
RESEARCH ARTICLE
www.advmatinterfaces.de

Easy Approach to Graphene Growth on Ir(111) and
Ru(0001) from Liquid Ethanol

Yuriy Dedkov,* Junhao Zhou, Yefei Guo, and Elena Voloshina*

The growth of a high-quality complete graphene layer is successfully achieved
for Ir(111) and Ru(0001) substrates using liquid ethanol as a precursor.
Metallic substrates, which are cleaned in ultra-high vacuum conditions,
were ex-situ immersed in liquid ethanol followed by the controlled in situ
thermal annealing. The process of graphene formation and its quality are
carefully monitored using X-ray photoelectron spectroscopy, low-energy
electron diffraction, and scanning tunneling microscopy methods. It is found
that graphene formation starts at 400 °C via ethanol decomposition and
desorption of oxygen from the surface leading to the formation of the
high-quality complete graphene layer at 1000 °C. The results of the systematic
angular-resolved photoelectron spectroscopy experiments confirm the high
quality of the obtained graphene layer, and it concludes that such an approach
offers an easy, quick, and reproducible method to synthesize large-scale
graphene on different metallic substrates.

1. Introduction

The initial experiments on the studies of exciting transport prop-
erties of single graphene (gr) layers were performed on small-
scale samples obtained from the bulk graphite using scotch-
tape exfoliation approach.[1–3] The further experimental and
applications-related studies demonstrate the high demand in ob-
taining the high quality graphene layers, which then can be
scaled for different purposes. Here, for example the growth of
graphene on SiC substrate can be used and it was demonstrated
that wafer-size high quality graphene layers can be grown using
the controllable thermal decomposition under Ar atmosphere.[4]
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In such way synthesized graphene
demonstrates the Hall mobility up to
2000 cm2V−1s−1 at 27 K, which can be
compared with values obtained for the
UHV-based synthesized graphene of
710 cm2V−1s−1 and exfoliated graphene
on SiO2 in the high doping limit of
10000 cm2V−1s−1.[1,2] Further progress
in this direction led to the controllable
growth of graphene nanoribbons arrays
on SiC with carrier mobilities up to
2700 cm2V−1s−1 at room temperature
and the scalability of this approach
allowed to prepare 10 000 top-gated
graphene transistors on a 0.24 cm2 SiC
chip.[5]

Another approach to produce large
scale high quality graphene layers is
based on the thermal decomposition
of carbon-containing gases (mainly

hydrocarbons, like CH4 or C2H4) on metallic surfaces.[6–11]

Here, the representative examples include graphene synthesis
on polycrystalline Cu foil,[12] Cu-Ni(111) alloy,[13] single crys-
talline Ir(111),[14] and Ru(0001).[15,16] It was demonstrated that
this method allows to produce huge layers of single and bilayer
graphene on polycrystalline Cu foil and then these layers can be
transferred on any desired support.[17] The measured value of the
Hall mobility for such graphene monolayer is 7350 cm2V−1s−1

at 6 K (5100 cm2V−1s−1 at 295 K), which is comparable with the
one for the SiO2-supported graphene layers. Further progress in
this direction shows that in this way produced graphene can be
transferred on the polymer support with further applications as
touch screens in mobile phones.[17,18] Several factors determine
the growth of graphene on polycrystalline films, like pretreat-
ment of the surface, density of the nucleation centers, flow of the
hydrocarbon gases, use of additional flow gases (Ar, H2), etc. Re-
garding the graphene growth on metallic surfaces, two possible
mechanisms are found. In the first one for metals with low car-
bon solubility (e. g., Cu, Ir), the chemical vapor deposition (CVD)
of carbon on the surface and further nucleation at high tempera-
ture leads to the graphene layer formation. For the second case of
metals with high carbon solubility (e. g., Ni, Rh), the loading of
metal bulk with carbon at high temperature is followed by the car-
bon segregation and carbon formation with lowering of the tem-
perature.

