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a b s t r a c t

Highly-oriented pyrolytic graphite (HOPG), i.e., the 3D stack of sp2-hybridized carbon sheets, is an
attractive material thanks to its high electrical conductivity, chemical inertness, thermal stability, atomic-
scale flatness, and ease of exfoliation. Despite an apparently ideal and uniform material, freshly cleaved
HOPG shows domains in Kelvin probe force microscopy (KPFM) with surface potential contrast over
30 mV. We systematically investigated these domains using an integrated approach, including time-
dependent KPFM and hyperspectral Raman imaging. The observed time-evolving domains are attrib-
uted to locally different hydrocarbon adsorption from the environment, driven by structural defects
likely related to rotational mismatch, i.e., twisted layers. These defects affect the interlayer coupling
between topmost graphene and the underlying layers. Our hypothesis was supported by Raman spec-
troscopy results, showing domains with G peak shifts and 2D line shape compatible with bilayer gra-
phene. We attribute the selective sensitivity of our Raman spectroscopy results to the top graphene
layers as resonances due to van Hove singularities. Our results show that the chemical and electrical
properties of HOPG are far more complex than what is generally believed due to the broken symmetry at
the top surface, giving rise to graphene bilayer-like behavior.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Since the isolation of single-layer graphene from the atomic
layers of highly oriented pyrolytic graphite (HOPG) in 2004 [1],
graphene and related van der Waals materials like MoS2 [2] and
GaSe [3] are gaining considerable interest in the scientific com-
munity. HOPG comes in different grades of quality and is inex-
pensive, atomically flat, and smooth. It is known that HOPG can be
readily obtained as a clean surface, free of contaminants, by the
mechanical removal of the topmost layers with adhesive tape that
makes it an excellent reference material for scanning probe mi-
croscopy methods. This is one reason why HOPG is so attractive in
fundamental research for investigating a wide range of systems,
from chemical to biological [4e8]. For example, atomic-resolution
).
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imaging of HOPG is one of the basic tests for scanner calibration and
tip spatial resolution in scanning tunneling microscopy (STM) [9].
Beyond topography applications, HOPG is also used to quantify
other material properties like the probe’s work function and an
arbitrary sample deposited onHOPG analyzed by Kelvin probe force
microscopy (KPFM) [10]. For this application, HOPG is usually
preferred to gold, since gold has to be annealed to obtain crystalline
flat planes, which additionally are limited to a smaller lateral linear
size of the order of 100 nm. In the case of deposited gold, either by
evaporation or sputter deposition, the surface roughness induces
differences in work function and the values with respect to Au(111)
can vary as much as 1 eV [11,12]. From the electrical point of view,
HOPG is also superior to Si, which forms a native insulating oxide
layer under ambient conditions.

An idealized HOPG can be considered as a vertical stacking of
identical graphene layers held together by van der Waals forces.
Consequently, one expects to see a homogeneous electrical surface
potential (SP) distribution on HOPG with no spatial heterogeneities
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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beyond quasi-one-dimensional features at the grain boundaries
[13]. However, the SP local heterogeneity of HOPG was reported
before [14]. Proksch observed similar image contrast domains on
HOPG - apparently connected to the layered texture - by mechan-
ical measurements with bi-modal amplitude-modulated atomic
force microscopy (AFM) [15], and proposed that these regions arise
due to local adsorption of water from the air. He also observed the
growth of these regions over time. In contrast, based on electric
force microscopy, Lu et al. [16] interpreted the image contrast as a
purely electrical effect, arising due to the lack of local interlayer
conductivity in HOPG that induces a buildup of static charge. They
argued that this effect occurs in some domains where the top
graphene layer of HOPG is electrically decoupled from the lower
layers, in contrast to most of the surface where there is an electrical
connection among graphene layers. Lu et al. claimed to rule out
water or other surface contaminants’ effects by performing the
measurements in the Ar atmosphere. Sadewasser and Glatzel [17]
commented on Lu’s work, and the response to that comment [18]
opened a debate on whether the spatial heterogeneities are the
result of contaminant adsorption from the environment or they are
intrinsic to HOPG.

