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In this work we present the results of a study of growth and characterization of metal nanoparticles (Ag, Au, and Co)/carbon
surfaces.Thenanoparticles grewby laser ablation technique and their dimensionswere controlled by light scattering study andAFM
microscopy before their insertion on graphite surface. Nanoparticles appear randomly disposed on carbon surfaces aggregating to
form big particles only in the case of silver. The different behavior of metal nanoparticles on carbon surface was explained in terms
of different metal wetting of surface, in agreement with previous theoretical results of He et al. Chemical information, obtained
by X-ray photoelectron spectroscopy, indicated that the doping process is a simple physisorption while the interfacial interaction
between particles and carbon layers causes local defects in graphite structure and the appearance of a strong photoluminescence
signal for all composites. Moreover, the visible optical absorption decreases about 10% indicating the progressive metallization of
carbon surface.

1. Introduction

Carbon nanotubes (CNT) and graphene have attracted con-
siderable interest in scientific community for their use in
the fabrication of nanoelectronics devices as field effect tran-
sistors or nanodiodes. In these frameworks the interaction
between metals and carbon based substrates at nanometric
scale is of critical importance in determining device char-
acteristics [1]. In fact, unlike silicon devices, the electrodes
on carbon structures are made up of metals and so the
control of contact resistance (including coating geometries
and interfacial interactions) is strategic [1].

The study of interfacial properties and coatings geometry
between different carbon surfaces and metals is so funda-
mental [1]. Various experiments have been carried out to
investigate the contact between different metals and carbon
structures [1–3]. As example the metal coating geometries on
CNT are closely related to the contact resistance [1]. Coating
of metals such as Ti, Pd, and Ni lead to the formation of
continuous or quasicontinuous layers on the CNT indicating
firm adsorption and low contact resistance, whilemetals such
as Fe, Al, and Au lead to the construction of isolated clusters

indicating weak interaction and large contact resistance [1,
4–7]. Studies based on density functional theory attribute
the metallic coating properties to the metal-carbon binding
energy [6, 7], while study on traditional nucleation and
wetting theories indicate in the different metal wetting of
carbon surfaces the different coating geometries [1].

Moreover, the combination between a carbon nanostruc-
ture and metal nanoparticles is much interesting because
metal nanoparticles exhibit very important properties that
can be improved by themix with carbon based nanomaterials
[1, 8–17]. In our previous work [18], we demonstrate that
metal nanoparticles (growth by laser ablation techniques
and afterwards inserted in carbon nanotubes networks) are
distributed on carbon surface to forming coatings geometries
that are uniquely related to wetting between carbon and
metals. We do not observe formation of chemical bonds
between tubes and nanoparticles but the introduction of
several local defects on CNT structures which causes strong
changes in morphology and the appearance of a strong
photoluminescence signal in visible region [18].

Here we extend the study of interaction between metal
nanoparticles (both noble and transitions metals—Au, Ag,
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andCo) and carbon surfaces (amorphous graphite and highly
oriented pyrolytic graphite (HOPG)). metal nanoparticles
were grown dimensionally controlled and inserted on carbon
structures with the same process used for metal/carbon nan-
otubes nanocomposites in [18]. The obtained samples were
characterized morphologically, chemically, and optically
using AFM microscopy, X-ray photoelectron spectroscopy,
photoluminescence spectroscopy, and optical absorptions
measurements in visible regions. The obtained results are
identical for both amorphous and oriented graphite (in the
following will be showed only the results for HOPG).

2. Materials and Methods

2.1. Materials. Amorphous graphite and high oriented
pyrolytic graphite (HOPG) were purchased fromGoodfellow
and they have a nominal purity greater than 99%. AFM
images in Figure 1 for pristine sheets indicate that the samples
are smooth and without presence of external impurities.
Moreover, the amorphous graphite appears as a random
superposition of separate foils while in HOPG carbon foils
are uniformly disposed.

Metal nanoparticles were produced by laser ablation (LA)
of a metal plate in acetone (aqueous solution 99.5%). The
metal plate (>99.99%) was vertically placed in a glass vessel
filledwith 25mLof acetone and irradiated for severalminutes
by the first harmonic (1064 nm) of a Quanta-Giant series 710
Nd:YAG laser operating at 10Hz. The spot size of the laser
beam on the surface of the metal plate is about 7-8mm and
the power of laser is fixed at 600mJ/pulse. During irradiation
of the laser beam, the solution, initially transparent, gradually
turns colored, indicating the formation of nanoparticles in
solution [18, 19]. After LA, the solution is sonicated for 30
minutes to prevent the self-aggregation of the nanoparticles
suspended in acetone and the formation of macrocluster.
The dimensions of the deposited particles after sonication
are identical to those produced in solution during LA
(about 40 nm). The particle dimensions during LA were
controlled monitoring the optical absorbance following the
Kelly plasmonic theory [19] and subsequently verified by
AFM microscopy (a drop of nanoparticles solution was
deposed on a pure copper sheet (pure NP sample) and
observed by microscopes). Metal nanoparticles HOPG
(graphite) composites were obtained positioning the carbon
sheets in the vessel glass containing the solution after
sonication and then the solution was heated up to complete
solvent evaporation on a hot plate at 180∘C.