In case of single-crystalline metal surfaces, the in situ clean-
ing of these surfaces is followed by the high-temperature CVD
procedure at low partial pressure of the hydrocarbon gas (in
the range of 10−8–10−6 mbar) leading to high quality graphene
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Figure 1. a) The experimental scheme used in the present work for the graphene synthesis on Ir(111) and Ru(0001) from liquid ethanol. b) Reaction
path leading to graphene synthesis from ethanol molecules. c,d) LEED and STM images for the clean (left) and graphene-covered (right) Ir(111) and
Ru(0001). Insets show the respective atomically-resolved STM images. Imaging parameters: (c) Ir(111), 150 × 150 nm2, UT = 0.3 V, IT = 1 nA; at.-res.
Ir(111), 2 × 2 nm2, UT = 0.01 V, IT = 15 nA; gr/Ir(111), 150 × 150 nm2, UT = 0.3 V, IT = 1.6 nA; at.-res. gr/Ir(111), 10 × 10 nm2, UT = 0.05 V, IT = 5 nA;
(d) Ru(0001), 220 × 220 nm2, UT = 0.3 V, IT = 1 nA; at.-res. Ru(0001), 2 × 2 nm2, UT = 0.02 V, IT = 10 nA; gr/Ru(0001), 150 × 150 nm2, UT = 0.3 V, IT =
1 nA; at.-res. gr/Ru(0001), 12 × 12 nm2, UT = 0.05 V, and IT = 5 nA.

layers. In the present work, we demonstrate that large scale
high quality graphene layers can be prepared on the in situ
cleaned single crystalline Ir(111) and Ru(0001) surfaces using
liquid ethanol (C2H5OH) as a carbon precursor. The controlled
thermal annealing of the ethanol/metal interface leads to the
cleavage of the C2H5OH molecules at low annealing tempera-
ture followed by the H2O molecules desorption. The formation
of graphene is started at temperature around 400 °C with for-
mation of the high quality graphene layer at 1000 °C as con-
firmed by X-ray photoelectron spectroscopy (XPS), low-energy
electron diffraction (LEED) and scanning tunnelling microscopy
(STM) experiments. The systematic angular-resolved photoelec-
tron spectroscopy (ARPES) experiments confirm the high crys-
tallinity of the obtained graphene layers allowing detailed studies
of the electronic structure of gr/metal interfaces in the vicinity
of the Fermi level. Our approach demonstrates an easy and re-
producible way to produce large-scale and high-quality graphene
layers on metallic supports using low-cost liquid precursor,
which may advance further experiments and applications in
this area.

2. Results and Discussion

Figure 1a,b presents the main steps of graphene synthesis using
liquid ethanol as a carbon precursor. On the first step the UHV
cleaned Ir(111) and Ru(0001) substrates are off-loaded from the
UHV system and then liquid ethanol is immediately dropped
on the surface under slow flow of N2 gas, that stimulates the
gentle evaporation of the liquid during ≈1 min. After this, sin-
gle crystals of metals with very thin layer of adsorbed C2H5OH
molecules are introduced in the load-lock and quickly pumped
down to ≈5 × 10−8 mbar and then introduced in the UHV prepa-
ration chamber for further thermal treatments. The following
annealing of these systems at 250 − 300 °C leads to the cleav-
age of the C2H5OH molecules into C2H4/C2H2 and H2O with
the desorption of the water molecules. With increasing of the
substrate temperature the remaining adsorbed C2H2 molecules
start to decompose with desorption of H2 and the formed carbon
dimers start to agglomerate into the graphene fragments. Fur-
ther increase of the annealing temperature leads to the assembly
of these graphene fragments into the complete graphene layer
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Figure 2. XPS spectra collected “before” and “after” rinsing UHV cleaned Ir(111) in liquid ethanol as well as during stepwise annealing of the sample
for graphene synthesis: a) Ir 4d and C 1s, high-resolution b) C 1s and c) O 1s. d) Extracted peak intensity and fwhm for the C 1s XPS line during stepwise
annealing of the sample obtained “after” rinsing UHV cleaned Ir(111) in liquid ethanol. Numbers in plot (d) mark the sequence of annealing steps at
1000 °C.

and the final high-temperature annealing at 1000 °C drives the
formation of the large-scale high quality graphene layer.