In this work, we used a complementary approach with Raman
hyperspectral imaging and KPFM implemented on instruments by
different manufacturers and at different locations. To pinpoint the
physical origin of the heterogeneous SP, we investigated different
conditions such as HOPG type, relative humidity (RH), and time
after cleaving. Understanding this effect better could also provide a
way to control or minimize it. Here, we reconcile the two opposite
conclusions in the debate started by Lu et al., by realizing the role of
rotational effects and twisted graphene layers, which are now an
intensive research topic. Our findings are valuable for the research
communities for which HOPG is considered an ideal homogeneous
system, like in scanning probe microscopy and single-layer gra-
phene isolation. Particularly, KPFM users need to establish a more
robust protocol for referencing their SP levels to a reliable standard,
and should also shed some light on a still not fully understood
material such as few-layers graphene.

2. Materials and methods

The HOPG substrates were B-Grade (Natural Kish Graphite
Grade 200) with a nominal grain lateral size of 1 mm and 0.8� ± 0.2�

mosaic spread. The graphite sample surface was prepared by
cleavage of the top layer with adhesive tape. To minimize the
sample’s thermal deformation, a graphite crystal of small di-
mensions 10 х 10 х 2 mm3 was used. Different HOPG samples were
measured with an AIST-NT Omegascope, an NT-MDT NTEGRA, and
an Asylum Research MFP-3D AFM. The experiments were done in
rooms with controlled humidity. We used Pt-coated probes from
NT-MDT and AppNano (AccessEFM) with resonance frequencies of
about 150 kHz and 70 kHz, respectively. If not stated differently,
right after cleavage, HOPG was fast transferred to the AFM and
continuously scanned to observe the SP’s time-evolution. KPFM
were measured in double-pass mode by an NT-MDT NTEGRA and
an AIST-NT Omegascope AFM. In the first pass, the tip oscillated in
amplitude-modulation (i.e., tapping mode) to measure the surface
topography, and in the second pass, the tip was lifted a given DH (in
this work, DHwas 10 nm or 20 nm). During this second pass, the tip
was driven at the same resonance frequency as during the first pass,
yet by electrical means, i.e., by applying an AC bias. The contact
potential difference (CPD) between tip and sample was obtained by
applying a bias voltage to nullify the cantilever oscillation ampli-
tude of first-order harmonic frequency. The SP is the sum resulting
from different contributions, namely the CPD in conductive mate-
rial e related to the tip and sample work functions, and possible
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electrostatic charges on the sample surfacee likely due to dielectric
domains or contamination. When an external potential V is
established between the tip and the sample, an electrostatic force
arises given by:

FuAC ¼
vC
vz

ðVDC �VCPDÞVACsinðuACtÞ (1)

To measure the SP, the VDC is adjusted by the feedback loop of the
AFM to nullify the amplitude of the cantilever’s first-order har-
monic. This nulling of the electrostatic force is reflected in eq. (1).
The only way this term can be minimized is when VDC equals VCPD.
Under this condition, the value VDC is registered to express VCPD or
SP.

Horiba LabramHR Evolutionwas used for Ramanmeasurements
(laser power 25 mW, excitation energy 2.33 eV, acquisition time 1s
and one accumulation, objective x100 and grating 1800) were done
under an AFM (AIST-NT Omegascope) with the AFM probe retrac-
ted from the field of view in order to avoid any effect of the probe
on the obtained spectra. KPFMmaps of the same sample areas were
measured both prior to and after Raman maps. Due to the retrac-
tion of the KPFM probe during Raman mapping, the mismatch
between KPFM and Raman maps was tested on patterned samples
and determined to be less than 2 mm in both x and y directions.

