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ABSTRACT: Graphite, with its van der Waals layered structure, can accommodate a diverse array of inter-
calant species within its layers. Alkali metals (AMs), a family of donor intercalants, play a pivotal role in tech-
nological advancements, notably in lithium-ion batteries. Owing to its structural simplicity and the feasibility
of producing high-quality single crystals spanning areas up to hundreds of micrometers squared, few-layer
(FL) graphene serves as an exemplary system for investigating the dynamics of AM adsorption and interca-
lation. This study focuses on the deposition of potassium atoms in ultra-high vacuum onto mechanically ex-
foliated four- to five-layer FL and multilayer (ML) graphene. Employing spatially resolved Raman spectros-
copy, we examine the impact of potassium adsorption, diffusion, and intercalation. Our findings reveal intri-
cate potassium intake spatial patterns in FL graphene. The distinct spatial inhomogeneities of FL graphene
are not observed in ML graphene. Density functional theory calculations also confirmed a complex scenario
where both charging and steric hindrance introduce local strain in the graphene layers. Furthermore, charge
donation from potassium atoms both to adjacent graphene layers and to more distant layers not adjacent to
potassium atoms suggest a modification of the structural and vibrational properties of graphene consistent
with the Raman experiments. The detection of intercalation fronts and domains with constant charging, and
thus constant potassium densities, underscores the complex and collective nature of the potassium diffusion
and intercalation in FL graphene, offering valuable insights for potential applications in energy storage sys-

tems.
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1. Introduction

Graphite intercalation compounds (GICs) form an important class of materials first observed almost two

centuries ago [1]. Thanks to its layered structure based on van der Waals forces, graphite can host a large
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variety of intercalant species between its layers [2-4]. Among others, alkali metals (AMs) are a class of donor
intercalants with significant technological applications, e.g. in energy storage in lithium-ion batteries [5-7].
Potassium is an abundant and inexpensive AM that has been proposed as an alternative to the rarer and
more expensive lithium for certain battery applications [8-10]. For these reasons, potassium GICs are among
the most studied intercalated compounds both experimentally and theoretically. Nevertheless, the majority
of literature focused so far on bulk graphitic systems in thermodynamical structural equilibrium (i.e. stoi-
chiometric compounds such as KCz4 or KCg) [6,11], whereas the dynamics and diffusion of intercalant species
in graphite in intermediate phases is still poorly understood and only a few recent experimental reports can

be found about this topic [12-16].

An interesting effect that takes place in GICs is the periodical spacing in the stacking direction between the
intercalants, as shown by X-ray and electron diffraction measurements of intercalated graphite [17]. Thus,
thermodynamically stable phases of these systems are commonly referred to using the stage number n,
which is the number of graphene sheets found between two intercalant layers. One open question about GICs
is how their stage number changes, for example from 4 to 3 or equivalently from KCss to KC3s. The Daumas-
Herold (DH) model explains this change supposing that the intercalants do not fill up the whole space (gal-
lery) between two graphene sheets, but form local domains [18]. Thus to change the stage number, the in-
tercalants do not need to move out of a gallery to enter another one, but they can slide within the same
gallery to form a different local stage. However, most of the experiments assess the global behavior and not

the microscopic level, therefore an exhaustive answer to this question is still missing.

The isolation of graphene in 2004 by Geim and Novoselov sparked a revolution in materials science and
nanoscience with the study of two-dimensional materials [19,20]. High-quality crystalline graphene can be
mechanically exfoliated from graphite and further studied by different experimental techniques. Interest-
ingly, AMs can also form stable bonds with graphene acting as donors, similarly to what happens in graphite
[21-23]. Nevertheless, due to the lack of multiple layers in graphene, only adsorption of AMs can take place
in such a material and no intercalation is possible, contrarily to what happens in graphite where intercalation
is needed to saturate the crystal structure and reach stoichiometries such as KCgs. Few-layer (FL) graphene
is an interesting intermediate system, where both AMs intercalation and adsorption processes are expected
to take place [24]. The structural simplicity and the high-quality of mechanically exfoliated FL graphene sin-
gle crystals, with areas as large as hundreds of um?, can be exploited to study the dynamics of these two
processes. Additionally, the large ratio between defect-free basal planes versus edges in mechanically exfo-
liated graphene allows a more ideal diffusion and bonding of AM atoms when compared to more defective

forms of graphene/graphite [25,26].

