
Applied Surface Science 593 (2022) 153274

A
0

Contents lists available at ScienceDirect

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Full length article

Dynamics of Li deposition on epitaxial graphene/Ru(0001) islands
J.E. Prieto a,∗, M.A. González-Barrio b, E. García-Martín a, G.D. Soria a, L. Morales de la Garza c,
J. de la Figuera a

a Instituto de Química Física ‘‘Rocasolano’’, CSIC, c. Serrano 119, 28006 Madrid, Spain
b Dpto. de Física de Materiales, Universidad Complutense de Madrid, 28040 Madrid, Spain
c Centro de Nanociencias y Nanotecnología, Universidad Nacional Autónoma de México, Ensenada, BC, México

A R T I C L E I N F O

Keywords:
Li deposition
Epitaxial graphene on Ru(0001)
Work function measurement
Low-Energy Electron Microscopy
Photoemission electron microscopy
Real-time surface dynamics

A B S T R A C T

Li metal has been deposited on the surface of a Ru(0001) single crystal containing patches of monolayer-thick
epitaxial graphene islands. The use of low-energy electron microscopy and diffraction allowed us to in situ
monitor the process by measuring the local work function as well as to study the system in real and reciprocal
space, comparing the changes taking place on the graphene with those on the bare Ru(0001) surface. It is
found that Li deposition decreases the work function of the graphene islands but to a much smaller degree
than of the Ru(0001) surface, as corresponds to its intercalation below the graphene overlayer. Finally, the
diffusion process of Li out of the graphene islands has been monitored by photoelectron microscopy using a
visible-light laser.
1. Introduction

Graphene is a fascinating material with extraordinary mechanical,
electronic and optical properties and actual or promising applications
in many fields; to mention a few: microelectronics, spintronics, solar
cells, batteries or water filters. Furthermore, intercalation of atoms
into graphite and other layered materials [1] has long been known
to produce compounds with new electrical and chemical properties
as compared with those of the original material. For example, inter-
calation into bulk graphite leads to compounds with different super-
conducting [2] properties. Also lithium-intercalated graphite has found
application as the anode material in rechargeable batteries [3–6]. While
the bulk material has been widely studied [7–13], the manufacturing of
Li-graphene represents an important step towards nanometer-sized ion
batteries with high charge–discharge ratios [5]. Useful Li ion cycling
has been shown in thin graphene/Ni films [14,15] and single layer
graphene has been proposed as a protective layer against corrosion for
battery components [16]. This opens the path towards fabricating flex-
ible electrodes for micro- or nano-scale batteries. Li-ion batteries based
on graphene and Si have also been demonstrated with outstanding
performances [17].

Epitaxial graphene, particularly on metal substrates [18] has been
shown to allow intercalation [19–23]. However, the process through
pristine graphene layers is governed by defects and domain boundaries:
Dislocations between domains with different crystallographic stack-
ings [24] or boundaries between single- and buffer-layer graphene [25]
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on SiC(0001) have been shown to dominate the intercalation–deinter-
calation dynamics of H and Pb, respectively. Highly perfect layers allow
intercalation only in domains of reduced the lateral scale: Effective
intercalation has been attributed to the presence of cracks and defects
in the layers caused by the initial deposition of the intercalant [19].
In addition, increasing the defect density by plasma etching has been
shown to successfully lead to large-area intercalation [26]. It is there-
fore of great interest to study the process of Li incorporation into
single-layer graphene with high spatial resolution in order to gain
insight into the role of defects and edges in the intercalation process.
To such end we use epitaxial graphene on Ru(0001), which can be
considered [27] a model system for the growth and study of high
quality graphene. Detailed studies are available on the growth [28,29]
as well as on the influence of interactions with the substrate [30].
Intercalation of many types of atoms has also been explored in this
system [31], including selected cases such as oxygen, which can be
used to decouple the graphene layer from the Ru substrate [32]. In this
work, we set out to locally study the process of Li incorporation into
monolayer-high epitaxial graphene islands on Ru(0001) with lateral
sizes of several microns using low-energy electron microscopy (LEEM)
and diffraction (LEED).

