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In our manuscript we demonstrate an easy and technologically relevant approach to the successful growth
of monolayer and multilayer graphene layers on polycrystalline nickel (Ni-poly) substrates using liquid
ethanol (C,HsOH) as a carbon precursor. The ex situ immersed in liquid ethanol Ni foils were
subsequently in situ thermally annealed in UHV conditions. The graphene formation process and the
layer's quality are analyzed using X-ray spectroscopy techniques (XPS and NEXAFS) as well as Raman
spectroscopy, complemented by scanning electron microscopy for morphology assessment. This study
demonstrates that graphene growth occurs through the decomposition of C,HsOH molecules at low
annealing temperatures, partially releasing —OH and H,O, followed by the formation of C-C dimers,
which aggregate into graphene layers at high annealing temperatures. The role of nickel carbide (Ni,C)
during the graphene synthesis is also discussed. The obtained data provide precise insights into the
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1 Introduction

Graphene is a two-dimensional material composed of carbon
atoms arranged in a honeycomb lattice.”” It exhibits excep-
tionally high electron and hole mobilities,** excellent visible
light transmittance,” and remarkable mechanical stability.®
Additionally, graphene demonstrates strong adhesion to
various substrates. Since its discovery, it has attracted extensive
attention for its potential applications across electronics,
optics, heat management, and mechanics.”® Graphene
synthesis methods can be broadly categorized into mechanical
exfoliation from highly oriented pyrolytic graphite, ultra-high
vacuum pyrolysis of single-crystal SiC, chemical reduction of
graphene oxide, and chemical vapour deposition (CVD), among
others."

The chemical vapour deposition (CVD) method involves the
decomposition of carbon precursor gases, such as ethylene
(CyH,), acetylene (C,H,), or methane (CH,), on catalytically
active metal substrates to promote graphene growth."-** Nickel,
particularly the Ni(111) surface, is widely used as a catalytic
substrate due to its minimal lattice mismatch with graphene
(less than 1%).">** Both monolayer and multilayer graphene
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the layer thicknesses, quality, and electronic structure.

can be grown on nickel substrates at relatively low temperatures
(500-900 °C) via the CVD method.">*® Several factors influence
graphene growth on polycrystalline metals, including surface
pretreatment, hydrocarbon gas flow, and the use of additional
gases such as Ar and H,.**** Moreover, in the nickel-catalyzed
CVD graphene growth, the surface state, temperature, pres-
sure, and heating and cooling rates of the nickel substrate
significantly affect the resulting graphene layers.”*** Dahal
et al.'® demonstrated that temperature is the key factor gov-
erning graphene growth on nickel. Thiele et al.>* investigated
graphene growth on monocrystalline and polycrystalline nickel
substrates, highlighting that smooth monocrystalline nickel
surfaces favour the formation of single or bilayer graphene,
while multilayer graphene tends to form at grain boundaries.
Similarly, Zhang et al* studied atmospheric pressure CVD
growth on nickel, showing that single-layer graphene is formed
on Ni(111) predominantly through a surface catalysis process,
whereas graphene growth on polycrystalline nickel results from
a combination of segregation and surface catalytic equilibrium.
Further studies emphasized the role of the nickel carbide
formed during graphene growth and its role at higher synthesis
temperatures.”®°

