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In this work we present a method to produce nanopatterning on graphite surfaces via car-
bon gasification reaction, with oxygen as reactant gas, catalyzed by cobalt oxides (CoO)
instead of metallic cobalt nanoparticles as most usual methods. This reaction is produced
at 400 °C, temperature which is much lower than that used in conventional methods. The
chemical analysis of the cobalt species have been performed with X-ray photoemission and
X-ray absorption spectroscopies, which are supported by theoretical cluster model and
multiplet calculations of the spectra. The changes in the morphology of the surfaces after
each process have been followed by atomic force microscopy. The defects produced after
the gas reaction on the graphite surface have also been analyzed by combining atomic force
microscopy and confocal micro-Raman spectroscopy. The presence of oxygen in the initial
CoO wetting-layer has been identified as responsible of the weakening of the graphite
bonds at the surface.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction technological fields [1]. Different from most of the patterning

techniques, including lithography [2], plasma etching [3] and

The main purpose of this paper is to study a method of nan-
opatterning in graphite via carbon gasification at 400 °C start-
ing with cobalt oxide as catalyst material instead of metallic
cobalt nanoparticles, like most usual methods performed at
higher temperatures do. Since the discovery of the unique
physical and chemical properties of graphene, the possibility
of fabricating nanostructures by patterning on graphene and
graphite surfaces has become a hot research topic due to
the multiple applications these materials find in many
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electro catalysis using scanning probe microscopes [4,5],
carbon gasification catalyzed by metallic nanoparticles in
controlled atmosphere at high temperatures has demon-
strated to be one of the most efficient methods as cutting tool
for graphene [6]. Carbon gasification reactions have been
studied using a large variety of metallic nanoparticles and
reactant gases such as steam, molecular oxygen, carbon
dioxide and hydrogen. For instance, Ci et al. [6] reported the
use of Ni nanoparticles and hydrogen for the fabrication of
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single etch patterns in highly oriented pyrolytic graphite
(HOPG) at temperatures ranging from 750 °C to 1100 °C; Sever-
in et al. [7] have used silver nanoparticles and molecular oxy-
gen to produce channelling in graphene at 650 °C; Konishi
et al. [8] used Co nanoparticles heated under a gas mixture
stream of high purity H, (10%) + N, (90%) gas at 700 °C; Datta
et al. [9] have reported the Crystallographic Etching of graph-
ene using Fe nanoparticles in H, and Ar, atmosphere at
900 °C. Moreover, by taking advantage of the ferromagnetic
behavior of the cobalt nanoparticles, Bulut et al. reported a
writing method on HOPG surfaces steered by magnetic fields
at about 550°C in air [10]. All these reported methods for
channelling formation by carbon gasification are efficient at
relatively high temperatures (>600 °C). In general, gasification
reactions between carbon and the reactant gas are produced
at the carbon-catalyst particles interface (solid/solid/gas reac-
tion), resulting in pitting and deep channelling of the carbon
surface with the movement of the catalyst particle along
the basal plane [11]. The oxidation of graphite using transition
metal oxides as catalysts has also been reported [12] conclud-
ing that only those transition metals with two oxidation
states are capable of such oxidation. More recently, creation
of defects on multi-walled carbon nanotubes by CoO has also
been reported [13-15].

The study of the early stages of growth of cobalt oxides by
reactive cobalt evaporation in oxygen atmosphere (PO, =
2 x 107> mbar) on HOPG has already been studied by us [16].
It was concluded that CoO grows following a Stranski-Krasta-
nov way of growth, i.e. the formation of a wetting layer fol-
lowed by the growth of islands. At the early stages of
growth, strong diffusion of the adsorbates towards the HOPG
steps and the formation of a CoO wetting layer 4 A thick (2
monolayers) on the HOPG surface have been observed, being
CoO (Co®*) the only species formed. Further evaporation
produces the formation of CoO islands on the above wetting
layer up to coverages of about 30 equivalent monolayers
(Eg-ML) where coalescence is produced. In contrast, further
coverages lead to the formation of the spinel Cos04 oxide
(C02+'3+).

