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Characterization of gold nanoclusters
deposited on HOPG by atmospheric plasma
treatment
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Henri-Noel Migeonc and François Reniersa

The interest of gold nanoparticles in the field of nanocatalysis and nanosensors is growing. For example, carbon nanotubes
covered with gold nanoclusters could present interesting properties in catalysis or/and in devices based on catalytic reaction
such as chemical gas sensor. Unfortunately, the characterization of nanoparticles deposited onto a substrate is generally not a
trivial exercise. Indeed, in many cases, the amount and size of material deposited is in the range of the sensitivity limits and the
spatial resolutions of the techniques used. In that respect, our system, i.e. gold deposited onto a carbon support, is a favourable
case, due to the high difference between the atomic numbers of gold and carbon.

In this work, gold nanoparticles were deposited onto a HOPG (Highly Oriented Pyrolitic Graphite) substrate using an
atmospheric plasma. In this preliminary study, HOPG sample has been used as a model surface that could present the same
chemical properties as multiwall carbon nanotubes (MWCNTs).

The surface composition was analysed using X-ray photoelectron spectroscopy (XPS). Narrow region electron spectra were
used to extract the chemical-state information from the C 1s, O 1s and Au 4f peaks. The Au 4f spectral line shape was also
analysed using the QUASES–Tougaard software package in order to obtain the in-depth concentration profile of the resulting
nanomaterial. This result evidences a good agreement between experiment and modelling. Indeed, field emission scanning
electron microscope (FE-SEM) and atomic force microscopy (AFM) images highlight a homogeneous distribution of 10 nm-size
gold clusters with a surface coverage of 12% on the HOPG surface, both in agreement with the results obtained with the
Tougaard and coworkers method. Copyright c© 2008 John Wiley & Sons, Ltd.
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Introduction

The development of new techniques for assembling nanoparticles
into architectures on a solid surface is currently an active subject
of research in Nanoscience and Nanotechnology.[1] Indeed, small
metal clusters in the nanometer regime may exhibit different
optical, electronic and magnetic properties[2] compared to the
bulk metal. These nanoparticles have attracted considerable
attention in recent years due to their potential applications
in microelectronics, nonlinear optics, light energy conversion,
fluorescence probe, sensors, light-emitting diodes in flat panel
displays, and photoelectrochemistry.[3] For example, Au colloids
are widely used in catalysis[4] or/and in devices based on catalytic
reaction such as chemical gas sensor[5] because of their high
catalytic activities. Most of the actual deposition techniques lead
to the formation of size-dispersed nanoparticles on surfaces. Such
particles can be obtained either by direct deposition of preformed
clusters[6] or by atomic nucleation and growth mechanisms[7] or
even by chemical way.[8]

Some studies present gold deposition experiments using
vacuum techniques with ion guns, low pressure plasmas, and/or
thermal evaporators like chemical vapour deposition (CVD).[9]

However, a major disadvantage of these techniques is the
necessity to operate under vacuum conditions, which requires
expensive equipment, significant maintenance and which limits
potential upgraded industrial applications. In this work, part of
the Nano2Hybrids European research project (EC-STREP-033 311,

www.nano2hybrids.net), we operate under atmospheric pressure
condition in order to eliminate this drawback. For this, gold
nanoparticles from a colloidal solution were deposited onto carbon
support using an atmospheric plasma source. In the preliminary
study, highly oriented pyrolitic graphite (HOPG) substrate has been
used as a model surface that could present the same chemical
properties as multiwall carbon nanotubes (MWCNTs).

Unfortunately, the characterization of nanoparticles deposited
onto a substrate is generally not a trivial exercise. Indeed, in many
cases, the amount and size of material deposited is in the range of
the sensitivity limits and the spatial resolutions of the techniques
used. The determination of the quantities of material deposited
can similarly not be extracted directly from the raw data, but
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requires the use of a model that assumes the growth mode. In that
respect, our system, i.e. gold deposited onto carbon support, is a
favourable case, due to the high difference between the atomic
numbers of gold and carbon.

