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Abstract: This article studies the chemical interaction between ZnO and highly oriented pyrolytic
graphite for as grown and thermally treated samples. In-situ X-ray photoelectron spectroscopy and
ex-situ Raman spectroscopy confirm that graphite is affected by these processes, becoming oxidized
and defective only in the presence of ZnO clusters that become recrystallized upon thermal re-oxidation
processes performed at 400 ◦C. By comparing these results with other identical experiments performed
with ZnO clusters grown on graphene and even with CoO clusters grown on graphite, the present
results show how the interaction of the ZnO clusters with graphitic substrates depend on two
factors—firstly, the mode of growth and corresponding morphology, and secondly, the reactivity
of the graphitic substrates, either graphene or graphite. The results presented here will help us
understand the fundamental interactions in ZnO/graphitic heterostructures and to define their
operating limits.
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1. Introduction

The main purpose of the present article is to study the chemical interactions between as grown
ZnO and highly oriented pyrolytic graphite (HOPG) before and after a set of thermal treatments.
ZnO has been deeply studied in the last few decades due to its important optoelectronic properties,
particularly its wide band gap at room temperature (~3.3 eV) and large exciton binding energy
(~60 meV) [1–3]. These characteristics make ZnO an excellent low-cost candidate substitute for indium
tin oxide (ITO) as a transparent conducting oxide in many applications [4,5]. On the other hand, the
impossibility to achieve comparable p-type doping levels (in terms of both electrical conductivity and
long-term stability) has hindered its application in optoelectronic devices, many of which need both
types of doping. Nevertheless, research on ZnO has moved to the study of its nanostructures and
its interactions with other materials in order to enhance and tune their properties [6]. In this sense,
since its rediscovery in 2004, graphene has represented the paradigm of bi-dimensional (2D) materials,
and multiple publications have referred to its combination with other traditional three-dimensional
(3D) compounds [7,8]. ZnO-graphene structures find applications in multiple fields, such as in
high-performance supercapacitors [9], environmental decontamination by photocatalysis [10,11],
sensors [12], and solar cells [13].

However, the absence of graphene-based mass devices is related to the well-known difficulty in
achieving large areas of non-defective graphene and due to the uncontrolled behavior of graphene
heterostructures under more realistic conditions than those offered by laboratories. In order to
clarify the role of each factor (environment, substrate, 3D-nanostructured material, and graphene),
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recent publications of our group have shown the different behaviors of ZnO growth on graphene
supported on polycrystalline copper and on highly oriented pyrolytic graphite (HOPG). Despite the
equivalent uppermost atomic monolayer, the reactive thermal evaporation of metallic zinc under
an oxygen atmosphere at room temperature shows a stronger chemical interaction with graphene,
conserving the metallic state during the very early stages of growth and being able to decouple
the graphene from copper by inducing the formation of a Cu2O interlayer [14]. On the other hand,
this same deposition process on HOPG induces the growth of almost stoichiometric islands of ZnO [15].
These results point out to the necessity to deeply characterize the interaction of ZnO with different
graphitic substrates, especially those comparable to graphene on their surface ordering, in order to
elucidate the interaction details and the reasons why they are substrate- and environment-dependent.

We would like to emphasize that, in contrast to other chemical and physical deposition techniques
commonly used for industrial and research processes, reactive thermal evaporation reduces the energy
of the evaporated ions and the chemical aggressiveness of chemical methods that could directly interact
with the substrate. Thus, this technique represents the best option to investigate this deposit–substrate
interaction and subsequently could be extended to other methods of growth. Besides, this method also
allows the study of growth and the application of different thermal treatments performed in a vacuum
chamber directly attached to a XPS spectrometer.

Hence, the interactions between HOPG and metal oxides have also been the focus of multiple
reports due to the catalytic properties of these tandem systems and a renewed interest in HOPG after
the 2D-graphene revolution. In this sense, nanopatterning on graphite has attracted much attention in
the past years due to the ease of transferring these innovations directly to graphene nanopatterning for
graphene cutting and nanolithography purposes. For example, different metallic nanoparticles such
as Ni, Fe, Au, and Ag have been used for this purpose [16,17]. However, our group has shown that
this nanopatterning process can be better performed by re-oxidizing CoO ultra-thin films at lower
temperatures than by using metallic nanoparticles (moving from the range 600–800 ◦C, depending on
the particle, to 400 ◦C) due to an initial weakening of the sigma bonds of HOPG induced by the
deposited CoO [18–20]. These results will open the door to the study of the interactions between
HOPG and other metal oxides that present catalytic properties, such as ZnO.