The results of the LEED and STM experiments confirm the
high quality of obtained graphene layers on Ir(111) and Ru(0001)
(Figure 1c,d). After UHV cleaning, both Ir(111) and Ru(0001) sur-
faces demonstrate clear hexagonal LEED spots of three-fold sym-
metry without any additional diffraction spots around the (0,0)
spot indicating the cleanness and high ordering of the prepared
metallic surfaces. In the large scale STM images the wide terraces
with monoatomic steps are observed on surfaces of both metal-
lic crystals. At the same time the clear hexagonal arrangement of
atoms is observed in small scale atomically resolved STM images.

For the samples obtained after the high-temperature anneal-
ing step the clear LEED spots which can be assigned to the
moiré structure of the corresponding graphene-metal interface
are observed in accordance with previous studies.[15,19–21] The ori-
gin of the observed moiré structure is the lattices mismatch be-
tween graphene (2.46 Å) and metallic surfaces, Ir(111) (2.715 Å),
and Ru(0001) (2.71 Å). The studied interfaces have periodici-
ties of (10 × 10)-gr/(9 × 9)-Ir(111) and (13 × 13)-gr/(12 × 12)-
Ru(0001) (or (25 × 25)-gr/(23 × 23)-Ru(0001)), respectively. The
presented large-scale STM images demonstrate very high degree
of crystalline order of the formed graphene layers on Ir(111)
and Ru(0001). According to the presently accepted considera-
tion, carbon atoms of graphene are adsorbed on surfaces of 4d
and 5d transition metals in different high symmetry positions,
which are called fcc-hcp (ATOP), top-fcc (HCP), top-hcp (FCC), and
BRIDGE (marked by the respective first capital letter in atom-
ically resolved images). The previous analysis of the electronic
structure of gr/Ir(111) and gr/Ru(0001) allowed to assign these

systems to the so-called weakly and strongly interacting graphene-
metal systems. Thus, in STM experiments at low bias voltages the
electronic contributions prevails in the imaging of graphene on
Ir(111), whereas the topographic contribution define the imag-
ing contrast for graphene on Ru(0001). The recent systematic
combined STM/DFT (density functional theory) studies demon-
strate that the gr/Ir(111) interface is imaged at low bias voltages
in the so-called inverted contrast, whereas STM of gr/Ru(0001)
shows the topographic corrugation of the respective graphene
lattice.[21,22] The extracted corrugations of graphene at the cho-
sen scanning parameters in Figure 1c,d are 65 and 109 pm for
gr/Ir(111) and gr/Ru(0001), respectively.

Figure 2 shows XPS spectra acquired at several annealing steps
during synthesis of graphene on Ir(111): a) energy region which
includes Ir 4d and C 1s and high-resolution b) C 1s and c) O 1s
spectra. Initially, the UHV cleaned Ir(111) demonstrates the clear
4d spin-orbit split doublet with absence of any trace of C 1s and
O 1s signals (“before”). After ex situ rinsing of Ir(111) crystal
in liquid ethanol, the obvious XPS signals assigned to carbon
and oxygen atoms are observed (“after”). At the same time the
intensities of the Ir-related XPS peaks are significantly reduced
due to the attenuation of photoemission signal of substrate in
the ethanol thick film. The corresponding fit of the C 1s spec-
trum (after subtraction of a background induced by the Ir 4d
emission) is shown in Figure S1 (Supporting Information). Ac-
cording to the previous studies on the adsorption of ethanol
molecules on surfaces of 4d and 5d metals,[23,24] carbon atoms
in the methyl (H3C−) and hydroxymethyl (−CH2OH) groups
should give two photoemission signals separated by ≈1 eV. In
case of the C2H5OH adsorption on Ir(111) at 160 K these peaks
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Figure 3. XPS spectra collected “before” and “after” rinsing UHV cleaned Ru(0001) in liquid ethanol as well as during stepwise annealing of the sample
for graphene synthesis: a) Ru 3d and C 1s, high-resolution b) Ru 3d3/2 and c) O 1s. In the bottom part of (b) the intensity difference and the respective
result of the fit routine corresponding to the C 1s emission from the formed graphene on Ru(0001) is presented.