In this paper, we focus on the deposition of potassium atoms in ultra-high vacuum (UHV) onto mechanically

exfoliated FL and multilayer (ML) graphene deposited on Si0./Si. We use spatially resolved Raman



spectroscopy as a function of potassium deposition time in UHV ambient to observe the adsorption, diffusion
and intercalation process of potassium at the microscopic scale. Moreover, the charge transfer and induced
strain in graphene by potassium intercalation is investigated using DFT calculations and connected to Raman
measurements to better understand the physical process. Raman mapping unveils a non-trivial diffusion of
potassium in FL graphene, which can be explained by the presence of energy barriers for the diffusion of
adsorbed or intercalated potassium atoms and the mutual interaction between them [27-29]. Our study
identifies energy barriers indirectly through spatial inhomogeneity, but explicit kinetic calculations of diffu-
sion coefficients were not performed. Leading to a deeper understanding of GICs intercalation dynamics, our
study will foster promising insight for the application in energy storage devices with better tailored proper-

ties.
2. Results and Discussions
2.1 Fabrication and characterization of transferred FL and ML graphene flakes

High-quality crystalline FL and ML graphene, defined respectively as 3-10 graphene layers and >10 graphene
layers, were prepared by mechanical exfoliation from bulk graphite using Nitto tape (SPV244) and Gelpak
(WF4) as described in details elsewhere [30,31]. The transmission optical microscope photograph of a trans-
parent Gelpak stamp carrying a flake with FL and ML graphene regions is shown in Figure 1a, while Figure
1b shows an optical microscope picture of the same flake after being transferred to the SiO,/Si substrate.
After loading the sample into the ultra-high vacuum chamber, Raman spectra (532 nm excitation) were rec-
orded for the FL and ML regions at the spots indicated by the green and red circles in Fig. 1b. Both Raman
spectra shown in Figure 1c present prominent G1 (note that in literature this peak is commonly called G)
and 2D peaks, which are related to the in-plane vibrations of the hexagonal lattice carbon atoms, located
respectively at about 1584 cm-! and 2720 cm-L. From the transmission [32] of the FL region in Fig. 1a (see
also Fig. S1 of the Supporting Information) and from the 2D peak line-shape [33] in Fig. 1c we estimate the
thickness of the FL region to be 4-5 layers. The D peak at 1350 cm1, a mode typically related to the presence
of defects in graphene, is not detectable in our Raman spectra, confirming the high-quality, crystalline nature
of the Gr sample. While the G1 peak position, common to all graphitic compounds, is not strongly affected by
thickness variations, the intrinsic properties of samples from few-layer graphene to bulk graphite can be
distinguished from the spectral profile of the 2D mode [34], whose line-shape evolves going from ML to FL
region (see Figure 1c). Finally, the peaks observed at Raman shifts lower than 1000 cm-! are due to vibrations
in the silicon substrate and are visible only in the FL region due to its lower light absorption power, while

are completely attenuated in the thicker ML region.
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Figure 1: Few-layer and multilayer graphene fabrication and Raman characterization. a) Optical mi-
croscope photograph of the few-layer (FL) and multilayer (ML) graphene flake exfoliated onto the viscoelas-
tic substrate Gelpak recorded in transmission illumination mode. b) Photograph of the same flake after de-
terministic transfer onto a 290 nm Si02/Si substrate taken in reflection illumination mode. c) Raman spectra
of the FL and ML regions recorded with 532 nm excitation recorded in the two points highlighted by the
green and red circles in panel (b). d-e) Raman maps of the G1 peak area A¢ (d) and energy position w; (e)
acquired in the region highlighted by a dashed white rectangle in panel (b).