In order to characterize the resulting nanomaterial, the
surface composition was analysed using X-ray photoelectron
spectroscopy (XPS). Narrow region electron spectra were used
to extract the chemical state information from the C 1s, O 1s and
Au 4f peaks. The Au 4f spectral line shape has been analysed with
the Tougaard and coworkers method[10 – 12] in order to determine
the in-depth concentration profile. The dispersion and shape of
gold clusters were observed by atomic force microscopy (AFM)
and by field emission scanning electron microscopy (FE-SEM).

Experimental

Materials

HOPG was provided by MikroMasch (Axesstech, France). The
sample quality was ZYB grade characterized by a mosaic-spread
angle of 0.8 ± 0.2◦ and the lateral grain size up to 1 mm. The
size was 10 mm × 10 mm × 1 mm. The fresh surface of HOPG was
obtained before each experiment by first pealing off few layers
with an adhesive tape and then by soaking the surface in an ethanol
solution for up to 5 min. Samples have been prepared from a gold
colloid solution and with an Atomflo-250 plasma source from Surfx
Technologies LLC. The plasma treatment is described in Ref. [13]
and the plasma source is presented in Ref. [14]. Gold colloids were
prepared by the citrate thermal reduction method.[15] Typically
in the process, a gold solution was prepared by adding 95 ml
of 134 mM tetrachloroauric acid aqueous solution (HAuCl4.3H2O,
Merck) and 5 ml of 34 mM potassium citrate (C6H5O7K3.2H2O,
Merck) aqueous solution into 900 ml of water. Water was used
after purification through double distillation. The solution was
then heated to boil for 15 min., giving a final reddish solution. The
citrate ion acted as both a reductant and stabilizer. This resulted
in a stable dispersion of gold particles ([Au] = 134 mM) with an
average diameter of around 10 nm and 10% polydispersity.

Characterization methods

X-ray photoelectron spectroscopy

XPS spectra were recorded using a ThermoVG Microlab 350
instrument with an AlKα x-ray source (hν = 1486.6 eV) and a
spherical sector analyser. The samples were pressed onto a Cu
tape on a holder and introduced into the spectrometer. The base
pressure in the analytical chamber was ≈10−9 mbar. The takeoff
angle of the outgoing photoelectrons was 0◦ relative to the
surface normal. Survey scans were used to determine the chemical
elements present at HOPG surface. They were acquired with a pass
energy of 100 eV and an X-ray spot-size of 2 mm × 5 mm. Narrow
region electron spectra were used to determine chemical-state
information. They were acquired with an analyser pass energy of
20 eV corresponding to an energy resolution of 1.2 eV, calculated
at the Cu 2p peak, for the chemical study of the C 1s, O 1s, Au
4f and all contaminants peaks. The pass energy was set to 50 eV
for the study of the Au 4f background shape with the Tougaard
and coworkers method.[10 – 12] Sample charging effects on the
measured binding energy positions were corrected by setting the
binding energy component of the Au 4f7/2 peak to 83.7 eV, i.e. the
value accepted for metallic gold. The elemental composition was

calculated after removal of a Shirley background line and using
relative sensitivity factors from Ref. [16] The reconstruction of the
C 1s, O 1s and Au 4f experimental spectra were obtained with a
set of Gaussian–Lorentzian peak shapes.

Atomic force microscopy

AFM images were acquired using a Molecular Imaging PicoSPM
LE instrument driven by a NanoScope IIIa controller (Digital
Instruments, Veeco) under ambient conditions. The microscope
was equipped with a 25 µm scanner and was operated in contact
mode. The cantilever used was a silicon ‘low-frequency’ NC-AFM
Pointprobe from Nanosensors (Wetzlar–Blankenfeld, Germany)
with an integrated pyramidal tip of typical radius of curvature
<10 nm (manufacturer’s data). The cantilever spring constant was
in the range 30–70 N m−1 (manufacturer’s data) and its measured
free resonance frequency was 163.1 kHz. Images were acquired at
scanning rates varying between 0.5 and 1 line s−1.

Field emission scanning electron microscope

FE-SEM images were obtained using a JEOL JSM-7000F instrument
equipped with an energy dispersion X-ray spectrometer (EDX, JED-
2300F). Real surface structures can be observed with optimum
contrast and EDX analysis can be performed on a submicron
analysis volume. This instrument was used to analyse the surface
morphology and the size distribution of the clusters, while EDX
analysis was performed to understand their chemical constituents.
The HOPG samples were pressed onto a Cu tape on a holder
and introduced into the spectrometer. The base pressure in the
analytical chamber was≈10−8 mbar. The equipment was operated
at 15 kV accelerating voltage, with a magnification of 80 000.