The KPFM measurements at different RH were conducted with
an Asylum ResearchMFP-3DAFM. The EFM experiments were done
in double-pass mode by an NT-MDT NTEGRA with constant VDC .
The lithography on HOPG was done by the NT-MDT NTEGRA with
VDC of 5 V in semi-contact mode.
3. Results and discussion

3.1. Domains observed in SP and hyperspectral Raman spectroscopy
imaging

HOPG can be considered as a close relative of single-layer gra-
phene. Individual graphene layers are held together in HOPG by
relatively weak van der Waal forces, while the atoms within the
layers are strongly bound within a hexagonal lattice by covalent
bonds as illustrated in Fig. 1a. Hence, HOPG can be seen as a
continuous vertical stack of an infinite number of graphene layers
with strong spatial anisotropy. This anisotropy is reflected in the
properties of HOPG, single-layer graphene, and other layered ma-
terials that define two orthogonal directions, in-plane and out-of-
plane. When HOPG is observed from the top, the translational
symmetry expected in this system dictates that all points are
equivalent, and the surface should be homogeneous. In reality, this
translational symmetry is broken by steps and grain boundaries in
HOPG (see the topography in Fig. 1b). This broken symmetry can be
the reasonwhy we observe the big left and right domains in Fig. 1c.
Apart from these 1D defects on the 2D basal planes, no differences
are expected in HOPG. However as shown in the SP images, the
domains marked by blue arrows are still observed in Fig. 1c. This
can be related to dislocation beneath the surface of HOPG, which
has been shown before by Tsuji and Yamanaka [19]. As we discuss
below, these domains are reproducible.

Since Nonnenmacher et al. first introduced KPFM in 1991 [20],
this method attracted great interest in surface science and makes it
possible to characterize the electrical properties of materials at the
nanoscale in terms of SP. For electrically conductive (properly-
biased) and contaminant-free surfaces, this SP represents the CPD
or the work function difference between conducting probe and
sample when they are in contact. In electrically insulating materials
or semiconductors, the buildup of static charges contributes to the
SP contrast observed with KPFM [21].



Fig. 1. (a) Schematic representation of HOPG. (b) Topography and (c) SP image images of HOPG. Arrows in (c) are highlighting electronic heterogeneities, in addition to the effects
arising from the edges that are also visible in (b). The scale bar in all images is 5 mm. (A colour version of this figure can be viewed online.)
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One of the major sources of surface modification in ambient
conditions is the hydrocarbons in the environment. Thus, to verify
the hypothesis of adsorption of environmental water and/or hy-
drocarbons, HOPG was freshly cleaved and quickly (within a few
minutes) transferred to the AFM device to carry out the KPFM
measurements. Typical SP images at different times are presented
in Fig. 2, with the time indicating the elapsed period from the
moment HOPG was cleaved. We observe that the SP images evolve
over time. Initially, the electrical potential of HOPG is roughly
uniform, then a typical domain with negative contrast appears.
Then, the contrast progressively increases until it roughly stabilizes
after 1 h. This time-dependent behavior points to the adsorption of
airborne contaminants along with water on HOPG. It should be
noted that, as in our case, the sample was prepared in the air, so
airborne adsorption is inevitable as shown by Li et al. [22]. Initially,
we suspected that the domains were the result of sample modifi-
cation by the AFM tip. To investigate that possibility, we scanned
the same region in KPFMmode for over 1 h and then zoomed out to
Fig. 2. Time evolution of SP images at a) 5 min, b) 26 min, c) 44 min, and d) 79 min after cle
dependence of average SP (blue circles) and water contact angle (red squares, adapted from
viewed online.)
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look for any tip-induced contrast on the previously scanned area.
We did not observe any significant tip-induced modification con-
firming that the effect shown in Fig. 2, even if correlated with time,
is not due to tip-sample interaction. Contributions to the SP
contrast due to tip contamination affect the SP due to changes in
the tip work function but not the contrast among different do-
mains. This is because when comparing different domains, we
analyze the differences in SP and thus whatever tip changes occur
they cancel out (see equation 3 in Supporting Information).