In addition to hydrocarbon gases, other precursors such as
gaseous ethanol and acetone have been demonstrated for gra-
phene growth on metallic surfaces using high-temperature
CVD.*"** Building on these findings, a new, faster, and more
straightforward method for growing high-quality single-layer
graphene on metallic substrates - specifically Ir(111) and
Ru(0001) - from liquid ethanol was recently developed.** This
approach follows earlier successful demonstrations of graphene
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synthesis from liquid acetone precursors on Ir(111) and
Rh(111).***¢ The procedure involves immersing a freshly
prepared metallic surface in liquid ethanol, followed by thermal
annealing under ultra-high vacuum (UHV) conditions. An initial
low-temperature annealing step at T = 250-300 °C is crucial,
promoting the cleavage of ethanol molecules and the desorp-
tion of water from the metal surface. Subsequently, the
remaining C,H, molecules decompose at higher annealing
temperatures, leading to carbon dimer aggregation into gra-
phene fragments and eventually forming continuous layers.
Ref. 34 demonstrated that the resulting graphene layers exhibit
high quality, comparable to those produced via standard in situ
CVD synthesis.***” While previous studies focused on mono-
crystalline, well-ordered metallic surfaces, the goal of the
present work is to adapt and evaluate this method for more
practical substrates - specifically, polycrystalline nickel foil -
which holds promise for scalable and high-yield graphene
production.

In this work, we utilize liquid ethanol as a precursor for
graphene growth on cost-effective polycrystalline nickel foil.
The Ni substrate was first cleaned through cycles of Ar'-ion
sputtering and high-temperature annealing under UHV condi-
tions. Following this, the substrate was ex situ immersed in
liquid ethanol and subsequently subjected to stepwise anneal-
ing in an UHV. To monitor the graphene formation process and
evaluate the quality of the resulting layers, we employed a range
of characterization techniques, including X-ray photoelectron
spectroscopy (XPS), near-edge X-ray absorption fine structure
spectroscopy (NEXAFS), and scanning electron microscopy
(SEM). Our findings show that ethanol molecules decompose
under controlled thermal annealing, leading to the formation of
C-C dimers, which aggregate into graphene fragments. This
process is accompanied by the formation of Ni,C, which also
plays a role in the graphene conversion process. Spectroscopic
analysis indicates that graphene layers on polycrystalline Ni foil
form at temperatures around T = 700-800 °C when using liquid
ethanol as a precursor - a range that may be advantageous for
industrial applications. Additionally, we outline potential
improvements for this easy and technologically relevant
method to enhance the quality of the graphene layers grown on
Ni polycrystalline foil.

2 Experimental details

The Ni substrate used in the present work is a 100 pm-thick Ni
foil (purity > 99.99%). Before the experiment, it was ultrasoni-
cally cleaned using ethanol and deionized water successively
(T=50°C, t =30 min) in order to remove contamination on the
substrate surface before being placed in the UHV chamber.
Then it was cleaned in UHV conditions using cycles of Ar" ion
sputtering (p(Ar) =1 x 10° mbar, E, = 1.5 kV, ¢ = 60 min) and
thermal annealing (7 = 1000 °C, ¢t = 60 min). The sample
temperature in all experiments was measured using an infrared
pyrometer. The cleanliness of the Ni polycrystalline substrate
and the absence of any traces of C 1s and O 1s signals were
monitored using XPS of the corresponding core levels.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Laboratory-based XPS experiments were performed in the
experimental station for XPS/ARPES studies installed at the
Shanghai University. This station consists of two chambers,
preparation and analysis, with a base pressure better than 1 x
10~"° mbar (SPECS Surface Nano Analysis GmbH). The first one
was equipped with standard preparation instruments allowing
substrates preparation using Ar'-ions sputtering and annealing,
and with 4-grid LEED optics combined with a CCD-camera for
sample structural characterization. XPS spectra were measured
using a monochromatized Al K,, (hv = 1486.6 eV) X-ray source
FOCUS 500 and SPECS PHOIBOS 150 hemispherical analyzer
combined with a 2D-CMOS detector.

Synchrotron-based XPS and NEXAFS experiments were per-
formed at the EA0O1 endstation of the SMS branch of the FlexPES
beamline (MAX IV synchrotron radiation facility, Lund, Swe-
den).”® Here, all spectra were measured in UHV conditions (base
vacuum is below 1 x 107'° mbar) and at room temperature.
NEXAFS spectra were collected with the partial electron yield
(PEY) detector with a grid repulsive voltage of U = —150 V. XPS
spectra were acquired using a Scienta Omicron DA30-L(W)
energy analyzer.