The Raman signals were mapped by raster scanning the sample in the x-y plane with a step of 500 nm in the
region highlighted in Fig. 1b by a dashed white rectangle. A full Raman spectrum was recorded for each
position and each feature fitted by a Lorentzian peak, extracting the area 4, the frequency w and the width
of each peak. In Figure 1d-e, the area and the position of the G1 peak are plotted as a colormap. The area of
the G1 peak, which is affected by interference enhancement effects for thin layers, shows a strong depend-
ence on the sample thickness (see also Fig. S2 of the Supporting Information). The larger area in the FL as
compared to the ML helps the identification of the two regions [35,36]. On the other hand, the energy of the
G1 peak does not show a strong dependence on the thickness and its value is rather homogeneous in the
studied flake, except for a shallow gradient observed in the FL region, possibly due to some residual strain

produced during the deterministic transfer process [37].



2.2 Raman spatial mapping of potassium intake into FL and ML graphene

Potassium atoms were deposited on Gr in the UHV preparation chamber (see Fig. S3 of the Supporting In-
formation) in three subsequent deposition steps (10, 85 and 180 minutes) [22]. Figure 2 shows the gradual
evolution of the G1 and 2D Raman peak as a function of the total potassium deposition time in two selected
points of the FL and ML regions (see also Fig. S4 of the Supporting Information). Already after the first K
deposition, a second peak labelled G2 appears close to G1, at around 1610 cm-! Raman shifts. This peak has
been reported previously in doped graphene and GICs, and it is attributed to the presence of graphene layers
charged by electron donation from alkali metal adatoms or intercalated atoms [11,23,38,39]. The presence
of both G1 and G2 peaks in these spectra points to an inhomogeneous doping either in the vertical direction
or in-plane. In the vertical direction, the origin of the G1/G2 peaks can be explained considering that the
Raman signal (acquired in a 500 X 500 nm2 area) probes both charged graphene layers that are in direct
contact with potassium and uncharged layers that are not in contact with potassium. In graphite, this phe-
nomenon is known as staging, and the number of the stagen (withn = 1,2,3...) refers to the following
periodical arrangement: potassium layer - n graphene layers. On the other hand, in-plane inhomogeneity in
ultra-thin flakes can also explain the presence of G1 and G2 peak where more (less) diluted regions are char-
acterized by a less (more) intense G2 (a phenomenon known as in-plane staging).[40,41] In general, the
observation of G1 and G2 peaks indicates that UHV sublimation of K atoms allows a gradual evolution of the
system from a lower potassium/carbon stoichiometry to a larger one. The K intercalation not only leads to
the appearance of a second peak, G2, but also affects the position and the line-shape of G1 peak. Previous
studies on graphene doped by an applied gate voltage [42-45] show that as the Fermi level Er moves in the
graphene upper Dirac cone, the position of the G1 peak shifts to higher frequency until it reaches a maximum
for highly doped samples. Furthermore, the G1 peak width narrows as Er increases until Er = 0.1 eV, alevel
corresponding to half the G1 phonon energy (AE =~ 1580 cm™! =~ 0.2 eV) [43,46]. Both these effects (G1 shift
and narrowing) are visible in our spectra and especially in the FL region as compared to the ML one (Figures

S5 and S6 of the Supporting Information show these spectra fitted to two Lorentzian peaks).
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Figure 2: Raman spectra as a function of potassium intake. Raman spectra of the FL (top) and ML (bot-
tom) regions as a function of K coverage in the G1 and 2D Raman band wavenumber range, recorded with
532 nm laser wavelength excitation. Each series of spectra is vertically stacked for clarity and the individual
spectra taken in the 2D band region in the right top and bottom panels are multiplied by the factors indicated
in figure (x2, x3 or x4).

In addition to the evolution of the G1 region, the spectral region of the 2D band evolves gradually as a func-
tion of K intake, as shown in Figure 2. In the FL region, we observe a redshift of the 2D band and a change in
its shape and area. The line-shape of the 2D band is strongly dependent on the interaction between graphene
layers [34] and, therefore, on the presence of intercalants, which can weaken the interaction between adja-
cent layers. Furthermore, as the 2D peak is a resonant one, it is also very sensitive to charging effects and

Pauli blocking of interband transitions. In fact, the intensity of the 2D peak for graphene on Si/Si0O; can be