The SP distribution at different times of the images shown in
Fig. 2aed is presented in Fig. 2f. The bimodal distribution emerged
at intermediate times (26, 44, and 79 min), leaving a single-peak
distribution at 5 min. Lu et al. did not report the time evolution of
the potential domains [16]. It is possible that in their case, as often
happens in AFM, the image acquisition speed was too slow,
requiring such a long time that only the asymptotic steady-state
condition was recorded. In Fig. 2g, we present our SP together
with the water contact angle reproduced from Lu and coworkers
avage. e) Topography image of the sample. f) SP distributions at different times. g) Time
Ref. [22]). The scale bar in all images is 5 mm. (A colour version of this figure can be
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[22] as a function of time.We see that the average SP decreases over
time, but becomes stable after about 1 h. For freshly-cleaved HOPG,
the surface exhibits hydrophilic behavior. However, after adsorbing
airborne species, the hydrophilicity of HOPG decreases [22]. The
two processes have the same time constant of
tCAztSP ¼ 14 ± 2 min, fitted with a decay curve y ¼ A, expð �
x =tÞþ y0. The obtained result is in agreement with the work
function of HOPG changing due to hydrocarbon adsorption [23,24].
A similar time-evolution as that one shown in Fig. 2 was observed
in the SP images using different setups at different laboratory lo-
cations (Russia and Austria) with different AFM instruments and
different HOPG grades (see Fig. S1 in the supplementary informa-
tion (SI)). This inter-laboratory analysis supports our conclusion
that the effect of hydrocarbon adsorption on HOPG is inevitable and
universal. Airborne hydrocarbons are supposed to be present
everywhere, even in ultra-clean laboratory environments [25].
Many efforts weremade to identify the airborne structure adsorbed
on the surface of 2D materials, including analyses with X-ray
photoelectron spectroscopy (XPS), Fourier-transform infrared
spectroscopy (FTIR), tip-enhanced FTIR, force measurements, etc.
[22,26,27]. Based on XPS results, Ashraf and coworkers observed
that different hydrocarbons are adsorbed on the surface of HOPG,
such as CH groups and carbon-oxygen functionalities such as
carbonyl, carboxylic, and phenolic groups [26]. By using silicon gel
sampler and gas chromatography coupled to a mass spectrometer
operated in full scan and metastable ion monitoring mode, Illing
et al. defined additional potential airborne contaminants in labo-
ratory environments, including chelanthenes, phytanes, dio-
cholestanes, hoptanes and hopanes [28]. Despite the above-shown
evidence of the presence of hydrocarbon contaminants on HOPG,
identifying the exact species is challenging because they are easily
removed in the measurement due to their weak interaction with
the substrate [27].

We also investigated the impact of water on the surface po-
tential of HOPG (see Fig. S2). The average SP increases with the RH
decrease. However, we did not observe a significant change in
domains in SP images, despite the significant decrease in RH. Given
that the SP domains on HOPG appear due to airborne contamina-
tion change over time, it remains to be explained why the
adsorption is not the same everywhere but occurs differently at
specific regions. It is well-known that there are defects on HOPG
known as superlattices, which were discovered by several groups
since the late 1980s [29,30]. Superlattices in HOPG can be produced
by mechanical exfoliation with adhesive tape and are an intrinsic
part of the cleaved surface [31,32]. Wong and Durkan found that
mismatch and misorientation create superlattice domains with
different periodicity in HOPG, which were visible by STM [33].
Hexagonal periodicities arise due to Moir�e patterns related to
superlattice and domains in HOPG with a rotational mismatch
[32,34]. Since Raman spectroscopy is the tool of choice for inves-
tigating graphene and carbon-based materials, we expected that
the mismatch angle between top layers and graphene layers un-
derneath should be visible in the Raman spectra, thanks to the
sensitivity of the technique to perturbations in graphene electronic
structure. For this reason, we carried out a colocalized KPFM and
Raman hyperspectral imaging analysis.