Taking into account the two above mentioned novel topics, here we present a fundamental study
of the interactions between ZnO and HOPG. We describe, by means of X-ray photoelectron and Raman
spectroscopies, the effects of depositing ZnO on HOPG at room temperature and its interactions after the
equivalent re-oxidation thermal treatments that lead to nanopatterning in the case of CoO. The different
electronic configurations of Co ([Ar] 4 s2 3 d7) and Zn ([Ar] 4 s2 3 d10) naturally traduce different
catalytic properties, tempered in the case of ZnO due to the electronic completion of its 3 d orbitals.
Further, the different modes of growth, i.e., Stranski–Krastanov and Volmer–Weber, for CoO and ZnO
respectively, will also determine their distinct morphological interfaces and thus the different metal
oxide/HOPG interactions. The results are presented in two main sections. First, the X-ray photoelectron
spectroscopy (XPS) characterization of the as grown ZnO on HOPG is shown, followed by a description
of the ZnO/HOPG interactions after thermal treatments. Subsequently, these results are discussed
and compared to those obtained for CoO/HOPG and ZnO on graphene/Cu sheets systems. In this
way, we highlight how the initial reactivity of the deposited material together with the particular
characteristics of the graphitic substrates determine the morphology and reactivity of the whole system.

2. Materials and Methods

ZnO was grown at room temperature by reactive thermal evaporation of metallic zinc under
an oxygen (O2) atmosphere at 2 × 10−3 mbar. The preparation chamber had a base pressure of
5 × 10−9 mbar. Metallic zinc beads from Goodfellow (purity 99.99%) were evaporated using a Knudsen
type evaporator at 10 cm from the sample, working at a very low evaporation rate to study in detail the
early stages of growth. The HOPG substrate from Bruker (ZYB grade, Billerica, MA, USA) was cleaved
in air and then introduced in vacuum. The substrate cleanliness was checked by XPS confirming
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only the initial presence of negligible traces of intercalated molecular oxygen. During evaporation,
the graphite substrates were maintained at room temperature, since the contribution of the evaporation
cell to the temperature of the substrate was negligible. More details regarding the evaporation process
can be found elsewhere [15]. ZnO was grown on HOPG by successive evaporations, being the sample
analyzed in-situ by X-ray photoelectron spectroscopy (XPS) for each step. A complete explanation
of the procedure for the estimation of the amount of deposited material in each step by in-situ XPS
measurements can be found elsewhere [15]. Ex-situ Raman spectroscopy was performed on the as
grown and thermally treated samples. Ex-situ atomic force microscopy (AFM) measurements were
taken on as grown samples. A ZnO powder sample from Goodfellow (99.99%) was also measured by
XPS as reference.

ZnO/HOPG samples were subjected to three different kind of thermal processes named as
400 ◦C-UHV, R1, and R2. The first treatment, 400 ◦C–UHV, consisted on annealing ZnO/HOPG samples
at 400 ◦C in ultra-high-vacuum (UHV) conditions (base pressure 5 × 10−9 mbar) during one hour.
R1 and R2 were re-oxidation processes. For treatment R1, the samples were heated up to 400 ◦C
under UHV conditions and then exposed to O2 for 1 h (PO2 = 2 × 10−3 mbar) while maintaining
that temperature. Whereas for treatment R2, the samples were first exposed to O2 and then heated
up to 400 ◦C for 1 h under oxygen exposure. In all cases, temperature ramps were set at 10 ◦C/min,
and the O2 re-oxidation pressure was set at 2 × 10−3 mbar. In R1 and R2, the O2 valve was closed
when the sample was below 100 ◦C. The samples were characterized by means of XPS before and after
the thermal treatments. For comparison purposes, the as grown samples were exposed to different
pressures of O2 at room temperature. A quadrupole mass spectrometer (Pfeiffer PrismaPlus QMG
220 M, resolution: 0.5 a.m.u.) made possible the study of the composition of the chamber atmosphere
during the different thermal treatments.