2
written as [(2D) = C (ﬁ) where y is the rate of emission of phonons related to the 2D process
epTU- F

and y,,, is the electron-phonon scattering rate [47,48]. In our measurements the quenching of the area of the
2D peak can be explained by the electron injection from alkali metal atoms, which increases the Fermi level
Er in the Gr flake and, consequently, enhances electron-electron scattering. On the other hand, the line-shape
evolution toward a single symmetric peak observed in the last deposition stages suggests a reduction of
interaction between adjacent graphene layers due to the intercalation of K atoms. Similar effects on the 2D
band are also observed in the ML region, although less pronounced when comparing equivalent K deposition
times due to the larger number of layers. The evolution of both the G1 and G2 peaks and of the 2D band
clearly indicate that potassium atoms adsorb on and intercalate in the graphene flake, donating charge to
the carbon lattice. Apart from the Raman bands just discussed, no additional peaks appear in our Raman
spectra, for example in the D peak region, at any potassium evaporation step (see Fig. S5 of the Supporting

Information).



To follow the spatial distribution of potassium intercalation into FL and ML graphene, we study Raman spec-
troscopy maps after each deposition step. In the Raman spectra of potassium-graphene compounds, the rel-

ative weight of the G2 peak compared to the G1 peak allows estimating the local potassium intake by the

graphene flake. We define the variable 8 = AA%, ranging between 0 and 1. The lowest value, 0, corre-
G1 G2

sponds to the presence of the G1 peak only (pristine graphene) whereas 1 corresponds to the presence of
the peak G2 only (i.e. the graphene layers are fully charged by potassium atoms). Figure 3a-c shows color
maps representing the spatial distribution of 8 in our sample plotted at three different deposition steps (10
minutes, 95 minutes and 275 minutes of potassium deposition times). The first map, recorded after 10
minutes of K deposition, shows that 8 takes values larger than 0.1 in the full flake, indicating that the G2 peak
is observed in the whole sample and that potassium atoms are bound both to the FL and ML graphene. On
average, 6 is larger in the FL region, assuming values between 0.4 and 0.6, than in the ML region, where 6
ranges between 0.1 and 0.2. This is also evident from the histograms in Fig. 3d and is consistent with the
lower number of graphene layers, since the relative weight of the G2 to G1 peaks reflects the percentage of
charged layers versus uncharged ones at a certain location. Another difference between the two regions is
in the spatial distribution of such values, which appear more spatially uniform in the ML region than in the
FL, where sharp features separate continuous regions with larger 8 from others with lower 6. By consider-
ing the homogeneity of the spatial mapping present in the pristine graphene sample (Figure 1 d-e), the spa-
tial distribution of the spectral features observed in the FL region after K exposure can be clearly attributed

to the adsorption and intercalation of K atoms, rather than to defects or intrinsic structures in FL graphene.
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The subsequent K deposition steps, whose 8 maps are shown in Figure 3b-c, show a similar behavior though
the ML region remains spatially homogeneous, and the FL region clearly exhibits the formation of a large
domain where the coverage reaches values as large as 8§ = 0.7 separated from an area where 6=0.5 (after
95 minutes of K deposition). Interestingly, after 275 minutes of deposition of K atoms, the large domain
grows in size without the increase of the 8 value, which stays around 0.7. This indicates that the local per-
centage of charged versus uncharged layers saturates. This behavior is also reflected in the histograms of
the FL region at these two deposition steps, shown in Fig. 3e-f The histograms present a bimodal distribution
with a peak centered at & = 0.5 and another peak centered at 8 = 0.7. In the case of the ML region, only a
single peak is observed, which gradually increases with the deposition time. These observations suggest that
the intercalation of potassium atoms from the graphene edges and not from the basal planes, which would
instead give a spatially homogenous signal for 8 [29,49,50]. This is also reflected in the formation of domains,
which indicate that the diffusion of potassium in the graphene interlayer galleries is a collective phenomenon
where already intercalated K atoms need to diffuse away from an edge to allow additional K atoms to enter
the gallery. A similar edge-mediated intercalation path has been reported by Zhang et al. for potassium elec-

trochemically intercalating in thin MoS; flakes [51].
2.3 Decoupling of graphene layers induced by potassium intake