SEM images were collected ex situ after XPS experiments
using a JSM-IT800 equipped with JEOL In-lens Schottky Plus
field emission electron gun.

Raman spectra of the samples were collected ex situ after the
final annealing step at T = 1000 °C using a Renishaw inVia
Qontor. Samples were illuminated with a laser of wavelength of
532 nm and a power of 100 mW with a 1 pm laser spot. Before
characterization, a standard monocrystalline Si wafer was used
to calibrate the system.

3 Results and discussion

The experimental procedure for synthesizing graphene layers
on polycrystalline Ni foil is illustrated in Fig. 1 (for a detailed
description of the experimental details, see SI). Initially, the Ni
foil is pre-cleaned in air using ethanol and deionized water,
then loaded into an UHV chamber, where it undergoes cycles of
Ar'-ion sputtering and high-temperature annealing. The results
of this UHV-based cleaning process are shown in Fig. S1 of the
SI. XPS spectra of the “as-loaded” Ni foil reveal strong O 1s and

C 1s emission lines, indicating significant surface
UHV cycles of Ex situ immersing Loading in UHV and
Ar+ sputtering and in CoHsOH at RT pumping at RT
T-annealing
¥ ) 4 ////
Ni-poly. Ni-poly. Ni-poly. |
) 4

High-T annealing Low-T annealing
Samples characterization:
XPS, NEXAFS, SEM, < <
Raman spectroscopy oo =

Fig.1 Experimental scheme used in this study for graphene synthesis
on polycrystalline Ni polycrystalline foil from a liquid ethanol
precursor.
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contamination. After multiple cleaning cycles involving Ar*-ion
sputtering and thermal annealing at 7= 1000 °C, an atomically
clean Ni surface is achieved. This is confirmed by the disap-
pearance of the contamination-related emission lines and
a notable increase in Ni 2p and valence band emission signals,
characteristic of a clean metallic surface.

After UHV cleaning, the Ni foil is removed from the vacuum
chamber and immersed in liquid ethanol for 30 seconds, under
a slow nitrogen gas flow to minimize surface contamination.
The foil is then quickly transferred to the load-lock chamber,
where it is evacuated to a vacuum level of 5 x 10~ ® mbar. The
total time the ethanol/Ni system spends in air is kept to
a maximum of approximately 60 seconds. Following this, the Ni
foil with the thick ethanol layer is introduced into the UHV
preparation chamber, where stepwise thermal annealing (both
low- and high-temperature) with an approximate rate of 10° per
minute and the corresponding spectroscopic experiments are
conducted.

Before discussing the spectroscopic results, a series of SEM
images of the system obtained after ethanol deposition on Ni
foil and subsequent high-temperature annealing at 1000 °C are
presented in Fig. 2. Since the surface of the Ni foil was initially
covered by a thick ethanol film, and the system was then
annealed at high temperature, we expect the Ni surface to be
completely covered with monolayer or multilayer graphene by
the end of the process. The observed contrast in the SEM images
is therefore due to variations in the thickness of the graphene
layers on the Ni foil. As previously demonstrated,* the charge
transfer from the metal to graphene layers with different
thicknesses varies, resulting in different work function values
and hence colour contrast differences in the SEM images. The
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non-uniformity in graphene coverage is clearly visible in the
SEM images (Fig. 2), with lighter or brighter areas correspond-
ing to regions with thinner graphene or lower work functions,
and darker areas representing regions with more graphene
layers. Based on these observations (and further discussed
below), it can be concluded that the high-temperature anneal-
ing predominantly results in multilayer graphene coverage on
the Ni foil, with the fraction of monolayer graphene not
exceeding 10-15%. Additionally, prolonged thermal annealing
leads to the formation of a carbidic phase (Ni,C) at the surface,
with several fragments likely identifiable in the SEM images (see
Fig. 2, top-right image). The respective Raman spectra collected
ex situ for different places on the graphene/Ni-foil sample (after
the final annealing steps at 7= 1000 °C) are presented in Fig. 3.
As expected, the corresponding Raman spectrum of multilayer
graphene shows two intense Raman features, which are
assigned to G (=1584 cm ') and 2D (=2670 cm ') peaks. Also
observed are strong D (=1337 cm ') and D’ (=1624 cm™ )
peaks, which are activated by defects such as in-plane hetero-
atom substitutions, vacancies, or grain boundaries.*>** Along
with that, no Raman graphene-related peaks are found for the
sample's places assigned to the Ni,C fragments.