are located at 284.9 eV and 285.8 eV, respectively.[24] For the sec-
ond “physisorbed” ethanol layer these energies are 285.6 and
286.7 eV, correspondingly. In the present case of thick ethanol
film on Ir(111) two broad peaks at 284.7 and 285.25 eV can be
assigned to the layer in contact with Ir(111) and thick layer of
C2H5OH molecules on top, respectively. Two additional C 1s XPS
peaks at 287.73 and 288.95 eV can be assigned to C=O fragments
adsorbed on Ir(111) and on thick ethanol film and arising from
the reaction (decomposition) of ethanol molecules and underly-
ing metal substrate. This is also supported by the absence of these
emission lines after initial annealing steps. The O 1s XPS spec-
trum measured after rinsing of Ir(111) in ethanol shows a single
broad peak located at 531.45 eV similar to previous results on
low-temperature adsorption of C2H5OH on Co(0001).[25]

The thermal annealing of thick C2H5OH film on Ir(111) at
250 °C leads to the significant modification of the O 1s and C 1s
spectra. As can be seen the photoemission intensity measured
in the energy range corresponding to the oxygen-related emis-
sion demonstrates the absence of any peaks, clearly indicating
the cleavage of any C-O bonds in the adsorbed thick ethanol layer
and desorption of oxygen from the surface in the form of H2O.
This is a substantial finding for the present study as it demon-
strates the importance of initial low-temperature annealing of the
ethanol/Ir(111) system which leads to the ethanol decomposition
and desorption of all O-related fragments from the surface.

According to presented XPS results, the C 1s emission is also
significantly modified after 250 °C annealing step. As can be
seen, the emission which was previously associated with C=O
fragments is completely absent in the XPS spectrum. Addition-
ally, the broad XPS peak previously assigned to the C2H5OH

molecules in the thick ethanol film is now completely rearranged
to the double-peaks structure with peaks positions at 284.16 and
285.04 eV, respectively, according to the fit results presented in
Figure S1 (Supporting Information). Here, the former peak can
be assigned either to adsorbed C2H2 molecules or to C-C dimers
and the later peak is due to the C2H4 molecules, which are formed
during cleavage of C2H5OH and desorption of H2O and H2. This
assignment is supported by further C 1s XPS data obtained for
samples after next annealing steps. In this case, as can be de-
duced from the data, the intensity of the peak at 285.04 eV is grad-
ually reduced with the annealing temperature, whereas the inten-
sity of the peak at 284.16 eV is increased at the same time. This is
also clearly reflected in the peak intensity and value of full width
at half maximum (fwhm) of the C 1s line as a function of anneal-
ing temperature presented in Figure 2d. Finally, the annealing at
1000 °C leads to the formation of the high-quality graphene layer
which is characterized by the single C 1s XPS line and well or-
dered LEED and STM. Here, three consecutive annealing steps
at 1000 °C were used for improving the quality of graphene.

The similar XPS results on the ethanol adsorption and decom-
position and formation of the gr/Ru(0001) system are presented
in Figure 3: a) energy region which includes Ru 3d and C 1s, b)
analysis of the Ru 3d3/2 spectra before and after graphene syn-
thesis and c) O 1s XPS spectra. In the present experimental con-
ditions of the more bulk-sensitive XPS experiments the detailed
analysis of the C 1s XPS line for this system is complicated due to
the strong overlap of this line with Ru 3d3/2 and the larger cross-
section for the photoemission process in the later case.[15,26] How-
ever, as can be seen, the rinsing of the UHV cleaned Ru(0001)
crystal in liquid ethanol leads to the intensity decrease of the
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Figure 4. ARPES intensity maps for gr/Ir(111): a) along direction perpendicular to Γ − K, b) along Γ − K direction, and c) constant energy cuts at different
binding energies. All data are extracted from the 3D data set I(EB, kx, ky) measured at room temperature around the K-point of the graphene-derived
Brillouin zone.