The XPS measurements were performed with a CLAM-4 MDC hemispherical electron analyzer
from Thermo Fisher Scientific using the Mg Kα anode. The pass energy was set at 20 eV, giving an
overall resolution of 0.9 eV. The energy scale for HOPG was calibrated by setting the HOPG C 1 s peak
at 284.3 eV. The spectra have been fitted using the XPS Peak software, version 4.1. The Raman spectra
were taken using a confocal Raman microscope with a spectral resolution of 0.02 cm−1 coupled with
an AFM instrument (ALPHA 300RA, WITec, Uim, Germany), with laser excitation at 532 nm and a
100× objective lens (NA = 0.9). If not indicated, the incident laser power was 0.5 mW. The optical
diffraction resolution was limited to about 200 nm laterally and 500 nm vertically. The samples were
mounted in a piezo-driven scan platform having 4 nm lateral and 0.5 nm vertical positioning accuracy
and also equipped with an active vibration isolation system (active at 0.7–1000 Hz). The images
were processed and analyzed with the WiTec Project Plus 2.08 software. AFM images were taken
with a Nanotec AFM microscope in non-contact dynamic (tapping) mode using commercial tips from
Nanosensors. The images were processed and analyzed with the WSxM software (5.0 Develop 8.2,
Nanotech Electrónica, Madrid, Spain) [21].

X-ray diffraction (XRD) patterns were taken in grazing incidence with a X-pert PRO Theta/2Theta
diffractometer from Panalytical, using Cu Kα radiation (Cu Kα = 1.5406 Å) and an incidence angle of
2◦. High resolution SEM images were taken with a Field Emission Gun-Scanning Electron Microscope
Philips XL30 S-FEG (Philips, California, CA, USA)

3. Results

3.1. XPS Characterization of as Grown ZnO/HOPG

ZnO grown on HOPG follows a Volmer–Weber mode of growth characterized by two different
regimens [15]. First, ZnO nucleates very rapidly on the HOPG defects (especially at the steps),
keeping the terraces almost clean due to the high diffusion of Zn atoms. These structures become
continue, forming caterpillar shapes, while isolated nucleation points at the terraces lead to individual
clusters. Further evaporation produces the creation of new nucleation centers, but ZnO is preferentially
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deposited on the previous oxide structures, thus leading to the formation of very large structures (2 µm
height). Further morphological details of the ZnO growth can be found elsewhere [15]. This mode of
growth, in which increased amounts of material are deposited while a very low percentage of the surface
is covered, induces an important underestimation on the number of the equivalent monolayers (Eq-ML)
of the deposit measured by XPS. This is the reason why we have also indicated the total evaporation
time together to the estimated Eq-ML. Moreover, these high structures prevent the measurement of the
ZnO/HOPG interface and practically lead to the measurement of bulk ZnO structures. Despite these
circumstances, the XPS data show changes as a function of the deposition time for both the ZnO and
the HOPG substrate.

Figures 1 and 2 show the XPS Zn 2 p and O 1 s spectra of the deposit, respectively. Figure 1a
shows the XPS Zn 2 p3/2 spectra as a function of the deposition time and coverage (Eq-ML). The Zn 2
p3/2 peak is located around 1022.4 eV [22], while the ghost peak of the C 1 s due to the oxidation of the
magnesium anode initially dominates at an energy of ~1006 eV. The deposited ZnO has a nearly-perfect
Zn/O stoichiometric composition rate of 1:1, as stated before by Factor Analysis [15]. Nevertheless,
some interesting features can be extracted from this region, such as those shown in Figure 1b,c for
the energy splitting of both Zn 2 p3/2 and Zn 2 p1/2 peaks due to Spin-Orbit (S–O) interaction for each
stage of growth. Figure 1b shows a tiny shift of about 0.2–0.3 eV to lower binding energies from
the very first growth stages (below 10 min of evaporation). Further, in Figure 1c, the S–O splitting
of these two contributions clearly decreases 0.15 eV as a function of the deposition time, and thus
as a function of the coverage and size of the ZnO clusters until its stabilization at roughly 23.15 eV,
which in fact is the value obtained from the ZnO powder reference sample. The insert AFM image in
Figure 1c shows a nanometric structure (4 nm height) along a graphite step at the very early stages of
growth. Although the size of these types of structures (together to the low coverage of the surface) is
almost enough to hinder the signal from the ZnO/HOPG interface, its low dimension could induce size
effects on Zn 2 p spectra, as reported previously for other metal oxides [23–25]. On the other hand,
S–O variations due to multiplet effects produced in low and high spin configurations, such as those
reported for Mn, Ni or Co [26], could be discarded due to the completion of the Zn 3 d orbitals.