The chemical analysis has been performed by means of
X-ray photoemission (XPS) and X-ray absorption (XAS) spec-
troscopies. Both techniques are well suited for the chemical
characterization of the species involved in the experiments,
especially the oxidation state of Co. The main difference of
these techniques is their different probing depth, being 15 A
[17] for XPS and about 40 A [18] for XAS. The experimental
spectra are supported by theoretical cluster model calcula-
tions for the XPS spectra and atomic multiplet calculations,
including charge transfer and crystal field effects, for the
XAS spectra. The channelling formation has been observed
and analyzed by means of Atomic Force Microscopy (AFM).
In addition, the defects produced on the graphite surface
under this reaction have been studied by means of combined
Atomic Force Microscopy (AFM) and confocal micro-Raman
spectroscopy.

Although different methods to produce nanopatterning on
HOPG surfaces using metallic and oxide particles have been
reported, the mechanisms involved in these methods are
not completely understood yet. In this work we present not

only a more efficient patterning method on graphite at lower
temperatures (400 °C) than those using metallic nanoparticles
reported in the literature, but also a detailed analysis of both,
catalyst and substrate, giving relevant information on the
mechanism involved in such reaction. Our method uses a
cobalt oxide (CoO) ultra-thin layer grown on the HOPG
substrate as starting catalyst material (see below), and molec-
ular oxygen as reactant gas. It is demonstrated that at this
temperature this method is more efficient to produce nano-
channelling in graphite using CoO oxide as catalyst than
using metallic cobalt.

2. Experimental

The experiments related to this study have been performed in
two different ultra-high-vacuum (UHV) chambers, one
attached to the analysis chamber of the XPS spectrometer
in our laboratory and the other located at the Suricat UHV
system attached at the PM4 beamline at the synchrotron
BESSY II (Berlin). In both cases we started the experiments
with the growth of an ultra-thin CoO layer of 2 equivalent
monolayers thickness (ML) on an HOPG graphite substrate
by reactive thermal evaporation of metallic cobalt in a molec-
ular oxygen atmosphere (PO, =2 x 107> mbar), with 1x107°
mbar as base pressure of the chamber and maintaining the
substrates at room temperature. The evaporation rate was
maintained constant and very low in order to control the
low coverage of cobalt oxides on the substrate (0.25 Eq.-ML/
min, taking 1Eq.-ML=~2A). The HOPG substrate (Broker,
ZYB grade) was first cleaved using a scotch tape and immedi-
ately introduced under vacuum conditions (1 x 10~ mbar)
and then heated up to 400 °C in order to remove possible con-
tamination. Once CoO was grown, it was submitted to a re-
oxidation process, basically consisting of exposure to oxygen
atmosphere (PO, =2 x 107> mbar) and thermal annealing at
400 °C for 1 h. However, in order to distinguish the effect of
both, oxygen exposure and thermal annealing, the re-oxida-
tion process was performed in two different ways: for the first
process (in the following labeled as Reox-P1), the oxygen
exposure was delayed until the substrate temperature
reached 400°C in ultra-high vacuum conditions, approxi-
mately in 10 min. In the second process (Reox-P2) the oxygen
exposure was started with the sample at room temperature,
then reaching 400 °C while it was exposed to the oxygen
atmosphere. Also a 3 ML’ thick overlayer of metallic cobalt
was grown under UHV conditions in order to compare its
behavior when submitted to the re-oxidation process
Reox-P1.

The X-ray photoemission spectra (XPS) were taken with a
CLAM-4 MCD hemispherical analyser from Thermo Fisher
Scientific using MgK, radiation. The pass energy of the ana-
lyser was set to 20 eV, giving a resolution of about 0.9 eV.
The energy scale was calibrated by adjusting the Cls peak
of the HOPG substrate at 284.3 eV [19]. The X-ray absorption
(XAS) and photoemission (PES) spectra were obtained at the
PM4 beamline in BESSY II which is equipped with a plane-
grating monochromator. The XAS spectra were collected in
the total electron yield mode by measuring the drain current
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from the sample and normalized to the I current measured
from a gold reference sample. The optical arrangement of this
monochromator was set to optimize both photon flux and
energy resolution, in order to obtain an acceptable signal from
the very small amount of material deposited. The estimated
overall resolution was better than 100 meV at 530 eV. Also sur-
face sensitive photoemission spectra (PES) of the C 1s core-
level were taken by using a hemispherical electron energy
analyzer (Scienta SES 100) with 120 meV energy resolution
at 20 eV pass energy. The AFM images were obtained with a
Nanotec AFM microscope in the non-contact dynamic (tap-
ping) mode, using modified tips with Au nanoparticles [20]
and were processed and analyzed with the WSxM software
[21]. Raman images were obtained using a confocal Raman
microscope coupled with and atomic force microscope
(AFM) instrument (Witec ALPHA 300RA) with laser excitation
at 532 nm and a 100x objective lens (NA =0.9). The incident
laser power was 5 mW. The optical diffraction resolution of
the confocal microscope was limited to about ~200 nm later-
ally and ~500 nm vertically. Raman spectral resolution of the
system was down to 0.02 cm ™. The samples were mounted in
a piezo-driven scan platform having 4 nm lateral and 0.5 nm
vertical positioning accuracy. The piezoelectric scanning table
allows three-dimensional displacements in steps of 3nm
(0.3 nm in vertical direction), giving a very high spatial resolu-
tion for both the AFM and confocal Raman microscopy. The
microscope base was also equipped with an active vibration
isolation system, active 0.7-1000 Hz. The system allows
studying the same area of the sample by selecting the ade-
quate objective of the microscope. Collected spectra were
analyzed by using Witec Control Plus software.
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3. Results and discussion
3.1.  The oxidation state of cobalt