2. Experimental

Experiments were carried out in an ultra-high vacuum chamber
(base pressure: 5.0 × 10−10 mbar) equipped with a low-energy electron
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Fig. 1. (a): LEEM image of a Ru(0001) surface containing three graphene islands,
10 μm. SV = 19.2 V; (b): LEED pattern of a graphene island, SV = 46.7 eV, showing
a moiré superstructure; (c): (1 × 1) LEED pattern of the clean Ru(0001) surface, SV =
45.0 eV. The diffuse intensity is due to secondary electrons.

microscope [33] Elmitec LEEM III. In addition to other facilities not
used in the present work, the system contains a SAES-getter type Li
source and a leak valve allowing a precise dosing of molecular oxygen
gas. The substrate used was a Ru(0001) single crystal. The standard
procedure for Ru(0001) surface cleaning consists of cycles of flashing
up to about 1500 K and exposing to molecular oxygen at pressures in
the range of 10−7 mbar and temperatures of about 900 K. Annealing
at these temperatures segregates carbon dissolved from the bulk to the
surface, which reacts with oxygen and desorbs. If no oxygen is present
and if the near-surface region is not yet fully depleted of carbon, it ac-
cumulates on the surface in the form of monolayer patches of graphene.
The process can be followed in real time by LEEM imaging [28].

3. Results and discussion

Graphene islands can be grown from carbon dissolved in the bulk
of a Ru crystal by annealing at temperatures of 900 K, as has been
known for a long time [27]. An example is shown in Fig. 1(a). Here
the Ru(0001) surface is imaged, with its monoatomic steps separating
atomically flat terraces. Additionally, large carbon islands, with lateral
sizes of up to several microns can be observed. The carbon layer
is transparent enough to the electron beam for the substrate steps
underneath to be clearly observed.

That the islands are indeed composed of carbon in the form of
graphene is shown by their characteristic LEED pattern on Ru(0001)
[34]. By inserting an illumination aperture into the incoming electron
beam and thus restricting the illuminated area to one such island,
the diffraction pattern corresponding to the island’s surface can be
recorded, performing in this way Selected Area Diffraction, as shown
in Fig. 1(b). This is a moiré pattern formed due to the coincidence of
the lattices of the graphene overlayer (lattice constant: 0.246 nm) and
the Ru(0001) surface (lateral lattice parameter: 0.271 nm). The (1 × 1)
pattern (Fig. 1(c)) of the latter can be observed on the clean regions
uncovered by the graphene.

Li was deposited onto Ru(0001) surfaces containing epitaxial
graphene islands. The work function was continuously monitored dur-
ing Li dosing. For this purpose, LEEM images were recorded as a
function of the start voltage (SV), defined as the potential difference
between the cathode and the sample. The SV was swept typically be-
tween −3.0 V and 3.0 V repeatedly during Li evaporation. The reflected
electron intensity was integrated inside a user-defined window that
can be placed either on a graphene island or on the clean Ru(0001)
surface. Typical resulting reflectivity vs. SV curves are shown in Fig. 2.
2

A high voltage (HV) of 10 kV is applied to both sample and cathode
with respect to ground, so that electrons move with high kinetic energy
in vacuum inside the microscope in order for the electron beam to
be properly shaped and focused. In addition, the SV applied between
sample and cathode determines the relative position of the Fermi levels
of both electrodes and thus the energy of electrons reaching the sample.
Therefore, the microscope HV produces an extraction field that ensures
that all possible electrons are extracted both from the cathode and
from the sample. Electrons will surmount the energetic barrier for
penetrating into the sample for SV values higher than the contact
potential difference, i.e. the difference in work functions of sample and
cathode. For lower SV values, incoming electrons cannot penetrate into
the solid and are completely reflected at the surface. Therefore, upon
lowering the SV, a transition to a nearly complete reflectivity (mirror
mode [33]) takes place when the SV equals the difference of work
functions of sample and cathode. This transition can be used to monitor
the sample’s work function evolution. In this work, its precise value has
been taken as the SV at which the derivative of the reflectivity curve
attains its maximum absolute value.

Fig. 2 displays two sets of reflectivity vs. SV curves recorded during
Li deposition: (a) On a graphene island, for a deposition time of 3 h,
and (b) on a clean Ru(0001) region, for a deposition time of 1 h 45 min.
Although there is in both cases a noticeable decrease of the work
function upon Li-deposition, it is clear that the effect is less pronounced
in the graphene/Ru system, as will be commented below.