Ru 3d emission and appearance of the low-energy shoulder for
the 3d3/2 component (cf. “before” and “after” in Figure 3a). At the
same time the O 1s XPS signal for the sample obtained “after”
rinsing Ru(0001) demonstrate double peak structure. The broad
peak at ≈531.3 eV is very similar to the one observed for the ad-
sorption of thick ethanol film on Ir(111) and the sharp peak at
529.6 eV can be assigned to the oxygen atoms adsorbed on the
surface from the ambient environment during Ru(0001) rinsing
in liquid ethanol.[25]

Thermal annealing of thick ethanol film on Ru(0001) leads
to the similar effects as discussed before for the Ir(111) sub-
strate. As can be seen the O 1s XPS signals which originate from
ethanol and adsorbed oxygen disappear from the XPS spectra at
slightly higher temperature and sample obtained after anneal-
ing at 800 °C and higher does not show any trace of this signal
(Figure 3c). At the same time, this step-by-step annealing to the
high temperature leads to the almost complete restoring of inten-
sity for the Ru 3d XPS lines (Figure 3a,b). Two XPS spectra—for
clean Ru(0001) (“before”) and after annealing at 1000 °C—with
intensities normalized for the Ru 3d5/2 line and presented for
the binding energy range corresponding to Ru 3d3/2 are shown
in Figure 3b. After subtraction of the “before” XPS spectrum
from the one collected after annealing step at 1000 °C, the XPS
intensity corresponding to the C 1s line for gr/Ru(0001) can
be extracted. Despite the low signal/noise ratio (determined by
the experimental conditions discussed earlier), the characteristic
double-peaks shape of C 1s for gr/Ru(0001) is obtained. The re-
spective peaks obtained after fit routine are located at 285.25 and
283.95 eV and correspond to strongly (FCC and HCP) and weakly
bonded (ATOP) regions of graphene with Ru (Figure 1d).[7,20,26]

The relatively large discrepancy between present value for the
later peak and previously obtained values is due to the experi-
mental factors limiting the accuracy in determining the precise
position of the C 1s XPS line in this case.

The electronic structure of the formed graphene layers was
studied using ARPES and these results are summarized in
Figures 4 and 5 for gr/Ir(111) and in Figures 6 and 7 for
gr/Ru(0001), respectively. As was discussed earlier the gr/Ir(111)
interface is considered as a representative case of the weakly
interacting graphene-metal interface. This is due to the rela-
tively large distance between graphene and interfaces Ir atoms
of ≈3.3 Å caused by the weak adsorption energy and small p-
doping of graphene on Ir(111).[21,27] The absence of the strong
energy- and real-space-overlap of the graphene 𝜋 states and Ir-
derived states leads to the observation of the linear dispersion
of the graphene 𝜋 band in the vicinity of the Fermi level and K-
point of the graphene-derived Brillouin zone (Figure 4a,b). Ac-
cording to LEED and STM data, the lattice mismatch between
graphene and Ir(111) lattices leads to the formation of the moiré
structure which is reflected in the appearance of the so-called
replica graphene bands observed in ARPES data and formation of
the mini-gaps at ≈−0.72 and ≈−1.73 eV according to the avoid-
crossing mechanism. Using the linear approximation for the dis-
persion of the graphene 𝜋 bands around the K-point the position
of the Dirac point is always estimated as ≈+100 meV above the
Fermi level and the bands dispersion in this energy region was
never studied in details.

Figure 5a,b shows the ARPES intensity maps for the high qual-
ity gr/Ir(111) system acquired at 10 K and c) the respective com-
parison of the intensity profiles for the K-point at 10 and 300 K.
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Figure 5. ARPES intensity maps for gr/Ir(111): a) along direction perpendicular to Γ − K and b) along Γ − K direction. All data are extracted from the 3D
data set I(EB, kx, ky) measured at 10 K around the K-point of the graphene-derived Brillouin zone. c) ARPES intensity profiles for the K-point obtained at
10 and 300 K.

Figure 6. ARPES intensity maps for gr/Ru(0001): a) along direction perpendicular to Γ − K, b) along Γ − K direction, and c) constant energy cuts at
different binding energies. All data are extracted from the 3D data set I(EB, kx, ky) measured at room temperature around the K-point of the graphene-
derived Brillouin zone.