Fig. 1 shows the Co 2p core-level XPS and XAS spectra of each
step of the processes described in the experimental section. It
is known that the oxidation state of cobalt catalysts surfaces
may vary distinctively in the presence of oxygen as reactant
gas [22], therefore the determination of the Co species
involved in each of those processes is important to a better
understanding of the mechanisms involved in the studied
reaction. All the spectra present two main regions, the
Co 2ps/, and Co 2pq/; levels, due to spin-orbit coupling. The
Co 2ps/, XPS spectrum of the initial cobalt oxide wetting layer
(2 Eq.-ML) grown on HOPG, labeled “as grown”, consists of a
main peak located at about 781 eV and a satellite at 786 eV,
whereas the XAS spectrum exhibits a series of structures
attributed to multiplet effects. These spectra are fairly well
reproduced by the calculations, when considering a high spin
configuration of Co®* ions in octahedral symmetry with a
crystal field (10 Dq) of 0.5 eV. This is somewhat smaller than
the usual value of 10 Dq for bulk CoO oxide, which is about
1.05 eV [23]. The reduced crystal field, in this case, is consis-
tent with a decrease of coordination of the cobalt atoms in
the CoO over-layer, and also coherent with its growth by ther-
mal evaporation at room temperature and with the bi-dimen-
sional character of the CoO wetting layer observed in Ref. [16].

The next step consisted of annealing the sample at 400 °C
for 30 min in UHV, labeled as “heated”. The XPS and XAS
spectra change, being much narrower than the previous ones,
where the satellite in the XPS spectrum (Fig. 1a), as well as the
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Fig. 1 - Experimental (dots) and theoretical (lines) spectra of the Co 2p XPS spectra (a) and XAS spectra (b) of the initial CoO
ultra-thin layer as grown (bottom spectra) and submitted to each process (as labeled). For explanation see text. (A color

version of this figure can be viewed online.)
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multiplet structure in the XAS spectrum (Fig. 1b) vanish.
These spectra are now related to metallic Co, for which the
calculations are again in good agreement. Therefore, the
results indicate that the first step of the re-oxidation process
P1 reduces the initial CoO overlayer to metallic cobalt previ-
ously to the oxygen exposure. This result is consistent with
the reducing character of the graphite substrate.

After the complete re-oxidation process, labeled “Reox-
P1”, the XPS and XAS spectra differ from those observed
before. The main difference in the XPS spectrum is that the
main peak is slightly shifted by 1 eV towards lower binding
energies, and the satellite almost disappears, giving rise to
two small satellites located at 786 eV and 789 eV. At first, this
could indicate that the sample is now in the spinel Co30,4
phase, i.e. a combination of Co?* in tetrahedral and Co** in
octahedral symmetry. Nevertheless, the XAS spectrum shows
again different multiplet structures, which cannot be repro-
duced solely with spinel structure. The lower energy struc-
tures (777-778 eV) are similar to those observed in the “as
grown” sample, suggesting that this spectrum corresponds
to a mixture of CoO and Cos0,4 oxides. In fact, both experi-
mental spectra are well reproduced by the calculations of a
mixture of around 30% of Co®* in octahedral symmetry
(dotted blue curve) and about 70% of spinel Cos04 (dashed
green curve). These results show that after the complete
re-oxidation process P1, the reduced Co particles have been
oxidized to Co304, with a remaining small fraction of CoO.
On the other hand, when the initial CoO layer is submitted
to the re-oxidation process P2, labeled “Reox-P2”, the XPS
spectrum is identical to that of the “as grown” sample, and
the XAS spectrum differs from it in the appearance of a
new peak at threshold around 776 eV. The calculations again
correspond to a high spin configuration of Co®* ions in octa-
hedral symmetry, but now with a crystal field (10 Dq) of
0.9 eV. The larger crystal field in this case is consistent with
the formation of a more ordered and better coordinated CoO
layer after Reox-P2 process.