Results and Discussion

After plasma treatment, resulting samples were plunged into
an ethanol solution for up to 5 min and were submitted to
ultrasonication. The HOPG surface composition was then analysed
using XPS and the surface morphology was obtained using AFM
and FE-SEM.

Surface composition

The XPS survey spectrum recorded on the plasma-treated HOPG
surface and the fitted core levels of the most intense peaks are
presented in Fig. 1. The survey spectrum (Fig. 1(a)) highlights the
presence of carbon (at.% 77.8), oxygen (at.% 14.9), potassium (at.%
3.2) and gold (at.% 1.0). The potassium detected originates from
the colloid solution (potassium citrate is used in the synthesis
process). The surface composition was calculated with the usual
formula, assuming therefore a homogeneous distribution of the
elements into the sample (which is obviously not the case), and no
matrix effects. Some silicon is also detected (at. % 2.2), resulting
from impurities incorporated in HOPG samples. As the amount of
gold detected without the ultrasonication step was similar (data
not shown), this result suggests a strong adhesion of gold onto
HOPG. The Au 4f spectrum (Fig. 1(b)) is fitted with Au4f5/2 –Au4f7/2

spin orbit doublets with a fixed 0.75 : 1 intensity ratio and 3.7 eV
energy separation, which is unambiguously assigned to metallic
gold.[17] High-resolution O 1s and C 1s spectra are shown in
Fig. 1(c) and (d), which also display the peaks resulting from the
curve fitting of these spectra. The high-resolution C1s spectra of
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Figure 1. XPS spectra recorded on HOPG surface after atmospheric Ar plasma treatment: (a) survey spectrum, (b) fitted Au(4f) core level, (c) fitted O(1s)
core level and fitted C(1s) core level.

graphitic materials are known to be influenced by the presence
of carbon atoms bound both to other carbon atoms in defect-rich
regions and oxygen atoms in different configurations (oxygen
functional groups; in Ref. [18]). In the present case, the C 1s
spectra (Fig. 1(d)) were curve-fitted with the inclusion of a peak
attributed to C–C bonding in defect-rich regions, shifted by ∼1 eV
from the main peak located at a binding energy of 284.4 eV,[18]

which is assigned to C–C bonding in defect-free graphite.[18] The
contribution of carbon atoms bound to oxygen was accounted for
by the inclusion of two peaks in the curve-fitted spectra, located
at binding energies of 286.9 and 289.4 eV.[18] The presence of
the two last species should be reasonably considered as the
HOPG sample was exposed during plasma treatment to a strong
oxidising atmosphere due to the injection of water droplets.
Indeed, optical emission spectrometry of the postdischarge (not
shown) reveals the presence of atomic oxygen lines at 777 and
852 nm. Moreover, one cannot exclude a short exposure to air
during sample handling. Note that the exact nature of the defects
giving rise to the ‘defect’ line at 285.6 eV is not completely clear
in the literature. One possibility is that they arise from carbon
atoms in sp3 configuration, as the C 1s spectrum for diamond
has its main line at that position. Other authors attribute this line
to carbon atoms in localized sp2 bonding as a result of bond
breaking, which is the case of carbon atoms at graphene edges (in
Ref. [18]). About the oxygen species, the O1s spectrum was curve-
fitted into two peaks (Fig. 1(c)): a peak located at 532.6 eV and
another one at 533.9 eV. This last is consistent with those found in

the C 1s peak. Moreover, the plasma-treated HOPG surface seems
to be covered by a relatively thick film of water molecules under
ambient conditions (peak located at 532.6 eV) as a result of the
introduction of oxygen functionalities in large amounts after the
plasma treatment (in Ref. [18]).