The dynamics of potassium diffusion and intercalation is clarified by the Raman mapping at different K up-
takes. A careful analysis of the mapping of intercalated potassium atoms unveils a consequent decoupling
of graphene layers. As shown in Figure 2, the deposition of potassium causes a dramatic change in the area
and line-shape of the 2D band for both FL and ML graphene. The 2D band progressive intensity reduction
upon K doping can be attributed to an enhanced electron-electron scattering rate, at increasing charge car-
rier density, for both adsorbed and intercalated K atoms. The 2D peak line-shape evolution can be ascribed
to a mechanical separation of adjacent graphene layers (which is true only for intercalated atoms). In par-
ticular, the decoupling of graphene layers gives rise to a symmetrization of the 2D band, which evolves to-
ward a single peak line-shape characteristic of the single-layer graphene. To study the special distribution
of this phenomenon, we focus on the 2D band region of the Raman spectra mapping and fit the 2D band with
two components, respectively named 2D1 and 2D2, as shown in Figure 4a. In the case of FL. and ML graphene,
the 2D band presents multiple components that can be well described by the 2D1 and 2D2 peaks. Conversely,

a single-layer graphene presents only a single component, either 2D1 or 2D2. By defining a new variable ¢ =

I . , , o
2DL__ e can quantify the relative weights of the two 2D band components and discriminate a FL or ML

Izp1+12p2

Raman peak behavior from a 1L one. In fact, ¢ is equal to 0 (or 1) when only a single component is present

in the 2D band (1L) and values are in between when two components are present.
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Figure 4: Decoupling of graphene layers by potassium intercalation. a) Spectra and fit to two Lorentzian

peaks of the 2D band region of pristine graphene (top) and after 275 minutes of K deposition (bottom) rec-
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after respectively 10, 95 and 275 minutes of K deposition. The white circle in panel (b) and the white square

in panel (e) indicate the locations where the Raman spectra in Fig. 4a have been recorded.

Figure 4b-e shows the spatial maps of ¢ extracted from the fits in the case of pristine graphene (Fig. 4b) and
at increasing potassium dose (Fig. 4c-e). In the pristine case, the FL region assumes a uniform light blue
color, indicative of ¢ = 0.5 due to the presence of two components in the 2D band of approximately equal
weight (see also the fit shown in the top panel of Fig. 4a). For increasing potassium density, the FL region
goes from light blue to red color, which corresponds to ¢ closer to 0 or 1 and indicates the presence of a
single 2D peak, as expected for a monolayer or for multiple non-interacting stacked graphene layers. This
change in behavior of the 2D band suggests that the initially interacting AB-stacked graphene layers become
decoupled due to the presence of potassium in the interlayer galleries. The intercalation of potassium atoms
is the driving force behind this effect and thus the ¢ variable allows the spatial study of the intercalation

process.

Interestingly, as already discussed in the case of G1 and G2 spatial maps, the ¢ maps also display the for-
mation of domains for the intermediate density of potassium, indicating that potassium atoms penetrate in
the graphene interlayer galleries from the edges or from few local regions and do not penetrate homogene-
ously from the basal planes. In fact, a potassium intercalation dynamics from the basal plane would result in

a spatially homogenous signal from both ¢ and 6, which we do not observe. A more spatially homogeneous



signal from ¢ is only observed in the final potassium deposition (Fig. 4e), where most of the graphene planes

are decoupled and the 2D band is composed of one peak only, as shown in the bottom panel of Fig. 4a.

The collective intercalation of alkali metal atoms in two-dimensional systems, which results in the formation
of domains observed in the spatial Raman mapping, is compatible with previous experiments on the electro-
chemical intercalation of lithium and potassium ions into bilayer and multilayer graphene by Ji et al. who
found a collective and fractal dynamics taking place in their suspended sample due to the intercalation of
alkali metal ions into the bilayer gallery [40]. Overall our results show the formation of domains, which bet-
ter agrees with the inhomogeneous, domain-based distribution proposed by the DH model and by more re-
cent theoretical results[52,53] than with the homogeneous staging model proposed by Rudorff and Hoff-
mann (RH).