By summarizing the chemical analysis results, the Reox-P1
process reduces the initial CoO layer to metallic cobalt during
the first step (heating in UHV) and then oxidizes the cobalt
atoms located at the near-surface region to the spinel Co304
oxide upon oxygen exposure at 400°C. In contrast, the
Reox-P2 is not able to reduce the initial CoO layer neither to
oxidize to Cos0, maintaining the original oxidation state

L+
£ “
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Co?*. These results are completely consistent with the Hell-
ingham diagrams depicted in Fig. S1 of the Supplementary
information, where the free energy for the formation of CoO
is much lower than for the formation of the spinel Co30,4
oxide.

3.2.  The channelling formation as observed by AFM

We show in Fig. 2 the AFM images of the initial 2 ML of CoO on
HOPG sample as grown and submitted to the different pro-
cesses as labeled. The image corresponding to the as grown
sample (Fig. 2a) consists of small dendritic CoO islands grown
on the CoO wetting layer previously formed on the HOPG sub-
strate. More details on the way of growth of CoO/HOPG can be
found elsewhere [16]. We have to note that at this stage of
growth, the HOPG surface is not completely covered by the
CoO wetting layer thus, averaging the material deposited at
the steps, the total equivalent coverage is 2 ML (see Ref.
[16]). Fig. 2b corresponds to the same sample submitted to
thermal annealing at 400 °C for 30 min in UHV conditions,
i.e. the first step of process Reox-P1. According to the results
of the previous section, the reduction of the initial CoO layer
leads to the formation of metallic Co particles distributed
through the HOPG surface. It is also observed the presence
of blurred short lines following preferential directions form-
ing angles of 60° and 120° with respect to each other. Similar
preferential lines on HOPG and graphene had already been
observed during the catalyzed hydrogenation of graphene at
temperatures higher than 600 °C with Ni, Co, Fe nanoparti-
cles, producing etching of the graphene surface along the
crystallographic axes [6,8,9]. Fig. 2c shows the image of the
as grown CoO layer after the whole Reox-P1 process. The
image clearly shows the presence of multiple nano-channels
with trajectories randomly distributed along the HOPG sur-
face. The presence of small Cos0,4 islands at the end of the
channels suggests that these particles have moved randomly
throughout the HOPG surface activated by temperature and
react with the carbon atoms via gasification leading to the
erosion of the surface and producing nano-channels. The
width of the channels observed in the topographic images is
determined by the lateral size of the Co nanoparticle whereas
their depth is always a multiple of 3.35 A (see Table 1), i.e. the
distance between graphite planes [24]. These results suggest
that carbon gasification reaction has been produced upon

2 ML CoO/HOPG

(c) Reox. P1 (d) Reox. P2

Fig. 2 - 1 x 1 pm? AFM images of the initial CoO ultra-thin layer as grown and submitted to each process (as labeled). (A color

version of this figure can be viewed online.)
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Table 1 — Averaged values of the nano-channels depth as
observed in the AFM images.

Channel-depth (nm) Number of planes
(1 plane = 0.335 nm [23])

0.34 +0.02 1.02 +0.01
0.68 + 0.04 2.06 +0.03
1.01+0.09 3.03+0.03

the Reox-P1 process. Residual Gas Analysis performed with a
mass spectrometer indicates the production of CO when the
oxygen exposure was initiated as observed in Fig. 3c. On the
other hand, Fig. 3a and b show the AFM image taken in topo-
graphic and phase mode respectively from a devastated area
of the graphite surface. As the information given by the AFM
images taken in phase mode is related to the viscoelasticity of
the probed material [25], it is inferred that the material of the
nano-channel is also graphite, confirming the catalytic reac-
tion of carbon gasification. Finally, Fig. 2d shows the result
of the re-oxidation process P2 applied to the initial CoO layer.
In this case no nano-channels are produced as in the
re-oxidation process P1, however preferential lines following
the crystallographic edges are clearly observed.