The results presented in Fig. 3 show a clear spatial overlap be-
tween the SP image and the Raman map of the G peak area.
Whereas these two methods are completely independent of each
other, the clear correlation observed here shows that the SP do-
mains’ location on the HOPG surface is not random. The SP domains
clearly occur at specific locations with particular structural prop-
erties. The SP domains are not visible in the topography image in
Fig. 3a; therefore, they must arise from defects beneath the sample
surface. From the Raman spectrum in Fig. 3e, we see a blue shift in
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the G band from 1581.5 cm�1 to 1583.3 cm�1. According to Wang
et al., this shift can be connected to the number of upper layers on
HOPG [35]. However, the G band intensity at the point labeled 2 is
lower than the intensity at point 1. The G band originates from
optical phonons near the G point at the center of the Brillouin zone,
with the in-plane stretching vibration of carbon atoms. The 2D
band of bilayer graphene originates by the light activation of
double-resonance processes from K to K0 point in the Brillouin
zone. Because of the interaction between graphene layers, this
system’s electronic structure changes according to the number of
AB-stacked graphene layers, which leads to different 2D peak
shapes in the Raman spectrum. For monolayer graphene, there is
one valence band and one conduction band in the Dirac cone;
therefore, the 2D peak of graphene can be fitted by one Lorentzian
peak. In the case of bilayer graphene, there are two conduction
bands and two valence bands in bilayer graphene (parabolic bands
at the K and K0 points), thus there are 4 electron-phonon interaction
processes P11, P12, P21, P22 in this system. The Raman modes asso-
ciated to these four processes are then fitted by four Lorentizian
peaks: u11, u12, u21, u22, respectively [36]. The 2D band of HOPG is
not under debate; it is universal for all sp2 carbon systems; it is
accepted to be composed of two Lorentzian peaks that originate
from the combination of an infinite number of peaks. For the case of
HOPG, we cannot assume four peaks except for the P11 mode
because of a strong singularity at u11. The second-order double-
resonance process that is strongly affected by the stacking order or
any other external perturbation allows the 2D peak to be used to
identify the number of layers in graphene [37,38]. Similarly to the
heterogeneous SP contrast, this Raman imaging result is unex-
pected since the spectral response of HOPG should be uniform.
According to the Raman spectral analysis in Fig. 3e, the 2D band in
HOPG has the same shape as bulk HOPG [39] with only two peaks at
2677.5 and 2720.4 cm�1, and there are four peaks at point 2,
assigned to 2640.8, 2691.1, 2720.1 and 2735.3 cm�1. The 2D peak
shape at point 2 describes the mixed character of bilayer graphene
with bulk graphite as we observe the same peak at 2720 cm�1. In
comparisonwith the Raman spectrum of bilayer graphene reported
previously [36], there is a blue shift in our Raman spectrum with
Raman peaks P11, P12, and P21 and a red shift for P22, this could be
related to the impact of the bulk HOPG substrate under the twisted
layers. The blue shift in misoriented bilayer graphene was reported
before by Poncharal et al. [40], Hao and coauthors also showed the
blue-shift in folded four-layer graphene in comparison with AB-
stacking bilayer graphene [41]. The result obtained at location 2 is
consistent with the presence of a decoupled bilayer-like graphene
on HOPG. This conclusion is also justified by considering other
factors that could affect the 2D band. These factors include doping,
temperature, andmechanical stress. However, none of those factors
affect the 2D peak shape but rather the peak intensity ratios and
peak positions. Like with the 2D peak shape of bilayer graphene,
characterized by a fit with four peaks related to the doubling of
conduction and valence bands near the K and K0 points, four peaks
provide the best fit to the spectrum we recorded for location 2.