Adv. Mater. Interfaces 2023, 10, 2300468 2300468 (6 of 10) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. ARPES intensity maps for sample obtained after prolonged an-
nealing of gr/Ru(0001): a) along direction perpendicular to Γ − K and
b) alongΓ− K direction. All data are extracted from the 3D data set I(EB, kx,
ky) measured at 10 K around the K-point of the graphene-derived Brillouin
zone.

Following the low-temperature ARPES data, one can clearly see
that linear dispersion of graphene 𝜋 states is observed up to
≈−60 meV and above this energy the new state is detected, which
can be assigned to the Ir surface state (resonance).[28,29] Following
this consideration a respective interaction leads to the hybridiza-
tion (energy- and real-space overlap) of the graphene 𝜋 band and
Ir surface state with an energy gap which is formed directly at
the Dirac point of the graphene’s band structure. In other words,
in the present case of the gr/Ir(111) system we can consider the
band gap formation as a joint effect of a broken symmetry for two
carbon sublattices in a graphene layer on a metallic substrate and
hybridization of the graphene 𝜋 band with Ir-derived surface state
due to energy-, wave-vector-, and real-space-overlap effects.

The gr/Ru(0001) system is a representative case of the strongly
interacting graphene-metal interface. In this system, the large n-
doping of graphene is observed with the relatively large adsorp-
tion energy of graphene on Ru and the decreased distance be-
tween graphene and interface Ru atoms compared to previously
considered gr/Ir(111). The minimal C-Ru distance in this system
is ≈2.1 Å (corrugation is 1.27 Å) leading to the effective and rel-
atively strong hybridization of electronic states of graphene and
Ru at the interface. Such an effect leads to the fact that the lin-
ear dispersion of graphene 𝜋 states in the vicinity of the Fermi
level and the K-point is completely destroyed and a series of the
gr-Ru hybrid states is formed as can be observed in the pre-

sented ARPES data (Figure 6a,b). These states can be identified
at ≈−3.9 and ≈−2.7 eV. The sharp state observed at ≈−1.15 eV
can be identified as a surface state (resonance) of Ru(0001).[30]

Generally, the band maxima/minima for 𝜋/𝜋* states are observed
at −4.72 eV/−1.02 eV, respectively, forming the band gap for
graphene states at the K-point of 3.7 eV. The broadening and the
cloud-like shape for these states is caused by the different inter-
action strength of carbon atoms with Ru substrate atoms in the
strongly corrugated gr/Ru(0001) system. However, the accurate
analysis of the constant energy cuts taken at different binding en-
ergies for this system and presented in Figure 6c allows to iden-
tify the graphene-derived 𝜋 states and their dispersion in a wide
range of energies up to the Fermi level position.

It is interesting to note that the prolonged annealing of the al-
ready synthesized 1 ML-gr/Ru(0001) system leads to the forma-
tion of the small fragments of the 2nd graphene layer on top. The
formation of this second layer cannot be distinguished either in
the XPS experiments using the present experimental conditions
nor in LEED. However, our ARPES measurements performed
at low-temperature allows to identify this second monolayer, for
which the energy dispersion of the respective 𝜋 band is clearly vis-
ible and have a linear dispersion in the whole measured energy
range (Figure 7). The binding energy difference between 𝜋 bands
corresponding to the 1st and 2nd graphene layers is 2.64 eV at
kx = 0.3 Å−1. It is found that the 2nd graphene layer is p-doped
and after extrapolation of the linear dispersion for the graphene 𝜋
band of the 2nd layer its Dirac point position is estimated as 0.43
± 0.02 eV above the Fermi level position, which is in a rather good
agreement with the previously obtained value for the AA-stacked
graphene layers on Ru(0001) (w.r.t. the 1st graphene layer).[31]