2.4 Charge and strain effects in FL and ML graphene flakes

A further step is to unveil how charging and strain effects influence the vibrational response of the FL and
ML graphene flakes, at increasing density of the foreign K atoms. The spatial evolution of the G1 and G2 peaks
energy as a function of K dose is reported in Figure 4, after 10, 95 and 275 minutes of K deposition. Following
the evolution of the Raman shift of the G1 peak, we can deduce the areas of the C mesh not in contact with K
atoms (Fig. 5a-c). On the other side, the effects of K adatoms in contact with the Gr layers can be unraveled
by the evolution of the frequency of G2 (Fig. 5d-f). After the first deposition step (10 minutes of K), we ob-
serve in the FL the appearance of regions where the G1 peak downshifts with respect to the pristine value of
about -2 cm'! and regions where the G1 peak upshifts of about 2 cm! (see also Figure S9 of the Supporting

Information). Conversely, in the whole ML flake the G1 peak upshifts of about 1 cm-1.
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Figure 5: Charging and strain effects in few-layer and multilayer graphene studied by Raman



mapping. a-f) Raman maps of the position of G1 peak (a-c) and G2 peak (d-f) after respectively 10, 95 and
275 minutes of K deposition.

The shift of the G1 peak in graphene can be caused by both mechanical strain and charge doping [37]. In the
case of biaxial strain ¢, an upshift of the G1 peak is expected for compressive strain and a downshift for

tensile strain with a G1 peak gauge factor, which quantifies the shift of the Raman frequency of the G1 peak

as a function of biaxial strain, equal to % = —55cm1/% [54,55]. Instead, in the case of doping the G1 peak
upshifts both for p-type and n-type doping with a gauge factor % = 71013 cm'l/cm-2 [46]. The total shift

of the G1 peak can then be calculated according to the formula Aw¢q (Ag, An) = %Ae + % |An|, which

allows to calculate the shift of the G1 Raman band for a finite amount of strain As and charge An [37]. Given
the observed ambipolar nature of the G1 peak shift, we ascribe the observed up- and downshifts mostly to
strain. This would indicate that for FL graphene some regions undergo compression while other regions
undergo tension due to the presence of potassium. Interestingly, in the case of larger potassium doses (95
and 275 deposition minutes), the G1 peak energy spatial maps are positively correlated with the width of
the G1 peak (see Figure S10 of the Supporting Information), i.e. alarger G1 positive energy shift corresponds
also to larger full width at half maximum. Such a larger peak width indicates a larger local inhomogeneity,
which can be due to the formation of pleats or locally strained regions in the graphene layers due to the

presence of potassium [53,56].

In the case of ML graphene the first step of deposition causes an overall compression of the lattice. Interest-
ingly in this first phase the position of the G1 peak is spatially anticorrelated with the presence of potassium
deduced from the maps of 8 in Fig. 3a. This situation is reversed for the second and third steps of K deposi-
tion where the G peak position maps are spatially positively correlated with the presence of potassium (see
Fig. 3b-c). Also, in the second and third deposition steps the overall upshifts are larger than the first step
while the downshifts are comparable with the first deposition step. Such an increase in upshift could be due

to additional doping from potassium atoms, which shift the G1 peak position to larger Raman shifts.

On the other hand, the maps of the G2 peak position reported in Fig. 5d-f show a more spatially homogenous
behavior, being on average upshifted of approximately 25 cm-! from the position of the pristine G1 peak due
to charging effects and the breakdown of the adiabatic Born-Oppenheimer approximation [57]. This can be
described by the formula AAw = a'|Er|, where AAw is the change in energy of the G1 phonon mode of doped
graphene with respect to the pristine case, a' is a factor relative to the electron-phonon coupling strength
and E is the Fermi level of the doped graphene (where Er = 0 eV corresponds to intrinsic graphene)
[45,46,58]. The subsequent downshift of the G2 peak observed for higher potassium dose both in the FL and
ML cases can then be ascribed to a progressive build-up of tensile strain in the charged graphene layers. This

complex behavior for both the G2 and G1 Raman peaks points to an influence of potassium adsorbed and



intercalated atoms both on the graphene layer directly in contact with K atoms and on the graphene layers

which are not in direct contact with the K atoms through a longer range interaction.
2.5 Charge and strain effects in K-Gr systems from DFT simulations