Surface morphology

Contact Mode AFM images (1 µm × 1 µm) of HOPG samples
before and after plasma treatment are presented in Fig. 2. After
plasma treatment (Fig. 2(b)), the HOPG substrate is covered with
gold islands (or clusters). Isolated islands (diameter <0.03 µm)
and ramified islands (diameter >0.1 µm) are homogeneously
dispersed with a coverage of approximately 12%. The FE-SEM
coupled to EDX spectrometer was used to confirm the nature
of the clusters and to collect images at high magnification.
Figure 3 shows HOPG samples at initial state and after plasma
treatment at different magnifications. At initial state (Fig. 3(a)),
several steps can be seen on the HOPG surface with a magnification
of ×20 000. In addition, lots of clusters with a homogeneous
distribution are present on the HOPG surface after plasma
treatment with the approximately same magnification (×25 000,
Fig. 3(b)). The FE-SEM image collected with a higher magnification
(×80 000, Fig. 3(c)) reveals both aggregate clusters and isolated
nanoparticles with a diameter of approximately 10 nm similar as
that from the gold colloidal solution. An EDX analysis (Fig. 3(d))
confirms that the adsorbed particles are made of gold.

www.interscience.wiley.com/journal/sia Copyright c© 2008 John Wiley & Sons, Ltd. Surf. Interface Anal. 2008; 40: 566–570
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Figure 2. Contact Mode AFM images of HOPG samples at initial state (a) and covered with gold metallic nanoclusters deposited by atmospheric Ar
plasma treatment (b) (scan rate: 1 line s−1).

Figure 3. FE-SEM images of HOPG samples at initial state (a) ×20 000 and covered with gold metallic nanoclusters deposited by atmospheric Ar plasma
treatment (b) ×25 000 and (c) ×80 000. (d) EDX analyse collected on a cluster (5 keV).

Comparison of experiment and modelling

The surface morphology with nanometer depth resolution was
quantified by the analysis of the Au 4f peak shape and by
the shape of the extended background behind the peak. This
method relies on the fact that the energy distribution of the
emitted electrons depends strongly on the travelled path lengths
and thereby also on the in-depth concentration profile. Since
the elastic electron backscattered intensity depends on the
sample composition, the method may be helpful to reveal
the growth mode of a deposit. The theoretical framework was
described by Tougaard and coworkers.[10 – 12] The validity of the
technique has been established through systematic experimental
investigations and comparison to measurements on the same
samples by Rutherford backscattering spectrometry (RBS), ion

scattering spectrometry (ISS) and AFM.[19] The corresponding
spectra processing is presently facilitated by the software package
QUASES–Tougaard.[20] Note that the software approximates the
Volmer–Weber surface morphology (3D islands size distribution)
by a uniform overlayer of a height h and a coverage θ < 1.
A comparison of the measured Au 4f line shape (Fig. 1(b)) with
those calculated using the Volmer–Weber growth model (3D
island-like on a substrate) by considering three fixed values of h is
illustrated in Fig. 4. Note that the VW growth mode characterized
by the Au coverage and the mean island height leads to a good
agreement between the measured and calculated spectra for only
h = 10 nm. The structure of the gold overlayer on HOPG resulting
from three Au 4f spectra (three samples) analysed using the
QUASES–Tougaard software, expressed as gold islands coverage

Surf. Interface Anal. 2008; 40: 566–570 Copyright c© 2008 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/sia
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Figure 4. Comparison of the measured Au 4f line (Fig. 3(b)) shape with those calculated using the Volmer–Weber growth model (3D island-like on
a substrate).

Table 1. Structure of the gold overlayer resulting from Au 4f spectra
processing with the QUASES-Tougaard software[20]

Sample
h = Au island
height (nm)

Au island
coverage (%)

t = Thickness of C
contamination layer (nm)

A 10.6 9.9 1.0

B 11.1 15.0 0.6

C 9.2 6.0 0.2

and gold islands height, is summarised in Table 1. The resulting Au
island height (h) of approximately 10.3 nm is in remarkable good
agreement with the average diameter of nanoparticles from the
colloidal solution. Similarly, the resulting value of the Au island
coverage (θ ) of approximately 10% is in agreement with a coverage
value estimated from AFM and FE-SEM analysis.

Conclusions

These preliminary results show that the deposition of gold
nanoparticles on a HOPG substrate is possible using an atmo-
spheric plasma source and that a multitechnique approach can
successfully characterize the resulting surface. The surface com-
position showing the presence of gold was realised using XPS. The
Au 4f spectral line-shape analysis by Tougaard–QUASES software
informs about the in-depth concentration profile. The resulting
dispersion and shape of gold clusters on HOPG were confirmed by
AFM and by FES-EM.
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