Coatings 2020, 10, x FOR PEER REVIEW 4 of 13 

 

indicated the total evaporation time together to the estimated Eq-ML. Moreover, these high structures 

prevent the measurement of the ZnO/HOPG interface and practically lead to the measurement of bulk 

ZnO structures. Despite these circumstances, the XPS data show changes as a function of the 

deposition time for both the ZnO and the HOPG substrate.  

Figures 1 and 2 show the XPS Zn 2 p and O 1 s spectra of the deposit, respectively. Figure 1a 

shows the XPS Zn 2 p3/2 spectra as a function of the deposition time and coverage (Eq-ML). The Zn 

2p3/2 peak is located around 1022.4 eV [22], while the ghost peak of the C 1 s due to the oxidation of 

the magnesium anode initially dominates at an energy of ~1006 eV. The deposited ZnO has a nearly-

perfect Zn/O stoichiometric composition rate of 1:1, as stated before by Factor Analysis [15]. 

Nevertheless, some interesting features can be extracted from this region, such as those shown in 

Figure 1b,c for the energy splitting of both Zn 2 p3/2 and Zn 2 p1/2 peaks due to Spin-Orbit (S–O) 

interaction for each stage of growth. Figure 1b shows a tiny shift of about 0.2–0.3 eV to lower binding 

energies from the very first growth stages (below 10 min of evaporation). Further, in Figure 1c, the 

S–O splitting of these two contributions clearly decreases 0.15 eV as a function of the deposition time, 

and thus as a function of the coverage and size of the ZnO clusters until its stabilization at roughly 

23.15 eV, which in fact is the value obtained from the ZnO powder reference sample. The insert AFM 

image in Figure 1c shows a nanometric structure (4 nm height) along a graphite step at the very early 

stages of growth. Although the size of these types of structures (together to the low coverage of the 

surface) is almost enough to hinder the signal from the ZnO/HOPG interface, its low dimension could 

induce size effects on Zn 2 p spectra, as reported previously for other metal oxides [23–25]. On the 

other hand, S–O variations due to multiplet effects produced in low and high spin configurations, 

such as those reported for Mn, Ni or Co [26], could be discarded due to the completion of the Zn 3 d 

orbitals.  

 

Figure 1. (a) XPS Zn 2 p spectra as a function of the coverage and deposition time for the growth of 

ZnO on highly oriented pyrolytic graphite (HOPG); (b) Zn 2 p3/2 and Zn 2 p1/2 binding energies as a 

function of deposition time; (c) Zn 2 p spin-orbit splitting (S–O) as a function of the deposition time. 

Insert: AFM detail of a ZnO nanostructure grown along a HOPG step after 2 min of deposition. 

In the case of the O 1 s region, Figure 2a shows the O 1 s spectra as a function of deposition time 

and coverage (Eq-ML). Besides, Figure 2b shows the O 1 s fitted spectrum for the final ZnO 

evaporation step (40 Eq-ML, 30 min). The spectrum is composed by two contributions. The main peak 

at 531.3 eV is associated to oxygen in the ZnO lattice, whereas the shoulder at 533.0 eV can be 

associated to hydroxide groups [27] and the defects related to oxygen atom vacancies in the matrix 

Figure 1. (a) XPS Zn 2 p spectra as a function of the coverage and deposition time for the growth of
ZnO on highly oriented pyrolytic graphite (HOPG); (b) Zn 2 p3/2 and Zn 2 p1/2 binding energies as a
function of deposition time; (c) Zn 2 p spin-orbit splitting (S–O) as a function of the deposition time.
Insert: AFM detail of a ZnO nanostructure grown along a HOPG step after 2 min of deposition.
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In the case of the O 1 s region, Figure 2a shows the O 1 s spectra as a function of deposition time
and coverage (Eq-ML). Besides, Figure 2b shows the O 1 s fitted spectrum for the final ZnO evaporation
step (40 Eq-ML, 30 min). The spectrum is composed by two contributions. The main peak at 531.3 eV is
associated to oxygen in the ZnO lattice, whereas the shoulder at 533.0 eV can be associated to hydroxide
groups [27] and the defects related to oxygen atom vacancies in the matrix [28]. Figure 2c depicts
the relative weight between these two contributions as a function of deposition time. The values are
gradually stabilized around 0.8 and 0.2 for the O–Zn and OH− contributions, respectively, which is in
agreement with the literature [27]. Two details of this figure should be highlighted. First, the final
coverages were taken at two different take-off angles, increasing the relative amount of OH−/defect
contribution with the angle. This fact indicates the surface nature of the OH− contribution, in agreement
with other reported works [29] where termination of some ZnO facets, such as (0001) and (000-1),
in OH− groups was due to thermodynamic stabilization. Secondly, in the very early stages of growth
(marked by the red striped box), the O–Zn contribution seems overestimated. The overlapping between
the initial O-HOPG signal from molecular oxygen intercalated between the graphite layers and the
OH−/defect contribution makes it very difficult obtain the correct fitting of this region for the very
early stages of growth.
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Figure 2. (a) XPS O 1 s spectra as a function of the coverage and deposition time for the growth of ZnO
on HOPG. (b) XPS O 1 s fitting of ZnO on HOPG after 30 min of deposition; (c) relative intensities of
O–Zn and defects/OH components as a function of the deposition time.