The detailed information on the ethanol decomposition and
the formation of a graphene layer on Ni polycrystalline foil was
obtained through a series of XPS and NEXAFS experiments, the
results of which are compiled in Fig. 4 and 5. Both figures
present the respective spectra collected after the corresponding
annealing steps of the ethanol/Ni-poly system. Previous studies
have provided detailed insight into the adsorption and
decomposition behavior of ethanol molecules on transition-
metal surfaces. On Pt(111), a submonolayer (0.44 ML) of

— 5pm

— 2pum

Fig.2 Series of SEM images taken after the final annealing step at T = 1000 °C of the thick ethanol layer on Ni polycrystalline foil. Scale bars are

provided for each image.
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Fig. 3 Raman spectra (a) collected at different places of the graphene/Ni-poly sample marked by the circle of the respective color in the SEM

image (b).

ethanol molecules adsorbed at 100 K undergoes stepwise
dehydrogenation through an acetyl intermediate, yielding CO
and CH, upon heating,** while on Cu surfaces, molecular
ethanol first forms stable ethoxy species that dehydrogenate
into acetaldehyde without complete dissociation.*® In contrast,
Ni surfaces exhibit much higher catalytic activity, where ethanol
rapidly decomposes via «a—-C-H bond cleavage to produce CHy,
CO, and surface carbide species such as Ni,C.** These results
demonstrate that Ni favours deep dehydrogenation and carbide
formation, processes that are directly relevant to the ethanol-
assisted graphene growth investigated in this work.

In our experiments, after ex situ rinsing of the Ni poly-
crystalline foil in liquid ethanol, distinct XPS signals attributed
to carbon and oxygen atoms are observed (“RT”, room
temperature) (Fig. 4(a—c)). Meanwhile, the intensities of the Ni
2p XPS peaks are significantly reduced (¢f. Fig. 4(d) and S1 of the
SI) due to the attenuation of the photoemission signal from the
substrate caused by the thick ethanol film. The corresponding
“RT” C 1s spectrum (Fig. 4(c)) shows two photoemission peaks
at 289.3 eV and 285.91 eV, which can be assigned to ethanol
molecules directly in contact with the surface of the Ni foil and
to the thick layer of C,HsOH molecules on top, respectively. A
similar pattern was observed for a thick ethanol film on
Ir(111),** although the peaks were located at slightly lower
binding energies due to the weaker interaction between
C,H50H and Ir compared to the Ni surface. In addition, the O 1s
XPS spectrum of the thick ethanol film on Ni foil reveals two
emission components at 529.87 eV and 532.09 eV, which can be
attributed to the oxidation of the Ni surface*>*¢ and to the thick
layer of ethanol molecules on top,*” respectively.

The C K-edge NEXAFS spectrum of the thick ethanol film on
Ni foil (bottom spectrum in Fig. 5) reveals several pronounced
features that can be assigned to C1s—m , at 285.02 €V,
C1s— g, at288.22 eV, C 1s—>a,_ at 292.27 eV, and a broad
shoulder for C1s—og , above 297 eV.®% The observed
difference between normal incidence (NI) and normal emission
(NE) spectra, however, is not very pronounced due to the

© 2025 The Author(s). Published by the Royal Society of Chemistry

absence of a preferential orientation of the C,HsOH molecules
in the thick ethanol film on Ni foil.