According to the AFM results the nano-channels are only
produced when the initial CoO layer is submitted to complete
Reox-P1 process, i.e. heating of the substrate up to 400 °C and
posterior oxygen exposure at a pressure of 2 x 107> mbar. In
contrast, when the re-oxidation process is performed by heat-
ing the initial CoO layer under the same oxygen environment
(Reox-P2), no formation of nano-channels is observed. This
result is not surprising as the intermediate state of the
Reox-P1 process gives metallic Co particles which are
known to produce similar channelling formation at higher
temperatures [8].

—
2]
~

lon current (107'° A)

Phase image

3.3. Reduced Co particles versus freshly evaporated Co
particles

In order to compare the above results, we have prepared a
sample consisting of 3 Eq.-ML of freshly evaporated Co nano-
particles which have been submitted to Reox-P1. Fig. 4 shows
the AFM images of the metallic Co nanoparticles as reduced
from the initial CoO layer upon heating at 400 °C (Fig. 4a)
and the Co nanoparticles formed by evaporation of metallic
cobalt in UHV conditions (Fig. 4c). Two main differences of
these Co nanoparticles are observed: firstly, the nanoparticles
coming from the reduction of the initial CoO layer are smaller
in size (25-50 nm) than those from the cobalt evaporation
(50-100 nm). Secondly, the density of Co nanoparticles per
unit area resulted from the evaporation is larger than that
of the nanoparticles obtained upon reduction of the initial
CoO layer. This latter difference is obviously due to the larger
coverage of the initial evaporated nanoparticles than that of
the initial CoO layer. But the main differences are observed
in the images of those Co particles after the Reox-P1 process
shown in Fig. 4b and d. Clearly, the nanoparticles formed
upon reduction of the initial CoO layer efficiently produce
nano-channelling, whereas the Co nanoparticles directly
evaporated do not. Although it is known that metallic Co
nanoparticles are able to promote carbon gasification and
consequently nano-channelling of the HOPG surface at tem-
peratures higher than 600 °C [8], it seems that at 400 °C they
are not able to form nano-channels. At these high tempera-
tures, one proposed mechanism is the possible formation of
carbide-like at the interface. However at 400°C we have
observed an efficient way to create channelling starting with
CoO instead of metallic Co nanoparticles which suggests that
the role of the presence of oxygen seems to be relevant in this
catalytic process. This is also supported, as shown in Fig. 5,
by the final oxidation state of the evaporated cobalt

2 ML CoO/HOPG, reox-P1

Heating O, exposure

20 40 60 80 100 120 140
Time (minutes)

Fig. 3 - 800 x 800 nm? AFM images of the initial CoO layer submitted to the Reox-P1 process (a) taken in topographic mode
and (b) phase mode. (c) Residual gas analysis (RGA) recorded during the Reox-P1 process of the initial CoO layer. (A color

version of this figure can be viewed online.)
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2 ML CoO/HOPG,
heated

3 MLCo/HOPG,
as grown

Fig. 4 - 1 x 1 pm? AFM images of (a) metallic cobalt nanoparticles as a result of the reduction of the initial CoO ultra-thin layer
submitted to heating at 400 °C in UHV conditions; (b) the initial CoO ultra-thin layer submitted to the complete Reox-P1
process; (c) 3 ML of evaporated cobalt nanoparticles in UHV; (d) evaporated metallic cobalt nanoparticles submitted to the
complete Reox-P1 process. (A color version of this figure can be viewed online.)

nanoparticles after the complete Reox-P1, being Co** (CoO)
instead of Cos;04 as those of the reduced Co nanoparticles.
The XPS and XAS spectra of the evaporated Co nanoparticles
(labeled as grown) seem to be identical as those of the
reduced Co nanoparticles shown in Fig. 1 (as heated), whose
calculations clearly indicate the presence of metallic cobalt.
The only difference appears in the Co 2p XPS spectra in which
the binding energy for the reduced Co nanoparticles is
slightly shifted by 0.17 eV towards lower binding energies
(see Fig. S2 of the Supplementary information). Two possible
explanations can be argued to explain this difference: differ-
ent relaxation energy of the nanoparticles due to different
size and different local environment of the Co atoms of the
nanoparticles. The first hypothesis is not convincing since
the difference in size is small (25-50 nm for the reduced nano-
particles versus 50-100 nm for the evaporated nanoparticles)
and no quantum size-effects are expected in these relative
large nanoparticles. Besides, the binding energy for the
smallest nanoparticles should shift towards higher binding

energies as relaxation energy accounts for energy losses of
the photoelectrons. The most plausible hypothesis seems to
be the second one, i.e. different local environment of the Co
nanoparticles.