Moving towards the effects on the HOPG substrate, the C 1 s XPS spectra are shown in Figure 3a as
a function of the coverage. Figure 3b offers this same information by comparing the normalized shape
of the C 1 s peak. Finally, Figure 3c shows the evolution of the relative weight of each of the components
of the fittings shown in Figure 3a. Although for the initial stages there are no changes, the final
evaporation steps show a no negligible evolution of defects (sp3 contribution at ~285 eV [30]) and
graphite oxides (C–O and C=O at ~286 and ~289 eV, respectively [31,32]) from the initial asymmetric
peak corresponding to sp2 hybridization [33]. Likely, this graphite signal does not correspond to
the ZnO/HOPG interface but to the non-covered graphite surface. Therefore, changes on HOPG
correspond to extended effects of ZnO/HOPG interaction on the ZnO cluster surroundings, which are
only visible by XPS once coalescence is almost achieved.
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Figure 3. (a) XPS C 1 s fitted spectra as a function of the coverage for the growth of ZnO on HOPG;
(b) normalized XPS C 1 s spectra as a function of the coverage and deposition time; (c) relative intensities
of the C 1 s spectra fitting components as a function of deposition time.

3.2. Thermal Re-Oxidation of ZnO/HOPG

ZnO/HOPG samples grown after 12 min of evaporation (0.2 Eq-ML, as deduced from the XPS
intensities) were submitted to different thermal treatments: 400 ◦C-UHV, R1, and R2 (see Materials and
Methods section). This same stage of growth was set for all treated samples to avoid misinterpretation
of the results due to factors beyond the thermal treatment, such as possible differences on the size of
the ZnO clusters (see Figure 1). In addition, as grown samples were exposed to 10−5 and 10−3 mbars
of O2 at RT for comparison purposes. Figure 4a shows the Zn LMM Auger spectra of the as grown
sample together with the five different processes described above. As it can be seen, although for all
cases the oxide spectrum dominates, the as grown samples and those exposed to O2 at RT present two
features at ~992 and ~995 eV characteristic of metallic state [22], indicating the development of defects
and oxygen vacancies during growth. This situation is different from the results reported previously
in [15], where stoichiometric ZnO was deposited. This could be probably related to the fact that the
samples shown in Figure 4 were evaporated in a single step, thus reducing the total dose of O2 because,
after each evaporation step, two minutes of oxygen exposure was added to ensure complete oxidation.
However, these minor contributions disappear independently of the thermal treatment used. Figure 4b
shows the O 1 s normalized spectra, including the one taken from the ZnO powder reference sample.
As it can be appreciated, after the thermal treatment the main peak is shifted 0.5 eV to lower binding
energies, fitting very well with the reference spectra. As will be discussed below, this shift is related to
the recrystallization of ZnO and a reduction of defects. Nevertheless, the most striking effect consists
on the intensity decrease of the shoulder associated to hydroxides or defects. In agreement with the
previous Zn LMM Auger spectra and the discussion of Figure 2b,c, the reduction of this shoulder can
be associated to the decrease of the number of oxygen vacancies.