The first annealing step at 7 = 250 °C of the thick ethanol
film on Ni foil leads to dramatic changes in the XPS and NEX-
AFS spectra (see Fig. 4 and 5). First, the previously observed
strong O 1s emission becomes much less prominent, showing
areduction in total intensity by a factor of =10 (both peak- and
integral-intensity values), while the intensity of the Ni 2p line
significantly increases. The binding energy of this O 1s line
remains unchanged after this low-temperature annealing. At
the same time, the integral intensity of the C 1s peak is reduced
by a factor of 1.4, with a shift of this line (accompanied by
a small shoulder on the right-hand side) to lower binding
energies by =0.6 eV. A similar conclusion can be drawn from
the analysis of the respective NEXAFS spectra, where the
intensity of the C1s—m_, feature is significantly reduced
(second spectrum from the bottom in Fig. 5). These observa-
tions indicate that this low-temperature (250 °C) annealing step
is crucial for the cleavage of the ethanol molecules, partially
removing -OH and H,0, and leaving carbon-based fragments
on the surface of the Ni foil. A similar observation has been
made in several previous studies on the decomposition of
oxygen-containing liquid precursors used for the synthesis of
graphene on metallic surfaces.***® However, compared to
previously studied systems, where 4d- or 5d-metals were
immersed in liquid ethanol, the ethanol/Ni-foil system
demonstrates the presence of oxygen even after the first
annealing step (as well as after the next two at higher annealing
temperatures), suggesting a stronger interaction between the
surface of the Ni polycrystalline foil and the ethanol molecules,
as well as the resulting carbon-based fragments. Such an
interaction might also lead to the slight oxidation of the surface
Ni atoms of the metallic foil as manifested by the presence of
the weak O 1s peak, which disappears at higher annealing
temperatures (see discussion below).

Further annealing steps at T = 400 °C and T = 600 °C lead to
a continuous reduction in the oxygen concentration in the
studied system, accompanied by the gradual shift of the C 1s

RSC Adv, 2025, 15, 47938-47945 | 47941
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Fig. 4 XPS spectra collected after each annealing step of the thick
ethanol layer on Ni polycrystalline foil: (a) survey, (b) O 1s, (c) C 1s, (d) Ni
2p, (e) valence band. Photon energy used in the experiment is hy =
1486.6 eV (Al K,). Annealing temperatures, marked in panel (c),
increase from bottom to top in each panel. Each annealing step lasted
for 30 minutes. Last three spectra in every panel were collected after
similar annealing at T = 1000 °C.

peak to lower binding energies of 284.86 eV and 284.81 eV,
respectively (Fig. 4). In parallel, the corresponding NEXAFS
spectra show significant transformation of the respective X-ray
absorption features, with the formation of graphene-related
C1s—m, o and C1s—op , features at =285.3 eV and
~292.1 eV, respectively, being promoted during these anneal-
ing steps (Fig. 5).

The annealing of the studied system at T'= 800 °C leads to
the formation of ordered graphene layers on top of the Ni
polycrystalline foil. This is evidenced by the complete desorp-
tion of oxygen, as indicated by the absence of the respective O 1s
XPS spectra, as well as by the narrowing of the C 1s spectrum,
which suggests the structural uniformity of the carbon layer on
the Ni foil (Fig. 4). However, the extracted value for the FWHM
(full width at half maximum) of the C 1s line measured after this
annealing step is 0.99 eV, indicating the multicomponent
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Fig. 5 Series of C K NEXAFS spectra collected after each annealing
step of the thick ethanol layer on Ni polycrystalline foil. Annealing
temperatures are indicated for each absorption spectrum. Each
annealing step lasted 30 minutes. Normal incidence (NI) and normal
emission (NE) correspond to the angles between the direction of the
linear polarization of the incoming light and the normal to the sample's
surface of & = 90° and o = 48°, respectively.