Indeed, in Fig. 6a it is shown the surface sensitive C 1s
photoemission peak of clean graphite as well as for 3 ML of
evaporated metallic cobalt and different coverages of CoO
on HOPG. In order to make surface sensitive spectra, the
inelastic mean free path of the photoelectrons has been
diminished by adjusting the photon energy at 380 eV and by
tilting the sample to form 60° take off angle of the photoelec-
trons. With these experimental conditions, the value of the
inelastic mean free path of the photoelectrons is of the order
of 4-6 A, thus probing only the near surface region of the
HOPG substrate. The spectra shown in Fig. 6a are dominated
by the main peak of graphite located at 284.3 eV in agreement
with the literature [26], however, the most important feature
of this figure is that for low coverages of both, metallic Co
and CoO, the graphite surface undergoes some changes,
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Fig. 5 - Experimental Co 2p (a) XPS and (b) XAS spectra for 3 ML of evaporated cobalt nanoparticles in UHV as grown and

submitted to the complete Reox-P1 process.
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Fig. 6 — (a) Surface sensitive C 1s photoemission spectra for: clean HOPG substrate; 2 ML of evaporated cobalt in UHV; 5 ML and
20 ML of CoO as grown on HOPG (as labeled). (b) Grazing incidence O 1s XAS spectra for: 2 ML, 5 ML and 20 ML of CoO as grown
on HOPG (as labeled) and bulk CoO. (A color version of this figure can be viewed online.)

appearing an extra peak located at c.a. 285 eV. This peak is
commonly assigned to sp® bonds [27]. Thus, the appearance
of this peak suggests the weakening of the sp? bonds in
graphite by the presence of Co and CoO. However, in the case

of coverages of 20 ML of CoO two more peaks appear at bind-
ing energies of about 285.8 eV and 288.5 eV. The first peak is
usually assigned in the literature as due to the presence of
C-O bonds and the second one is assigned to C=0 bonds
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[28]. These results suggest that the presence of CoO is oxidiz-
ing the HOPG surface thus weakening the sp? bonds of graph-
ite. In this picture, the catalytic carbon gasification reaction of
the HOPG surface is more efficient for CoO oxide grown on the
surface than for metallic cobalt.

On the other hand, Fig. 6b shows the O 1s XAS spectra for
different coverages of CoO as grown on HOPG taken in grazing
photon incidence. In general, the O 1s XAS spectra of CoO rep-
resent the O 2p unoccupied states hybridized with the Co 3d
states at threshold, thus mapping the t,; and e sub-bands
separated by crystal field. At higher energies, the spectra cor-
respond to hybridization of O 2p with Co 4sp states. This is
seen in the spectrum labeled as bulk in Fig. 6b where the t5g
and e, sub-bands are clearly visible. However, in the spectrum
for the early stages of growth (2 ML of CoO/HOPG), the relative
intensity of these peaks is different showing a higher inten-
sity of the e sub-band than in the bulk spectrum. Besides,
as the spectrum of 2 ML of CoO/HOPG is taken in grazing inci-
dence, it mainly accounts for transitions directed perpendic-
ular to the HOPG surface. These results indicate that the O
atoms at the interface are interacting with the HOPG surface
or, in other words, the HOPG surface is oxidized by the pres-
ence of the cobalt oxide at the interface. These results are also
consistent with the results obtained from the C 1s PES spectra
shown in Fig. 6a.