On the other hand, Figure 4c shows changes on the percentage of the amount of oxygen
in comparison to the as grown samples, confirming that these thermal treatments imply deeper
oxidation of the ZnO together with the reduction of defects, even for the annealing under UHV
conditions. In this particular case, the oxidation could be explained as a recrystallization of the sample
with the hydroxyl groups available in the preparation chamber (in spite of the low base pressure).
Further, Figure 4d shows (compared to the as grown samples) the Zn 2 p3/2 and O 1 s energy shifts and
the S–O split of the Zn 2 p contribution. Both, Zn and O contributions shift to lower binding energies,
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although this shift is greater for the Zn 2 p (the C 1 s contribution showed no energy change). The S–O
splitting also showed very similar behavior, reducing its value in a parallel way to the energy shift
of the Zn 2 p3/2 and O 1 s contributions. These changes can be associated to an increment on the size
of the ZnO structures. Therefore, from the XPS analysis it can be inferred that all thermal processes
indicate a recrystallization of the ZnO clusters, where the amount of oxygen vacancies is reduced
and the size of the ZnO is increased, possibly by an aggregation process. This is confirmed by the
SEM images shown in Figure 5, where larger and more compact ZnO structures are found for the
treated samples, especially in the case of R2 process, which shows the greatest difference in Figure 4d
compared to the as grown samples. In the same line, we also report an increase of the total XPS signal
from the substrate. However, no changes on the shape or binding energy of the graphite C 1 s region
were observed (see Figure 4e). Finally, mass spectrometry measurements performed during the three
thermal treatments did not show any variation on the residual gases in the vacuum chamber.
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Figure 4. (a) Auger Zn LMM XPS spectra as a function of the thermal treatment; (b) normalized XPS O
1 s spectra for as grown ZnO/HOPG sample and after different thermal treatments; (c) O–Zn component
increase for the O 1 s spectra as a function of the thermal treatment; (d) S–O splitting (black square,
left axis) and O 1 s and Zn 2 p3/2 shifts (right axis, red circle and green rhombuses, respectively) as a
function of the thermal treatment; (e) normalized XPS C 1 s spectra for clean HOPG and ZnO/HOPG
samples after different thermal treatments.
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Next, we present the ex-situ Raman measurements for these experiments. The advantage of this
technique compared to XPS is that it can be used to analyze the substrate under the ZnO clusters
and follow any kind of chemical and structural changes on both, the ZnO deposits and the graphite.
Figure 6a shows the Raman spectra taken at the red square areas drawn on the optical images of
Figure 6b for the as grown and three samples submitted to the same thermal treatments as before.
Two different behaviors can be distinguished. Regarding ZnO, the E2

low band at ~99 cm−1 is ascribed
to Zn sub-lattice, E2

high at ~439 cm−1 is associated to oxygen vibrations, and E1(LO) at ~590 cm−1 is
strongly affected by defects as oxygen vacancies [34]. In this way, the as grown sample presents a
very broad band at 350–600 cm−1, indicating a very amorphous growth and the existence of a great
number of oxygen vacancies defects, confirming the previous XPS conclusions. On the other hand,
after the thermal treatment at 400 ◦C in UHV, this defect band decreases, thus resolving separately
the E2

high and E1(LO) contributions and appearing the second order 2E1(LO) peak at ~1145 cm−1.
Therefore, these thermal treatments induce a clear recrystallization of the ZnO clusters. XRD patterns
in Figure 7 confirm this recrystallization process. Firstly, as grown ZnO shows a diffraction pattern
dominated by HOPG contributions, especially the (002) orientation (not shown here), with a very
low intensity of ZnO contributions and with no clear preferred orientation. Besides, low intense
(100) metallic Zn peaks (such as (100) at ~39◦) seem to appear. This is in line with previous Zn
LMM and Raman measurements that indicate a messy and defective oxide growth with important
oxygen deficiencies. Moreover, ZnO diffraction peaks gain intensity after the thermal treatments,
in correspondence with the Raman spectra behavior. Finally, the diffraction pattern shows multiple
ZnO orientations with similar intensities, dismissing the idea of a preferred recrystallized direction.
Focusing now on the HOPG substrate, the clean graphite Raman spectrum is defined by two main
contributions, the G and 2D bands at ~1586 and 2727 cm−1, respectively [35]. The first one is associated
with the doubly degenerate zone center E2g mode, while the 2D band is ascribed to the second order
of the zone-boundary phonons. Initially, only these two bands were measured. It can be seen that a
broad contribution at ~1350 cm−1, corresponding to the D band, only after the R2 process (coinciding
with the most crystallized ZnO) appears. This broad contribution is associated to defective graphite.
Therefore, according to Raman spectroscopy, it seems to be clear that also the HOPG substrate suffers
changes after these thermal treatments (in contrast with XPS measurements). Finally, the optical
images depicted in Figure 6b show a clear modification of the cluster being lightened after the thermal
process, in agreement with the reduction on the number of defects and the corresponding increase of
the expected transparency characteristic of ZnO.
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graphite bands (red labels) are indicated; (b) optical images of ZnO clusters on HOPG after different
thermal treatments. Red squares indicate the mapped area.
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Figure 7. X-ray diffraction patterns of as grown and thermal treated ZnO/HOPG samples. The samples
details are given in the figure. Some HOPG (λ, 00-012-0212) and ZnO (δ, 01-075-1526) diffraction peaks
are also indicated.