nature of this line. This corresponds to formation of single- and
multilayer graphene on the Ni foil, which supports our
conclusions from the SEM experiments on this system. At the
same time, the formation of Ni,C is observed, as revealed by the
well-developed shoulder located at =283.7 eV in the C 1s
spectrum.*>*

The formation of predominantly multi-layer graphene
coverage on the Ni polycrystalline foil after the annealing step at
T = 800 °C is also confirmed by the respective C K NEXAFS
spectrum (Fig. 5). First, the well-pronounced C 1s— T,  and
C 1s—o,,_ sharp features at 285.42 eV and 291.82 eV, respec-
tively, are observed, indicating the high structural ordering of
the graphene layer on the Ni foil. Second, the representative
double-peak structure for the C1s—o, , transition is
observed, again pointing to the formation of well-ordered

© 2025 The Author(s). Published by the Royal Society of Chemistry
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graphene layers.>*™* The respective energy difference between
the above-described graphene-related transitions is 6.4 eV,
which is very close to the value observed for free-standing gra-
phene as well as the value obtained from calculations,**** and
differs from the reduced value for this energy difference char-
acteristic of the 1 ML-thick graphene/Ni(111) interface.””*® As
noted earlier, the formation of Ni,C can also be identified in the
NEXAFS spectrum as the shoulder observed on the low-energy
side of the C 1s—>m,_, peak at 283.8 eV, which also correlates
with the respective XPS data for this system.

As can be seen, the pronounced annealing of the formed
graphene layers on the Ni foil at T = 1000 °C leads to the
intensive dissolution of carbon atoms in the Ni polycrystalline
foil, resulting in the subsequent formation of a significant Ni,C
fraction in the studied samples. This can be deduced from the
respective C 1s XPS and C K NEXAFS spectra collected after
three consecutive annealing steps at the same temperature of

= 1000 °C, indicating the steady state in the C-Ni system.
Thus, the optimal temperature range for the formation of gra-
phene layers on Ni polycrystalline foil spans 700-800 °C. Here,
the role of Ni,C at different annealing temperatures can be
considered multifaceted. At low annealing temperatures (<700-
800 °C), the formed Ni,C randomly distributed in islands may
act as a dynamic carbon reservoir, releasing carbon atoms
during annealing and providing localized carbon sources for
graphene growth (i.e., at these conditions Ni,C can be consid-
ered as an intermediate product). At high annealing tempera-
tures (>700-800 °C), under fixed carbon supply conditions (fixed
volume of the ethanol drop, as in the present experiment), this
leads to carbon starvation, resulting in reduced graphene
domain sizes and the formation of voids on the sample's
surface. Consequently, the high-temperature annealing process
at T = 1000 °C not only fails to enhance the quality of the gra-
phene layer but also interferes with the growth process. Thus, at
high annealing temperatures, Ni,C can be considered as
a byproduct of graphene growth on Ni foil. This supports the
conclusion about the optimal synthesis temperature for the
graphene growth on the Ni polycrystalline foil. However, further
intensive studies in this direction are required that will lead to
the synthesis of high quality graphene layers on polycrystalline
metallic supports using liquid precursors.*

4 Conclusions

In conclusion, we demonstrated that multilayer graphene can
be easily and quickly synthesized on Ni polycrystalline foil from
a liquid ethanol precursor. It was found that low-temperature
annealing is an essential step, leading to the cleavage of
C,H;0H molecules, followed by the partial removal of -OH and
H,O from the system. Further annealing steps lead to the
transformation of carbon fragments and carbon dimers into
graphene mono- and multi-layers, as deduced from the XPS,
NEXAFS, and SEM analyses. It is found that the optimal
temperature for graphene synthesis on Ni foil is in the range of
700-800 °C, which can be easily adopted in various technolog-
ical processes, where graphene layers can be synthesized from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the inexpensive precursor and subsequently transferred to the
desired support for further practical applications.
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