2.2. Methods. Morphologic information of our composites
has been obtained by a Bruker AFM microscope (ICON
Bruker) working in tapping mode. The images have a res-
olution of 512 × 512 lines and are acquired at scanning rate
of about 1Hz. The obtained images were processed with the
Nanoscope software (provided by Bruker) to evaluate size
distribution of particle dimensions.

Chemical and optical information on composites was
obtained by photoluminescence spectroscopy (PL), X-ray

photoelectron spectroscopy (XPS), and optical absorption
measurements in all the visible range (400–800 nm).

Photoluminescence (PL) and optical absorption mea-
surements were taken by an Olympus microscope (Horiba-
Jobyn Yvon) mounting objectives of 10x, 50x, and 100x mag-
nifications. The microscope is equipped by a 375 nm-laser
source with a power of 15mW, for PL, a white lamp (Energetiq
LDLS, laser driven light source), for absorption, and by a
Triax 320 (Horiba-Jobyn Yvon) spectrometer working in the
200–1500 nm range.

We measured directly the reflected spectrum (𝐼
𝑟
(𝜆)) and

obtained, by simply assuming the transmittance to be null for
bulk samples, the reflectance (𝑟(𝜆)) and the absorbance (𝜀(𝜆))
as a function of wavelength by the relation

𝑟 (𝜆) =

𝐼
𝑟
(𝜆)

𝐼
𝑠
(𝜆)

,

𝜀 (𝜆) = 1 − 𝑟 (𝜆) ,

(1)

where 𝐼
𝑠
(𝜆) is the source spectrum.

XPSmeasurements, taken on all pure and composite sam-
ples, were conducted in a UHV chamber equipped for stan-
dard surface analysis with a pressure in the range of 10−9 torr.
Nonmonochromatic Mg-K𝛼 X-ray (ℎ] = 1253.64 eV) was
used as excitation source. The XPS spectra were calibrated
with the C1s peak of a pure carbon sample (energy position
284.6 eV). All XPS spectra have been corrected for analyzer
transmission and the background has been subtracted using
the straight line subtraction mode. Moreover, the XPS data
were fitted assuming a Gaussian distribution of XPS-lines.

3. Results and Discussion

The AFM images of composites in Figure 1 and the particle
dimensions histograms in Figure 2 (showed only for HOPG
sample) show a very different morphology of nanocompos-
ites obtained by noble or transitionsNPs in either amorphous
or oriented graphite.

The sample with silver nanoparticles shows the formation
of big aggregates randomly distributed on sheet surface and
with average dimensions of about 77 nm. Gold nanoparticles,
with dimensions of about 25 nm, cover randomly all the
sheet surface while cobalt nanoparticles are arranged either
to form big aggregates or isolated particle with little particles
of about 22 nm. As visible in the left panel of Figure 1, Co
nanoparticles with dimensions of about 22 nm are randomly
disposed onHOPG surface, while only one isolated aggregate
(with dimensions of about 200 nm) is visible. These results
are in agreement with those obtained for interaction between
metal nanoparticle and carbon nanotubes in our previous
work [18] and based on theoretical calculations of He et al.
[1], confirming the different behavior of noble and transitions
metals on carbon surfaces. So, we can definitively conclude
that the different behavior of metals is determinate by
their different wetting properties on carbon structures, in
agreement with the theoretical work in [1]. He et al., in fact,
have recently theoretically demonstrated [1] that the metal
surface energies (defined as the difference between the total
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Figure 1: AFM images for pristine amorphous and orientated graphite. The label under each image indicates the metal nanoparticle.
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Figure 2: Histograms of particle dimensions distribution for each
nanoparticle on HOPG surfaces obtained processing the AFM
images by Nanoscope software (Bruker).

energy of a metal slab and the total number of atoms with
energy per atom) and the metal-carbon interfacial energies
are of critical importance to determine the nanoparticle
arrangement on carbon surfaces. In their work He et al.
calculated the above energies for metals atoms on single wall
carbonnanotube surfaces.We can, so, extend their theoretical
results on interactions between metal’s atoms and SWNT
also at atom aggregates (nanoparticles) on different carbon
surfaces (multiwalled carbon nanotubes [18], amorphous
graphite, and HOPG). He et al. suggest that for low cohesion
energy, themetal atoms have the tendency to pile up and form
isolated clusters. While for low interfacial energy the metal
can be adsorbed on the carbon surface and tend to spread
over.Thewetting property ofmetals is so-determined by their
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Figure 3: XPS spectra for nanoparticle/HOPG composites.