In order to prove the experimental findings on the electronic
structure of gr/Ir(111) and gr/Ru(0001) interfaces, the respec-
tive density functional theory (DFT) calculations were performed.
Figure 8 shows the calculated band structure of a graphene layer
on Ir(111) and Ru(0001) (in comparison with the clean Ir(111)
and Ru(0001) surfaces) for the corresponding supercell and then
unfolded to the primitive (1 × 1) unit cell of graphene (see also
Figure S2, Supporting Information). In the case of gr/Ir(111)
the dispersion of the graphene-derived 𝜋-states in the vicinity of
the Fermi level can be easily distinguished. A clear p-doping of
a graphene layer is detected with the calculated position of the
Dirac point of ED − EF = 80 meV, that is in agreement with the
experimental results presented above. In the energy range below
EF and in the vicinity of the K-point of the graphene-derived BZ
the linear dispersion of the graphene 𝜋 bands is conserved due
to the absence of the energy- and wave-vector-overlap at the K
point of the valence band states of graphene and Ir. The effect
of hybridization is only observed directly at EF where graphene
𝜋 states interact (hybridize) with the dz2 surface state of Ir(111)
(Figure 8a) that leads to the opening of the band gap of 260 meV.
The formation of the graphene moiré structure in this system and
the respective weak long-range modulation potential lead to the
appearance of the respective replica 𝜋 bands in the band struc-
ture, and several energy mini-gaps are open due to the “avoided-
crossing” mechanism.

In case of the graphene/Ru(0001) system graphene is strongly
n-doped. The doping of graphene leads to the effective increase of
the dispersive interaction at the interface allowing a strong over-
lap of the valence band states of graphene and metal (Figure 8c).
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Figure 8. Band structures of a) Ir(111), b) gr/Ir(111), c) Ru(0001), and
d) gr/Ru(0001) in the vicinity of the K point as obtained with DFT. In (a,c),
the surface state of Ir and Ru are highlighted. In (b,d), the unfolding pro-
cedure for the graphene (1 × 1) primitive cell was employed (see text for
details).

The energy-, real-space-, and k-space-overlap of the metal d and
graphene-derived 𝜋-orbitals leads to the formation of several hy-
brid states and the linear dispersion of graphene 𝜋 states in the
vicinity of the Fermi level and the K-point is completely destroyed
(Figure 8d), indicating excellent agreement with the above exper-
imental data.

3. Conclusion

In the present study, we developed an easy and quick method to
synthesize the high-quality complete graphene layers on metal-
lic surfaces, Ir(111) and Ru(0001). In this approach the vacuum-
cleaned metallic substrates were immersed in liquid ethanol and
then controllably annealed until graphene layers are formed. Our

systematic spectroscopic studies using XPS indicate the impor-
tance of the controllable desorption of oxygen atoms from the
system that allows to leave unreacted hydrocarbon fragments
which later are converted to the complete graphene layer. Our
low-temperature ARPES experiments confirm the high quality
of graphene layers allowing to trace the fine electronic structure
modifications of graphene on metallic substrates compared to the
free-standing case. Our approach on the graphene synthesis on
metallic substrates offers a reproducible and easy way to produce
high quality graphene layers which can be attractive for graphene
studies where large scale graphene production is demanding.

4. Experimental Section
All experiments were performed in the experimental station for
XPS/ARPES studies installed at the Shanghai University. This station con-
sists of two chambers, preparation and analysis, with a base pressure bet-
ter than 1 × 10−10 mbar (SPECS Surface Nano Analysis GmbH). The first
one was equipped with standard preparation instruments allowing single
crystals preparation using Ar+-ions sputtering and annealing, and with 4-
grids LEED optics combined with the CCD-camera for sample structural
characterization. XPS and ARPES spectra were measured at different tem-
peratures using a monochromatized Al K𝛼 (h𝜈 = 1486.6 eV) X-ray source
FOCUS 500 and He II𝛼 (h𝜈 = 40.81 eV) UV source UVS 300/TMM 304. Lin-
early polarized UV-light with a degree of polarization of >80% was used
in all ARPES measurements (p-polarization on the sample surface). For
all ARPES experiments samples were placed on the fully motorized 5-axis
manipulator equipped with close cycle liquid He cryostat for sample cool-
ing and data were collected using SPECS PHOIBOS 150 hemispherical
analyzer with a scanned angle lens (SAL) option and combined with a
2D-CMOS detector. In such combination the SAL scanning (𝛼 angle) was
performed using electrostatic lenses of PHOIBOS 150 along the partic-
ular direction of the Brillouin zone for the azimuthally pre-aligned sam-
ple and perpendicular to the entrance slit of the hemispherical analyzer
(𝜃 angle). In this case, a 3D stack of 2D photoemission intensity maps
[2D I(Ekin, 𝜃) → 3D I(Ekin, 𝛼, 𝜃)] was used to produce the 3D data set
I(EB, kx, ky) via corresponding transformations, which was further used
in the analysis of the electronic structure of the studied material (Ekin and
EB were kinetic and binding energies of electrons, respectively).