To better understand the effects on the charge doping and strain effects in graphene due to the presence of
potassium, we performed DFT calculations for different stages and K concentrations (see Figure S12 of the
Supporting Information). In Fig. 6 we show, for a stage 3 configuration, the charge transfer from K to stacked
graphene computed as the difference between the charge density of the whole system, and the charge den-
sities of pristine graphene and an isolated K atom, i.e., Ap = p(K-Gr) — p(Gr) — p(K). The charge transfer
happens mainly between the K atom and the adjacent graphene sheets (~0.0184 e-/C atom, as estimated
from the integrated charge density difference), and results in an excess charge on the p, orbitals of graphene,
which is larger on the side closer to the K atom. Interestingly, a residual excess charge is also present on the
p- orbitals of neighboring graphene sheets not in contact with the K atom (~0.006 e-/C, approximately one
third of the charge transfer to adjacent graphene). These findings are consistent with the Raman spectra in
the regions where both G1 and G2 peaks are observed and confirm that the doping inhomogeneity can take
place not only in-plane, but also in the vertical direction. In fact the G2 peak s attributed to charged graphene
layers, corresponding to the signal from graphene sheets adjacent to K atoms, whereas G1 corresponds to
the pristine layers. The measured G2 peak presents larger variations than G1, that is mostly unperturbed
with respect to pristine graphene. The small differences detected on the G1 Raman signal can then be at-

tributed to the residual long range charge transfer to sheets not in contact with K atoms (see Figure 4).
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Figure 6: DFT calculations of K adsorbed onto and intercalated into bilayer and multilayer graphene,
charging and strain effects. a) Differential charge density for stage 3 K-doped graphite. In orange/blue the
excess/depletion of charge with respect to the isolated system. b) Calculated average C-C strain as a function
of Fermi energy for bilayer (yellow and red squares for adsorbed and intercalated K, respectively) at different




K concentrations, and multilayer graphene (blue squares) at different intercalation stages. The solid black
line is the strain in the case of electric field gating reproduced from Ref. [59]. c) Real space model of bilayer
AA stacked graphene intercalated by K with supercell (c) 4x4 and (d) 2x2. The C-C bonds in the graphene
layers are colored according to the tensile strain in the bond.

Figure 6b shows the average C-C bond strain induced in graphene by charge donation through a homogenous
gate (black solid line), as reported in Ref. [59], and through adsorbed or intercalated potassium atoms
(squares) for different configurations, as computed in this work (see also Figure S12 of the Supporting In-
formation). The doping is measured by the change in the Fermi level with respect to the graphene Dirac
point. For both homogeneous gate doping and explicit doping with K ions, the average strain increases with
the Fermi level. However, the K doping presents a remarkably larger tensile strain for K concentrations ex-
ceeding stage 3 when compared to graphene upon homogenous charge injection. We attribute this behavior
in K-Gr systems to additional steric effects from the presence of the K atoms [60,61]. To better understand
the interplay between strain due to steric and charge transfer effects, we represent in Figure 6¢ a map of C-
C bond distances in bilayer graphene intercalated by K atoms. While in a pristine graphene all the C-C bonds
have the same length, after potassium adsorption/intercalation we observe local changes in the bond
lengths. In particular, the C-C bonds of C atoms closer to K atoms (red color) are more strained than those
from more distant C atoms (black color). If we now consider the same bilayer but increase the K concentra-
tion, going from a 4x4 to a 2x2 supercell (see Fig. 6d), the number of more strained bonds increases, resulting
in a larger average strain, as illustrated by the two red squares in Figure 6b. Figure 6d shows the map of the
C-Cbond distances in 2x2 bilayer graphene intercalated by K atoms where a larger overall strain and a more
spatially homogeneous distribution of the strain is visible. This analysis indicates that, even in more diluted
potassium stages, the carbon bonds physically closer to potassium atoms can undergo a large tensile strain
coming from steric effects. While calculations partially explain the non-trivial behavior of the G1 peak, they
cannot capture the complexity of real samples, where additional effects have to be taken into account (e.g.,
defects, edges, boundaries between intercalated and non-intercalated regions) that can possibly give rise to
regions with local compressive strain as observed in Figure 5. As a final note, in the GICs literature this G1
peak is normally assumed as a non-charged peak and thus independent from the presence of potassium. OQur
spatially resolved experiments and theory show that potassium can also influence graphene layers that are