Figures 8 and 9 show in more detail these Raman measurements, as they are very useful to
determine where and how this modification of the graphite is achieved. In this sense, Figure 8 shows
two Raman spectra taken from the same marked area in Figure 6b for the R2 process sample. The blue
spectrum (bottom) shows the average of the complete mapped area (shown in the left inset for the
ZnO defective band intensity at 590 cm−1), whereas the red spectrum only shows the average of the
cluster area (right inset shows the mask used for this purpose). The significant differences on signal
intensity between both spectra occur because the Raman spectrometer focus was maintained constant
on the ZnO clusters, being 2 µm higher than the graphite substrate. Nevertheless, in addition to the
evident increase of the ZnO signal, the graphite D band corresponding to the defects clearly increases
below the cluster in comparison to the rest of the free HOPG surface. Therefore, the modification of
the substrate only takes place at the interface between ZnO and HOPG, being in this way invisible to
XPS measurements during the early stages of growth. On the other hand, Figure 9a shows a series
of punctual Raman spectra taken with different laser power doses on a specific ZnO cluster of the
as grown ZnO/HOPG sample (see Figure 9b). In sake of clarity, the insert plot in Figure 9a shows
the same normalized spectra focused on the ZnO region. For low laser powers (green, 0.5 mW),
there is no modification of the initial defective ZnO (the graphite bands are hidden by the ZnO).
However, at 2 mW power (blue), the ZnO defects band is now resolved with two contributions (E1

high

and E1(LO)), indicating that recrystallization has taken place. Hence, the local heating laser power
plus atmospheric O2 induce a local recrystallization equivalent to that from the heating R1 and R2
process. In the case of the graphite, a very prominent D band appears, with a weaker and broader
G band (2D band almost disappears). This new graphite spectrum is very similar to the oxidized
graphite or coal [36]. This picture is completely different for the free HOPG surface using this same
power (red spectrum), which shows no D band and a very strong and narrow G band. Consequently,
there is no modification of graphite by this laser power, being the interaction with the recrystallized
ZnO induced by the thermal heating of the laser the cause of graphite modification. Finally, if the
power is increased to 8 mW the cluster is destroyed (see Figure 9b), decreasing the E1(LO) ZnO defect
bands and recovering the good quality graphite. Therefore, these experiments confirm that graphite is
modified by ZnO at the interface at the same time that ZnO is recrystallized.
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Figure 8. Averaged Raman spectra (blue) for the R2 thermal treatment at 10−3 mbar for the complete
mapped zone and averaged Raman spectra (red) applying a mask only in the ZnO cluster area.
Main ZnO bands (black labels) and graphite bands (red labels) are indicated. Inserts: left: mapping at
~590 cm−1 (E1(LO) ZnO band) of the whole area; right: mask applied to the ZnO clusters.
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Figure 9. (a) Averaged Raman spectra sample of as grown ZnO/HOPG at different laser powers.
Red spectrum depicts clean HOPG of this sample; (b) optical images of the mapped area before (top)
and after (bottom) high laser power (8 mW) exposure.

4. Discussion

From the previous section, various observations can be highlighted: (1) As grown ZnO is
amorphous, showing not-negligible amounts of defects. (2) The ZnO/graphite interface is inaccessible
for XPS measurements due to the Volmer–Weber mode of growth of ZnO and the height of these
structures (of the order of micron). (3) ZnO recrystallizes by different thermal treatments, decreasing the
number of defects and increasing the size of the structures by aggregation process. No products derived
from carbon gasification reaction were measured by mass spectroscopy. (4) Raman spectroscopy is
sensitive to the ZnO/HOPG interface being able to follow changes on the graphite substrate during the
recrystallization (especially when induced by high laser powers).