After the completion of each experiment of Li deposition, a new
reflectivity curve was recorded in a wider energy range (−5.0 eV–
20.0 eV). One example is shown in Fig. 3 with a dashed blue line
(corresponding to the experiment of Fig. 2(a)), together with the corre-
sponding curve on the graphene island before deposition for compari-
son (dashed black line). The total amount of Li deposited is close to that
producing the maximum reduction of the work function in the system,
as will be shown below. Data have been normalized to the maximal
electron reflected intensity. The decrease of the work function of the
graphene island, measured about 5 min after finishing the Li deposition
(Fig. 3) amounts to 0.8 eV. In addition, the reflectivity curves are differ-
ent, indicating a structural change. One point to be mentioned is that,
as deduced from the first and last curves recorded in real time during
deposition (Fig. 2), the decrease in work function amounts to 1.0 eV.
This means that the work function of the Li/graphene/Ru(0001) system
slightly increases in the time following the end of the Li deposition,
showing that there is a measurable evolution of the Li-covered surface
at room temperature.

The local character of LEEM microscopy allows us to compare with
the evolution of the clean Ru(0001) surface upon Li deposition. For
this purpose, the corresponding reflectivity curves of the clean and Li-
covered Ru(0001) surfaces, after deposition of the same amount of Li,
are included in Fig. 3 with solid lines. For Ru(0001), the reduction
of the work function upon Li deposition amounts to 3.3 eV, close to
the maximal reduction in this system, in agreement with published
results [35], compared to the 0.8 eV found for a similar coverage on
the epitaxial graphene/Ru(0001) islands (Fig. 3(a), dashed lines).

After Li deposition, the typical aspect of the graphene/Ru(0001)
islands is shown in Fig. 3(b). A somewhat granular structure can
be appreciated inside the islands. In addition, they display a LEED
pattern, shown in Fig. 3(c), with a similar moiré structure as before
deposition (Fig. 1(b)), now with higher background intensity. Thus,
no new superstructure is formed, either with respect to the substrate
Ru(0001) surface or to the graphene overlayer, upon adsorption or
incorporation of Li in the graphene islands.

A compilation of results for the evolution of the work function of
both the graphene islands and the uncovered Ru(0001) surface as a
function of the Li deposition time is shown in Fig. 4. It can be seen
that in the case of the Ru(0001) surface, the work function initially
decreases rapidly with increasing Li coverage, reaching a maximum
reduction of about 3.3 eV for the clean Ru surface (corresponding to a
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Fig. 2. Sequence of electron reflectivity vs. start voltage curves continuously recorded during Li deposition on top of: (a) a graphene island, (b): on a clean Ru(0001) region.
Deposition time is 3 h for (a) and 1 h 45 min for (b). The coloured arrows mark the precise position of the mirror-mode transition, as given by the criterion of maximum absolute
value of the derivative (see text) for the first and last curves of the respective series.
Fig. 3. (a) : Electron reflectivity vs. start voltage curves measured for the clean
and Li-covered Ru(0001) surfaces (solid lines) and for the clean and Li-covered
graphene/Ru(0001) islands (dashed lines). Deposition time is 3 h and the coverage
amounts to about 0.5 ML; (b): Li-covered graphene island at a start voltage of −0.46 V
(field of view is 10 μm); (c): LEED pattern of a Li-covered graphene island at an electron
energy of 45 eV.

coverage of 0.3 ML–0.5 ML [35]). On the other hand, the work function
of the graphene/Ru islands decreases initially very slowly and then
a more rapid decrease takes place reaching a maximal reduction of
about 1.5 eV. This is achieved for a similar coverage as the one which
gives the maximal reduction of work function for Li/Ru(0001). For
higher Li coverages, the work function evolution shows a slight increase
(about 0.2 eV for the clean Ru surface, about 0.1 eV for graphene/Ru
as deduced from the measurements performed several minutes after Li
deposition). This increase is close to the precision of our determination
of work functions (estimated by the width of the derivative of the
3

Fig. 4. Work function decrease, as measured by the Mirror-Mode to LEEM transition
start voltage for Li deposition on clean Ru(0001) and on graphene/Ru(0001). Black
symbols correspond to the data obtained in real time during Li deposition, while
the coloured ones correspond to the reflectivity curves several minutes after finishing
deposition, as explained in the text. Red and blue symbols refer to clean Ru(0001) and
graphene/Ru(0001), respectively. Some representative error bars have been included.

reflectivity curves fitted to Gaussians; this is likely to result in an over-
estimation, since the position of the maximum can be better located
than the width of the Gaussian), but is still observable and reproducible,
particularly in the case of Li/Ru; in addition, the difference between the
curves recorded immediately after deposition and several minutes later
is clearly visible. The behaviour for Li/Ru(0001) is the canonical one
observed for alkali-atom deposition on transition-metal surfaces [36].
The strong initial decrease is due to the formation of a surface dipole
layer as a consequence of the large electron transfer from the highly
electropositive alkali atoms to the transition metal. This process reaches
its maximum for an alkali coverage of the order of 0.5 ML. For higher
coverages a small increase of the work function takes place due to
depolarizing effect of neighbour dipoles (Topping [37] model) and
possibly also to a decrease in the electronic polarizability of the charge
cloud due to electron transfer [38].