not in direct contact with those alkali atoms.
3. Conclusions

In conclusion, we investigated the sublimation of potassium atoms in ultra-high vacuum onto mechanically
exfoliated four-layer and multilayer graphene. Employing spatially resolved Raman spectroscopy, we exam-
ined the impact of potassium adsorption, diffusion, and intercalation finding intricate potassium diffusion

patterns in FL graphene. The detection of intercalation fronts and domains underscores the complex,



collective nature of this phenomenon and demonstrates that potassium diffusion in crystalline, low-defect
FL graphene starts from the edges and not from the basal planes. Finally, thanks to DFT we better understood
the effect of potassium atoms on the electronic and structural properties of graphene. In particular, in inter-
calated potassium staged graphite we found a charge donation from potassium atoms both to adjacent gra-
phene layers and to more distant layers not adjacent to potassium atoms, suggesting a modification of the
structural and vibrational properties of graphene consistent with the Raman experiments. Finally, we found

that the effect of strain from potassium atoms comes both from charging and from steric hindrance.
Materials and Methods or Experimental

Sample fabrication. Graphene flakes were produced by micromechanical cleavage of bulk graphite and de-
posited on n-type Si/SiO, with 285 nm oxide thickness (Graphene Supermarket®). Firstly the bulk graphite
crystal is pressed onto Nitto tape (SPV244) and subsequently the tape is pressed against Gelpak (WF4) to
isolate thin flakes to be transferred through a deterministic transfer method onto the final substrate. Through
optical inspection using an optical microscope, very large flakes (lateral size above 100 um) were selected

for the Raman mapping experiment.

Raman measurements. i-Raman spectroscopy experiments have been carried out at the SmartLab laboratory
of the Physics Department at the Sapienza, University of Rome and performed in a UHV setup using as an
excitation source a single frequency ND:YVO4 laser at 532.2 nm wavelength with a vacuum-compatible 60x
objective (NA = 0.82). The power of the laser was kept below 200 pW on the sample to avoid sample damage.
The system is equipped with a 50 cm focal-length monochromator with a 1200 grooves/mm grating, and the

signal was detected by a back-illuminated liquid N»-cooled Si CCD camera.

Potassium doping. Potassium doping has been carried out in situ, using a commercial SAES getter dispenser,
after several hours of degassing at currents slightly below the current needed for potassium sublimation.
The base pressure during the deposition was in the range of 10-1° mbar. The rate of evaporation has been
estimated as (0.19+0.02) A/minute following the procedure in Ref. [62] (see Figure S8 in the Supporting

Information).

DFT calculations. Structural and doping properties of bilayer graphene and graphite upon K adsorption/in-
tercalation were investigated from first principles by using a plane-wave pseudopotential implementation of
the density functional theory (DFT), as available in the QUANTUM ESPRESSO package [63,64]. For each of
the investigated systems, the atomic structure optimization was performed by using the LDA approximation
for the exchange-correlation functional, together with Optimized Norm-Conserving Vanderbilt (ONCV) pseu-
dopotentials [65], and resorting to variable-cell optimization, until pressure was lower than 0.01 Kbar, forces
were less than 5x10-5 a.u, and with a convergence threshold on total energies of 10-6 a.u. For bilayer gra-
phene, a vacuum region of about 15 A in the non-periodic direction was introduced to prevent interaction

between periodic replicas. The kinetic energy cutoff for the wave functions was set to 90 Ry; the Brillouin



zone was sampled by using a k-point distance of about 0.025 A-1, with grids generated according to Monk-

horst-Pack algorithm.
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Highlights

e Spatially resolved Raman spectroscopy in ultra-high vacuum to unveil the dynamics of potassium

adsorption, diffusion, and intercalation in few-layer graphene.

e The potassium diffusion in few-layer graphene is a collective and complex phenomenon due to var-
ying energy barriers for the diffusion of adsorbed versus intercalated atoms.

e (Charging, strain and layer decoupling in few-layer graphene are assessed.

e Density functional theory calculations show that both charging and steric hindrance introduce local

strain in the graphene layers.