After XPS/ARPES experiments, both gr/metal samples were transferred
to the STM experimental station using vacuum suitcase. In this station,
samples were thermally refreshed at 500 °C for 15 min. In the STM ex-
periments, a custom-designed commercial low-temperature STM system
(Bosezi (Beijing) Co. Ltd.) was used for in situ characterization under UHV
conditions at base pressures below 1 × 10−10 mbar. The Nanonis Control
system was used in all STM experiments; bias voltages (UT) and tunnel-
ing currents (IT) were specified in figure captions. Data postprocessing
and images preparations were performed using WsXM software.[32]

In this experiment, Ir(111) and Ru(0001) single crystals (MaTecK
GmbH) were cleaned using cycles of Ar+-ions sputtering (1 × 10−6 mbar,
1.5 kV, 15 min) and annealing (T = 1000 C, 10 min). The final flash-
annealing step up to>1800 °C was always used prior further XPS or ARPES
experiments leading to clean and ordered surface of single crystals as con-
firmed by LEED, XPS, and STM. Further steps on graphene synthesis were
discussed in the text.

DFT calculations based on plane-wave basis sets of 400 eV cutoff energy
were performed with the Vienna ab initio simulation package (VASP).[33,34]

The Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional[35]

was employed. The electron-ion interaction was described within the pro-
jector augmented wave (PAW) method[36] with C (2s, 2p), Ir (5d, 6s), and
Ru (4d, 5s) states treated as valence states. The Brillouin-zone integra-
tion was performed on Γ-centered symmetry reduced Monkhorst–Pack
meshes using a Methfessel–Paxton smearing method of first order with
𝜎 = 0.2 eV, except for the calculation of densities of states. For those calcu-
lations, the tetrahedron method with Blöchl corrections[37] was employed.

Adv. Mater. Interfaces 2023, 10, 2300468 2300468 (8 of 10) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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The k-mesh for sampling the supercell Brillouin zone was chosen to be
6 × 6 × 1. Dispersion interactions were considered by adding a 1/r6 atom-
atom term as parametrized by Grimme (“D2” parametrization).[38] The
graphene/metal interfaces studied in the present work were considered in
the supercell geometry due to the relatively lattice sizes mismatch between
graphene and underlying metal. Each of such supercell is constructed from
a slab of five layers of metal, a graphene layer adsorbed on one (top) side
of a metal slab and a vacuum region of more than 20 Å. The lattice con-
stant in the lateral plane was set according to the optimized value of bulk
metal (aIr(111) = 2.723 and aRu(0001) = 2.703 Å).[39] The used supercells
have a (10 × 10) lateral periodicity with respect to the graphene layer and
(9 × 9) periodicity with respect to the unit cell of the Ir(111) surface in the
case of gr/Ir(111) and a (13 × 13) lateral periodicity with respect to the
graphene layer and (12 × 12) periodicity with respect to the unit cell of the
Ru(0001) surface in the case of gr/Ru(0001). The positions (x, y, z coordi-
nates) of C atoms as well as z-coordinates of the two topmost layers of the
substrate were fully relaxed until forces became smaller than 0.02 eV Å−1.
The band structures calculated for the studied systems were unfolded to
the graphene (1 × 1) primitive unit cells according to the procedure de-
scribed in Refs. [40, 41] with the code BandUP. The size of the point in the
respective figures presenting the unfolded band structure gives the infor-
mation about the number of primitive cell bands crossing particular (k, E)
in the unfolded procedure, that is, the partial density of states at (k, E).
The pristine metal surfaces were modeled by symmetric slabs consisting
of 43 metal layers and a 24 × 24 × 1 k-mesh was used.
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