3.4.  Raman study of defects on the HOPG surface

In this section we will study the defects produced by the cat-
alytic reaction promoted by cobalt oxides on the HOPG sur-
face. Raman Spectroscopy is a suitable technique for the
study of defects in carbon polymorphs such as carbon nano-
tubes, graphite and graphene [29,30]. Also the Raman spectra
for cobalt oxides have been studied [31], however their
intensity is too weak, especially that for CoO, due to the low
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Carbon bands
AFM
=
2
g
£
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g
2
Raman,
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polarization of the Co-O bond. As an example Fig. 7a shows
the typical Raman band (G) for the clean graphite (bottom)
and the carbon Raman bands for 2 ML CoO/HOPG. It is seen
that the spectrum for the substrate covered by 2 ML cobalt
oxide after the re-oxidation process P1 shows the typical G
band for graphite and the small D band usually assigned to
defects in the literature.

We have performed a combined AFM-microRaman study
of the samples to relate the observed morphology of the
cobalt oxides structures with the defects induced on the sub-
strate. The images are shown in Fig. 7b where the top images
correspond to AFM and those at the bottom correspond to the
micro-Raman images of the same area. The Raman images
resulted from mapping the different single Raman spectra
collected in each pixel. These images represent the D/G bands
ratio in order to have a clearer view of the defects. To compare
both, Raman and AFM images we have to note that the
Raman images have lower resolution than those obtained
by AFM. The image taken after the Reox-P1 process shows
that defects have been produced in the HOPG surface regions
covered by cobalt oxide particles and their surroundings
whereas the image taken after the Reox-P2 process shows
only the original defects at the steps of the HOPG substrate.
This confirms that the Reox-P1 process is efficient in the
creation of defects in graphite and thus suitable for the crea-
tion of nanostructures on its surface, i.e. nanopatterning on
the HOPG surface.

Fig. 8a shows the depth profile (XZ) micro-Raman image
taken from a sample submitted to Reox-P1. This figure is a
color-coded image in which the intensity of de color corre-
lated with the Raman intensity of three different bands: the
A1g mode of spinel Cos0, oxide (solid red cross), the D band
assigned to defects in graphite (dashed blue cross) and the
G band of the pure graphite substrate (dotted green cross).
Fig. 8b shows the Raman spectra measured in these three

2 ML CoO/HOPG

Reox-P2

Reox-P1

Fig. 7 - (a) Carbon Raman bands for Clean HOPG substrate (bottom) and 2 ML of CoO as grown on HOPG (top). (b) AFM (top) and
micro-Raman (bottom) images of 2 ML of CoO as grown on HOPG submitted to Reox-P1 (left) and Reox-P2 (right). (A color

version of this figure can be viewed online.)
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Fig. 8 - (a) Micro-Raman image of 2 ML of CoO as grown on
HOPG submitted to Reox-P1. Crosses indicate the position
where the bands shown at the bottom have been measured.

(b) Carbon Raman bands measured as indicated at the top
image. (A color version of this figure can be viewed online.)

areas, as indicated in Fig. 8a. The Raman spectra of the sub-
strate covered by large cobalt oxide islands (solid red cross)
show strong defects D band whereas the substrate uncovered
(dotted green cross) shows no defects. This clearly indicates
that the cobalt oxides formed upon Reox-P1 are producing a
large amount of defects on the HOPG surface. There are some
areas (only blue areas) in which the graphite substrate pre-
sents D band due to defects but there is not spinel Co30,
oxide. These regions seem correspond to the channels dis-
played in AFM (Figs. 2c and 3a) at the end of which the spinel
Co30,4 oxide is located.

4, Conclusions

In summary, we have studied an efficient method for produc-
ing nanopatterning on a HOPG surface at 400 °C using an
ultrathin layer of CoO as catalyst for the carbon gasification
reaction with oxygen as reactant gas. It has been demon-
strated that, at these temperatures, this method is more effi-
cient for carbon gasification than the usual method using
metallic cobalt nanoparticles reported in the literature. The
oxygen contained in the starting CoO layer seems to play an
important role by weakening the bonds of the HOPG surface
previously to the re-oxidation process. Although the first step
of this process (heating at 400 °C) produce the reduction of the
initial CoO layer to cobalt nanoparticles, these particles
behave in a different way from those grown directly by evap-
oration of cobalt. This different behavior is explained by the
defects created by the CoO layer on the HOPG surface previ-
ously to the re-oxidation process. The final stage of the pro-
cess gives a HOPG surface with nano-channels formed by
defective graphite, thus suitable for the growth of other

nanostructures on this surface. The quality of the nano-
channels produced by this method could be improved by
controlling the amount of the initial CoO layer as well as by
magnetic steering of the cobalt nanoparticles during the
reaction.
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