The previous experiments show that ZnO is less reactive than CoO on HOPG and does not lead
to a patterning process by carbon gasification reaction of the HOPG. We point out two reasons for
this. In first place, the morphology of the mode of growth is completely different. In case of CoO,
the Stranski–Krastanov mode implies a CoO monolayer that maximizes the interface and thus the
interaction between the metal oxide and the HOPG [20]. Further studies demonstrated that CoO acts as
an oxygen pump into the graphite, weakening its sigma bonds and reducing the temperature at which
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nanopatterning can be performed [19,20]. This wetting layer is indispensable to weakening the graphite
surface that will be patterned by the re-oxidized CoOx nanoparticles. Besides, these nanoparticles
are of a nanometric size, thus, their movement can be promoted by moderately high temperatures
such as 400 ◦C. On the contrary, ZnO nucleation on graphite is very difficult for the initial stages of
growth, keeping free most of the surface of the terraces and hardly interacting with graphite thus
conserving the strength of the sigma bonds. In addition, ZnO clusters are much bigger than the
CoO nanoparticles. It is interesting to note that the temperatures used in this work cannot induce
their movement along the HOPG surface (no channels were measured by AFM after the thermal
processes R1 or R2). Nevertheless, systems with low density of ZnO structures, as those shown here,
find applications on different fields, as electronic devices [37] and photocatalysis [38].

The second factor that prevents the same behavior is the lower reactivity of Zn and ZnO compared
to Co and cobalt oxides. The reason of this is the electronic configuration of both elements: the complete
3 d orbitals of Zn barely participate on the bonds, as its electronic configuration is much more stable
than for Co. In this sense, although a low intense interaction between ZnO and HOPG can be observed,
it is not enough to induce a weakening of the graphite lattice at room temperature nor to induce a
carbon gasification reaction during the thermal treatments. Esconjauregu et al. [39] showed how,
for the growth of carbon nanotubes, the catalytic activity of metals depends strongly on their d-states:
few d-vacancies (i.e., Co) provide the best performance, while metals with full d-orbitals (i.e., Zn) only
show activity at a nanoscale level. Nevertheless, this ZnO–graphite interaction is not negligible, and it
is clear from Figures 8 and 9 that ZnO promotes defects and oxidization on graphite. This effect should
be taken into account in ZnO/graphitic heterostructures, such as composites of ZnO/graphene and
ZnO/graphene-oxide (ZnO/GO) and ZnO/graphene stacked systems.

On the other hand, ZnO deposition on HOPG presents important differences with respect to
the growth on graphene supported on polycrystalline copper substrates. Although it is true that the
mode of growth is equivalent (e.g., Wolver-Weber), the size of these structures is completely different
(micrometric against nanometric) [15]. Furthermore, ZnO/graphene/Cu samples show deposition
rates strongly dependent on the stage of the reaction mechanism that finally induces the electronic
decoupling of graphene by the formation of a thin layer of Cu2O below the graphene. During this
reaction, deposited Zn remains in the form of metallic nanoclusters [14]. Therefore, the reactivity of
Zn/ZnO does not depend solely on its electronic configuration but also on the type and reactivity of
the substrate. In spite of the equivalent uppermost atomic layer, these experiments confirm again
how HOPG is more inert than graphene on Cu, thus its interaction with ZnO can only be observed by
applying high temperatures.

5. Conclusions

ZnO clusters on HOPG have been submitted at the same thermal treatments than 2 Eq-ML of
CoO grown on HOPG. Although no carbon gasification reaction was observed with ZnO, a clear
interaction between ZnO and HOPG has been observed after the thermal processes. On the one
side, ZnO recrystallizes, decreasing the number of oxygen defects and increasing the cluster size
by an aggregation process. On the other hand, oxidation and defect development of the graphite
substrate are promoted by interaction with ZnO at the interface. The observed differences between
CoO and ZnO can be explained by two facts: the morphology resulting from the mode of growth
and the lower Zn/ZnO reactivity. The very different chemical interactions between different graphitic
substrates with an equivalent atomic uppermost layer (HOPG and graphene/Cu substrates) highlight
the cross relations between the deposited material, substrates, and environment. Finally, the results for
ZnO/HOPG interactions will facilitate a better understanding of ZnO/graphitic heterostructures and
possible issues regarding their operation under extreme conditions.
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