs) were synthe-
sized by LAL [9]. According to Yang’s [10] theoretical pre-
dictions the range of sizes of NCDNPs are limited and de-
pends on temperature and pressure. While several investi-
gations have confirmed, by Raman spectroscopy and elec-
tron microscopy, the co-synthesis of NCDNPs and carbon al-
lotrope NPs by LAL, using visible [11-13] and near-UV [14]
nanosecond and near-infrared femtosecond [15] laser pulses,
limited studies have so far investigated the distribution of
grain size and its possible relation to carbon phases for CNPs
formed by LA in water. Here, we show that Raman spec-
troscopy can provide detailed structural and mesoscopic in-
formation of the CNPs formed, which is not only a require-
ment to understand the complex process of LA (of graphite)
in water but serves also to show the versatility and importance
of the technique.

2. Material and Method

Laser ablation of CNPs was performed by irradiating a bulk
polycrystalline graphite sample immersed in water and in
sodium dodecyl sulfate (SDS) aqueous solution (1 weight %)
using laser pulses with a width of 8 ns from a Nd:YAG laser
(1064 nm). The laser pulse propagation direction was ver-
tical with respect to the air/water surface, where the water
level was normally about 3-5 mm above the graphite surface.
Assuming a Gaussian beam profile, the characteristic waist
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FIGURE 1. AFM image of CNPs (from the supernatant) on mica.
Note that most particles are 1 nm heigh.

of the laser beam,σ, was estimated in the following way:a
hole with a diameter of 0.1 mm was created in the glass
slide by ablation using an energy,E0, of about 150 mJ.
Thus, since glass has a threshold ablation fluence,Ft, of
∼100 J/cm2 [7,16], then rt (hole in glass∼0.05 mm) is re-
lated to σ by r2

t = −σ2 ln(Ftπσ2/E0), yielding a σ ∼
0.21 mm. When performing ablation at the graphite/water
interface the maximum fluence (peak fluence for a Gaussian
distribution) was∼ 60 J/cm2.

The CNPs were allowed to sediment for about 30 min
before 10µL of the top part of the dispersion (i.e. super-
natant) was deposited on a mica substrate by spin coating
(1200 rpm/min). In addition, an equal amount of the disper-
sion was deposited after the same time (as the spin coated)
as well as after 24 hrs on mica and allowed to air dry. The
drying took about 2 hrs. Thus, the samples represent different
degrees of aggregation. Subsequently, the deposited CNPs on
mica were characterized topographically using atomic force
microscopy (AFM). When determining the height distribu-
tion of an image (Fig. 1) the following procedure was used:
each pixel in Fig. 1 correspond to a value of the height rel-
ative to the average of the total distribution, which is zero
+− 3 nm. When dots with a height less than 3 nm is not ex-
cluded the distribution increases exponentially with decreas-
ing height. Moreover, CNPs from the supernatant were de-
posited (2 hrs after synthesis) on a membrane for subsequent
TEM and selected area electron diffraction (SAED) analysis.

Moreover, 1.5 ml of the supernatant (5 min after synthe-
sis) were poured into a standard plastic cuvette (with a 1 cm
trajectory) for subsequent standard light transmission mea-
surements as a function of time after the LAL.

Furthermore, after having allowed the dispersion to sed-
iment for about 2-4 hrs the sedimented CNPs and the super-
natant were deposited onto optical glass slides for subsequent
Raman spectroscopy analysis. Raman spectroscopy was per-
formed using a Renishaw “InVia” spectrometer, a laser ex-
citation wavelength of 532 nm, an objective of×20 and ap-
proximately 0.3 mW at the sample spot. The fitting of the
Raman bands was performed using Lorentzian functions for

all peaks, where the peak ratios correspond to integrated in-
tensity ratios (if nothing else is specified). Further, the raw
spectra for the non-sedimented CNPs reveal a background,
which increase with Raman shift and has been subtracted be-
fore peak fitting.

3. Results and discussion

As revealed in Fig. 1, most CNPs deposited on mica (spin
coated sample) exhibit a height above the mica surface of the
order of 1 nm, although there are some CNPs with heights on
the order of 10-30 nm. Quantification of the AFM images re-
veals a shift of the height distribution towards larger particle
heights in sequential order for the samples prepared by spin
coating, air drying and air dried after 24 hrs aging. It should
be mentioned that heights less than 3 nm are not incorporated
in the analysis presented in Fig. 2, because quantification
of the number of image pixels that represents real particles
was difficult to perform for heights below 3 nm since noise
is of the same order of magnitude. Despite this complica-
tion, it is possible to semi-quantitatively identify the range of
heights for most particles. The second moment (variance) of
the height distribution describes the width of the distribution
and should increase with aggregation. Hence, the variances
for the distributions associated with the spin coated, air dried
and aged 24 hrs/air dried samples are 66, 77 and 119 nm2, re-
spectively. It is expected that particles will aggregate during
the air drying process, thus the variance for the air dried sam-
ple is expected to be larger than for the spin coated sample.
If, in addition, the carbon particles are allowed to aggregate
for 24 hrs before being deposited on mica, and subsequently
allowed to air dry, the particles will have a higher degree of
aggregation and the variance is thus expected to be larger (as
observed). Moreover, Fig. 3 shows a TEM image of CNPs
deposited (2hrs after LA) on a membrane, which reveals an
aggregate consisting of particles with sizes of about 20 nm
surrounded by many smaller particles∼5 nm corroborating
qualitatively the findings of particle size distributions by

FIGURE 2. Height distributions of CNPs deposited on mica by spin
coating, air drying and air drying after 24 hrs aging.
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FIGURE 3. TEM image of the CNPs in the supernatant.