An aspect which needs to be addressed is the effect on the measured
work functions of the local electric fields arising from the coexistence
of regions (patches) of different work functions as the Li coverage
increases. At the beginning of deposition, Li atoms are expected to
be randomly distributed on the surface, well separated from each
other due to the electrostatic repulsion of dipoles. These conditions
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Fig. 5. PEEM images using a violet laser (ℎ𝜈 = 3.06 eV) of a Ru(0001) surface containing two graphene islands. The size of the images is 20 μm. Images were taken at the quoted
temperatures. Except for the first one, taken at room temperature, images have been recorded using the same settings so that intensities can be directly compared.
correspond to the small-patch regime, in which the measured work
function gives a surface-averaged value allowing the determination of
the induced surface dipole [39]. As coverage increases, condensation
of adsorbate islands sets in and thus a coexistence of patches of surface
covered by dilute Li atoms and surface covered by condensed Li atoms
is expected, the latter with higher work function due to the depolarizing
field of nearby dipoles. At some coverage, we must thus enter into the
large-patch regime, favoured by the high extraction field produced by
the 10 kV applied to the objective lens of the LEEM, of order 104 V/mm.
This can be associated with the granular aspect of the graphene islands,
as well as the Ru substrate, after Li deposition (Fig. 3(b)). In this regime
the emission or absorption of electrons is dominated by the low work
function patches independently of their size, so that the dependence of
the measured work function on coverage tends to become weaker and
a smooth decrease approaching saturation is expected. These consider-
ations apply to the Li-covered regions both of the Ru(0001) substrate
and of the graphene/Ru(0001) islands. The time dependence found in
the system, i.e., the increase of work function measured following Li
deposition can be ascribed to the rearrangement of Li, favoured by its
high mobility, from the dilute-dipole to the compact island phase with
a higher work function.

The maximal work function reduction upon Li deposition is a factor
of 2 smaller for graphene/Ru than for the clean Ru(0001) surface
(1.5 eV vs. 3.3 eV). Considering the electronegativities of the atoms
involved (difference in Mulliken’s electronegativity for Li-C is 6.8 eV,
compared to 5.4 eV for Li-Ru [40,41]), we would expect a higher
electron transfer for Li/C than for Li/Ru. However, the difference is not
large and, in addition to this phenomenological consideration, other
factors play important roles. First, electronegativity refers to neutral
atoms, but electron transfer has already taken place from C to Ru, as
shown by the reduction of work function of gr/Ru(0001) by about
1.6 eV respect to Ru(0001). We note that for graphene coverages
beyond 1 ML (bilayer graphene), the system acts as an electron acceptor
behaving as n-type doped graphene [42]. However, our finding of the
work function reduction of single-layer graphene on Ru is consistent
with both experimental [43] and theoretical results [44] and also with
the trend in Ref. [45]. The 𝜋-electronic system appears to be n-doped,
but the 𝜎 states overcompensate the effect giving a net positive charge
at the graphene overlayer that reduces the work function [44]. The
complex behaviour of the system is related to the high corrugation due
to strong interaction with the substrate, as Ru belongs to the metals
with high interaction with the graphene monolayer [46].
4

According to these considerations, a larger reduction of the work
function could be expected for the Li/graphene/Ru(0001) surface than
for Li/Ru(0001), if Li were residing on the surface of the graphene
islands, since the C/Ru surface presents a positive charge to the
Li atoms, attracting electrons from them. However, the opposite is
found. This suggests that the Li atoms are not simply sitting on top
of the graphene/Ru(0001) surface, but are being intercalated at the
graphene/Ru interface upon deposition already at room temperature.
This is in agreement with calculations indicating that Li is unstable
on the surface of defect-free graphene [47,48]. Even if adsorption on
epitaxial graphene is likely to take place in highly coordinated sites,
e.g. hollow sites [48] this still should produce an important reduction of
the work function. A driving force for intercalation could be the ability
of Li to form a stronger bond to Ru than to C (due to more available 𝑑
states for hybridization, in comparison with the available 𝑝𝑧 states of
C).