Table 1: Element’s amount on sample surface and XPS main line
position evaluated from XPS data.

Element’s amount
(%)

XPS main line
position (eV)

Ag/HOPG
Carbon 91.87 C 1s 284.5/287.2
Oxygen 7.26 O 1s 531.5
Silver 0.87 Ag 3d 3/2 374.3

Au/HOPG
Carbon 87.52 C 1s 284.2/286.7
Oxygen 11.80 O 1s 530.9
Golden 0.67 Au 4f 7/2 83.62

Co/HOPG
Carbon 91.4 C 1s 284.3/286.9
Oxygen 6.22 O 1s 531.2
Cobalt 2.34 Co 2p 778.1

combination action. Theoretical data in [1] indicated that
noble metal (Au and Ag) have the high cohesion energy and
low interfacial energy with tube suggesting that these metals
rapidly diffuse on surface forming isolated cluster or covering
the entire surface. For all transition metals, instead, the inter-
facial energy is high indicating that the interaction between
tube and metal is stronger than metal-metal bulk interaction
so the NPs can uniformly disperse on tube surface.

Chemical data on composites were obtained by XPSmea-
surements. For all samples XPS spectra indicate the only pres-
ence of carbon, oxygen, andNP on sample surface (Figure 3),
confirming the cleanness of surface and the absence of
chemical impurities incorporated in growth process.

The XPSmain position of all elements on sample surfaces
(summarized in Table 1 for onlyHOPG) indicates the absence
of chemical bonds between carbon nanotubes and metals
specifying the van deer Waals nature of bonding between
particle and carbon and the physisorption character of
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Figure 4: PL spectra for nanoparticle/HOPG composites. Inset:
Gaussian spectrum deconvolution.

particle absorption on sheet surface.TheC1s line exhibits two
lines at about 284 eV (C main line indicating C–C bonding)
and 287 eV (indicating the presence of C–O bonds) [20].
The O1s line is, everywhere, symmetric and centered at
about 531 eV confirming the presence of C–O bonding on
surfaces [20]. All the metals exhibit the main atomic lines
[20] without chemical shifts related to formation of chemical
bonds between metal and C but indicating the presence of
metal oxide formation. In particular, the position of main
metallic XPS line indicates the formation of Ag–O and Co–
O chemical bonds (suggesting the presence of both AgO and
Ag
2
O
3
oxides for silver and CoO for cobalt).

Photoluminescence measurements in Figure 4 indicate
the origin of a strong visible luminescence for all composites
with a great effectiveness for samples obtained with gold and
silver. All the PL spectra present two main bands centered at
about 560 and 620 nm (2.2 and 1.99 eV) and a loss intense
band at 670 nm (1.84 eV). These structures indicate that the
interaction between carbon surface and metal nanoparticles
causes changes in graphite electronic band opening locally a
band gap (caused by the defect introduced by nanoparticles in
graphite structure) and favoring the visible transitions absent
in pure graphite, as already observed in our previous work for
carbon nanotube [18].

Optical absorption measurements in Figure 5 indicated a
decrease of absorption of about 10% in all visible regions for
all samples, indicating the progressivemetallization of sample
caused by the uniform coverage of nanoparticles on surfaces.

4. Conclusions

In this work we present the results of a study of interaction
between nanoparticle and carbon surfaces which extend and
conclude our previous study of interaction of metal nanopar-
ticle and carbon nanotubes [18]. The metal nanoparticles
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Figure 5: Optical absorption in visible region for nanoparti-
cle/HOPG composites (a) and HOPG (inset in (a)). Variation of
optical absorption with respect to pure HOPG (b).

(gold, silver, and cobalt) were obtained by laser ablation
in acetone solution and their dimensions were controlled
before the inclusion on carbon surfaces with Kelly scattering
theory and AFM characterization as described in [18]. The
experiment was conducted on both oriented and amorphous
graphite layers. The results confirm what has been achieved
for carbon nanotube. The nanoparticles are randomly dis-
posed on carbon surfaces and aggregates to form big particles
only in the case of silver. The different behavior of metals on
carbon surface was explained (as in the case of carbon nan-
otube) in terms of different metal wetting of carbon surface.

The doping process is a simple physisorption; the XPS
data in fact do not show formation of chemical bonds
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between carbon and metals. Furthermore, the interfacial
interaction between particles and carbon layers (due to
only van deer Waals interactions) causes local defects in
graphite structure indicated by the presence of a strong
photoluminescence signal for all composites. Moreover, we
note a decrease of about 10% in visible optical absorption
indicating the progressive metallization of carbon surface.
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