AFM (Fig. 1 and Fig. 2). Further, we are able to identify
considerable sedimentation of particles already 5 min after
the synthesis, which indicates that ablation results in the re-
moval of a considerable amount of particles from the bulk
with a size between 10 and 100µm.

Optical transmission measurements of the CNPs in wa-
ter, Fig. 1 (supporting information), were performed for dif-
ferent times (after synthesis): 15 min, 45 min, 24 hrs and 5
days. A relatively rapid increase in transmission with time
is observed over the whole range of wavelengths. Thus, we
attribute the increase of transmission to aggregation of small
particles into larger ones, which eventually undergoes sedi-
mentation. Normally, the presence of surfactants delays or in-
hibits the aggregation of nano-particles, which also is the case
for graphite [17], NCDNPs [18] and nano-horn [19] CNPs.
Indeed, when synthesizing CNPs by LAL in the presence of
SDS, the increase in transmission is delayed, Fig. 2 (support-
ing information), although eventually aggregation appears to
occur (as confirmed also by sedimentation). The inability to
inhibit aggregation and subsequent sedimentation could be
due to the small particle sizes (∼1 nm) and to a low adsorp-
tion efficiency of SDS on non-crystalline CNP surfaces.

TABLE I. Parameters of the three Lorentzian functions fitted to the
G-band in Fig. 4.

Peak Area (×104) Center FWHM

[cm−1] [cm−1]

D 2.81 1348 57

GH 4.55 1579 22

GL 3.14 1530 214

FIGURE 4. Raman spectrum of the sedimented CNPs deposited on
glass. The fitting was performed using three Lorentzian functions.
The parameters for each component are given in Table I.

The G-band (1500-1600 cm−1) in the Raman spectra,
is due to the presence of sp2 carbon networks and the D-
band (∼1350 cm−1) is due to the presence of sp2 car-
bon in the form of rings,i.e. a structure that does not
supportπ-electrons forming a ring (conjugated cyclic) sys-
tem implies the absence of the D-band [20]. The spec-
trum for the CNPs sedimented after synthesis (Fig. 4) re-
veals mainly a G-band at 1579 cm−1 (GH) with a FWHM
of 22 cm−1 (Table I), which suggests a grain size of
at least 10-20 nm [21]. In addition, the spectrum in
Fig. 4 is consistent with a smaller but broader compo-
nent, GL , at 1530 cm−1. Further, Fig. 4 reveals a D-
peak at 1348 cm−1 and a D/GH-ratio, which is well known
to be inversely proportional to the grain size (the TK-
relation [22], of∼0.35 corresponding to a grain size of about
55 nm [23]. Note that this is the correlation length and cor-
responds to the length scale of the structural domains. More-
over, a certain fraction of the D-band is probably associated
with the GL-component, thus the D/GL- ratio is an upper limit
and consequently the grain size calculated is a lower limit.
Hence, the large sedimented particles consist of grains of at
least 55 nm in dimension. The presence of the disorder in-
duced D’-peak at∼1620 cm−1 has not been analyzed in de-
tail but appears to scale with the size of the D-peak as ex-
pected [24].

The G-band of the particles in the supernatant (Fig. 5)
is significantly different from the sedimented particles and
is well fitted with two components with frequencies of 1535
and 1577 cm−1 (and a peak at∼1609 cm−1, which possibly
is the disorder induced D’-peak) denoted as GL and GH, re-
spectively. The significantly larger GL component (compared
to GH) suggests a softening of the bonds (disordered sp2-ring
system), for which the TK-relation is no longer valid [22].
The high frequency component suggests either well graphi-
tized (sp2-rings) carbon or linear sp2-chains (no D-band).
From TEM and associated SAED images, the presence of
faceted, Fig. 3 (supporting information) and Fig. 6, graphite
with a size range between 20-50 nm is confirmed. Since
graphite like particles in this size range (20-50 nm) are as-
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FIGURE 5. Raman spectrum of the CNPs from the supernatant de-
posited on glass. The fitting was performed using four Lorentzian
functions. The parameters for each component are given in Table II.