The picture of Li atoms falling on top of the graphene islands,
diffusing to the edges and from there into the islands and onto the
Ru terraces is consistent with the sharp decrease of the work function
that takes place only after an appreciable Li coverage; the intercalation
would then significantly proceed only after the Ru(0001) terraces have
been covered by 0.3 ML - 0.5 ML Li and by a mechanism of diffusion
following a concentration gradient across the island edges into the
interior of the islands. Another hint that supports intercalation is the
higher background observed in the LEED pattern of the graphene
islands upon Li deposition (Fig. 3(c)). It has been shown that the broad
background component does not originate from disorder but is a conse-
quence of increased electron confinement favoured by the decoupling
of the graphene layer from the substrate related to intercalation below
graphene [49] and surprisingly is an excellent measure of graphene
uniformity.

The maximal reduction of the work function of Ru(0001) upon Li
adsorption amounts to 3.3 eV. Since the work function of the clean
surface is 5.5 eV [50], the final value, 2.3 eV, is low enough to
allow photoemission of electrons by visible light. Illuminating with
a violet laser (photon energy: 3.06 eV) and collecting the produced
photoelectrons with the image column of the microscope allows us to
image the Li-covered surface, performing in this way photoemission
electron microscopy (PEEM). Examples of PEEM images of a Li-covered
Ru(0001) surface containing two graphene islands can be seen in Fig. 5.

A final PEEM experiment was performed in order to gain insight
into the presence of Li in the graphene islands. After deposition of
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about 0.5 ML of Li, the surface was continuously imaged in PEEM mode
while raising the temperature. A selection of images of the process
at different temperatures is shown in Fig. 5. In the image at 99 ◦C
b), small bright spots can be seen in some regions at the edges of
he graphene islands (preferentially at the corners) which were not
isible in the images at room temperature. As the temperature is
aised, these regions first become brighter and then appear to grow,
.e. the regions of higher photoemission yield become wider and spread
rom the graphene islands away, while their intensity reduces as they
xpand across the Ru(0001) terraces, until they finally occupy the
omplete surface uncovered by the graphene islands. This suggests
hat temperature promotes the flow of Li out of the islands at their
dges, mainly at the corner points (and that these can be also preferred
laces for Li intercalation into the islands) and its diffusion onto the Ru
erraces, increasing the amount of Li adsorbed there and promoting a
urther reduction of the work function and an increase in photoelectron
ntensity. This is a further support for the fact that Li atoms were
riginally intercalated below the graphene layer following deposition.
he Li density there can be higher than on the Ru(0001) surface after
eposition because of the high affinity of Li to both C and Ru, as
uantified by the high electronegativity differences. Thermal activation
s then likely to promote diffusion of Li out of the graphene islands
nto the Ru(0001) terraces following the concentration gradient. These
rocesses involve several mechanisms governed by different diffusion
arriers (deintercalation, diffusion inside and out of the islands, diffu-
ion on Ru(0001) terraces, etc. Further work is required in order to
uantify the individual barriers, but from the fact that the changes set
n at temperatures around 100 ◦C, an effective activation barrier for Li
iffusion of the order of 40 meV can be deduced. This small value is
easonable and explains the time evolution of the work function after
inishing Li deposition (see Fig. 4) and the high mobility of Li atoms.
t compares also well with the 46 meV calculated for the similar case
f Na diffusion on Ru(0001) [51].

. Conclusions

Summarizing, we have grown submonolayer islands of epitaxial
raphene on Ru(0001) and have monitored their morphology, structure
nd electronic properties (work function) by means of LEEM in real
ime during Li deposition, comparing with the evolution of the clean
u(0001) surface. Li reduces the work function of graphene/Ru(0001)
y as much as 1.5 eV, significantly less than the 3.3 eV found for
u(0001). Our results suggest that intercalation takes place at room

emperature following Li deposition without forming any new super-
tructure. This is supported by observing the temperature evolution
ith visible-light PEEM, taking advantage of the work function reduc-

ion in the system. Temperature promotes the diffusion of Li atoms
ut of the graphene islands preferentially at their corners and their
xpansion onto the Ru(0001) terraces.
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