FIGURE 6. TEM image of a graphite CNPs from the supernatant.
The inset depicts a SAED image from the large particle.

sociated with a D/G-ratio between 1 and 0.4 [23], the D-
contribution from the GH-component is negligible (maximum
25% of the total D-intensity). Thus, to a good approximation,
since sp2-chains do not give rise to a D-peak, we can assume
that the D-band is only associated with the GL-component
which yields a D/GL- ratio of 2.2. This corresponds to amor-
phous carbon with a structural domain size between 1 (if the
peak intensity ratio is taken) and 2 nm [25]. Note, the ab-
sence of a characteristic Raman peak at 1333 cm−1 (associ-
ated with diamond) do not necessarily mean the absence of
NCDNPs, since the Raman cross-section of diamond is about
∼100 times smaller than graphite when using visible excita-
tion [21].

TABLE II. Parameters of the four Lorentzian functions fitted to the
G-band in Fig. 5.

Peak Area (×104) Center FWHM

[cm−1] [cm−1]

D 54.2 1353 284

GL 23.5 1536 118

GH 6.07 1577 30

D’ 7.49 1609 65

TABLE III. Characteristic size parameter from data analysis of
CNPs obtained by different methods for particles in the super-
natant. Note that AFM do not reveal structure, although we have
attributed the two particle ranges to different phases according to
Raman and TEM observations.

Method Size (nm) Size (nm)

-amorphous carbon -graphite

AFM 1 - 2 10 - 40

Raman (D/G-ratio) 1 - 2

Raman (FWHM) 1 - 2 > 10

TEM 5 10 - 50

The FWHMs of the GL and GH components (Table II)
suggest an sp2 grain size of the order of 1-2 nm (in agree-
ment with the D/GL- ratio of 2.2) and at least 10 nm, respec-
tively [21]. This analysis of the Raman spectrum (Fig. 5/Ta-
ble II) is in good agreement with the AFM images (spin
coated sample in Fig. 1 and Fig. 2) and the TEM images
(Fig. 3, 6) for the particles in the supernatant, where most
particles are in the 1-2 nm range (AFM) and 5 nm (TEM).
This size range is in agreement with similar recent observa-
tions of LA of graphite in liquid [26]. Note that the TEM
images suggests larger sizes, but the size ratio between the
smaller and larger particles coincides with AFM and Raman
observations, which could be explained if the particle shapes
have a tendency of being oblate with their major faces ori-
ented towards the supporting mica/membrane. The observed
larger grain size associated with the GH component corre-
lates well with the height distribution of the deposited CNPs
on mica (Fig. 2) and TEM images (Fig. 6), in particular for
the spin coated sample. Hence, small particles (1-2 nm) con-
sisting of amorphous sp2-rings coexist with larger particles
consisting mostly of graphite-like carbon and possibly some
amount of carbon with sp2-chain configuration with small D-
band contribution. In Table III the characteristic particle size
determinations, for CNPs in the supernatant, by the differ-
ent methods are shown. It should be mentioned that the G-
band varied slightly depending on where the incident laser
spot (from the excitation laser) was positioned on the sample
with particles from the supernatant,i.e. the relation between
the four Lorentzian peaks varied slightly with position, which
implies the presence of two or more phases among the non-

Rev. Mex. Fis.63 (2017) 71–75



RAMAN SPECTROSCOPY OF CARBON NANO-PARTICLES SYNTHESIZED BY LASER ABLATION OF GRAPHITE IN WATER 75

sedimented particles (consistent with the presence of both GH

and GL components).
The formation of CNPs in water could possibly result

in hydrogenation of amorphous carbon (a-c:H). The Raman
bands for the CNPs in the supernatant reveal an increasing
background (subtracted in Fig. 5) with Raman shift due to
photoluminescence, which normally occurs for a-C:H. How-
ever, based on previous work on a-C:H [27], we conclude
that the FWHM and peak-position for the components in Ta-
ble II are not consistent with a-C:H (in any known form).
Note that, luminescence has been observed from acid func-
tionalized CNPs with a graphite-like structure [28]. Further-
more, evidence for a transition from normal vaporization to
phase explosion has been obtained for laser ablation of sev-
eral materials (including graphite in vacuum), showing a dra-
matic increase in the ablation rate at the threshold fluence of
22 J/cm2 for graphite [29]. This suggests that the large parti-
cles that undergo sedimentation in the present work could be
the result of phase explosion and the smaller particles a result
of normal vaporization. However, further work is required to
confirm this hypothesis.

4. Conclusions

Raman spectroscopy has been used to investigate CNPs
synthesized by laser ablation of graphite in water. Large

graphite-like particles of a size between 10 and 100µm and
with a grain size of the order of 55 nm, forms and undergo
rapid sedimentation. Moreover, particles with sizes of the or-
der of 1-5 nm and 10-50 nm with amorphous and graphite
like structure remain in the supernatant, respectively. In ad-
dition, despite that LA of graphite is performed in water,
Raman spectroscopy analysis indicates hydrogenated amor-
phous carbon do not form in a detectable amount. These
results are important basic information for the understand-
ing of the required physical conditions for the formation of a
specific phase during laser ablation.
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