We attribute the origin of decoupled bilayer-like graphene on
HOPG to themismatch angle between top graphene layers and bulk
graphite that occurs during exfoliation. According to Ref. [42], the
1 þ 1 folding graphene with large angle orientation has a Raman
spectrum similar to that of monolayer graphene at a large
mismatch angle. Based on ab initio and tight-binding calculations,
Trambly de Laissardi�ere et al. demonstrated a renormalization of
electron velocity in bilayer graphene that depends on the rotational
angle q (RA) [43]. For large RA (15�e30�), the Fermi velocity of
bilayer graphene is very close to that of monolayer graphene [44].
Shallcross et al. demonstrated that the electronic structure of
bilayer and symmetric trilayer graphene with large RA at the K



Fig. 3. Correlation between KPFM and Raman spectroscopy map: a) Topography, b) SP image, c) Raman map of G peak area, d) Raman map of G peak position, e) Raman spectrum at
point 1 and 2 (marked in b). Inset of (e) presents an overlap of SP and G peak area images, f) Raman spectrum of 2D peak at point 1,2 and typical Moir�e pattern at RA of 5� and 20� ,
the arrows point to the adsorption center. The scale bar in all images is 5 mm. (A colour version of this figure can be viewed online.)
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point is similar to monolayer graphene [45], and the electronic
structure at the K point is responsible for the 2D peak in the Raman
spectrum of graphite. This also means that the large momentum
mismatch around KeK0 points between the two graphene layers
results in their electronic decoupling [46]. Luican et al. showed that
when the mismatch angle between graphene layers is greater than
20�, the layers decouple, and the electronic properties of twisted
bilayer graphene are indistinguishable from that of monolayer
graphene [47]. Moreover, the spectrum of a folded tetralayer (2þ 2)
graphene, in which one graphene bilayer is on top of another
bilayer with a large RA of 29�, is similar to that of AB-stacked bilayer
graphene obtained by mechanical exfoliation [48]; at this angle the
top bilayer graphene most likely becomes decoupled from the
bottom bilayer graphene. All these observations in the literature
support our hypothesis of decoupled graphene-like layers on top of
HOPG due to themismatch angle of bilayer-like graphenewith bulk
HOPG. Although this is a dynamic topic still evolving, the consensus
to explain the Moir�e pattern on HOPG observed by STM is attrib-
uted to the mismatch angle between top graphene layers and bulk
graphite [33,49,50]. Besides STM, Boi et al. recently used high-res-
olution transmission electron microscopy to show the presence of
Moir�e patterns on HOPG-lamellae exfoliated from bulk HOPG [51].
Thus, we based our conclusions on the Raman analysis and the
general agreement aboutMoir�e patterns as twisted graphene layers
in HOPG as discussed above. This result is consistent with the
possible presence of a defect (dislocation) under the top surface of
HOPG, where few isolated graphene layers appear on the top of
bulk HOPG [33]. To confirm our hypothesis, we used KPFM to
measure natural kish graphite single crystals. As we expected from
our deductions, we did not observe any SP domains (see Fig. S3)
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because of the almost perfect graphene structure. The fact that in
our experimental results Raman spectroscopy was only sensitive to
the topmost graphene layers of HOPG is surprising, as this is not a
surface-sensitive technique such as XPS or KPFM. Although at this
point, the details on the origin of this enhanced surface sensitivity
in our Raman spectroscopy results are still elusive, we are tempted
to attribute this to the appearance of van Hove singularities (vHs)
[52]. Indeed, vHs appear in HOPG due to the strong coupling be-
tween the top graphene layers and the bulk substrate, as previously
reported in an STM study [53]. Zhang and Luo showed that these
vHs in HOPG display higher Fermi velocity and larger interlayer
hopping than for the case of bilayer graphene. Like in the case of
carbon nanotubes investigated by Saito et al. [54], vHs directly
impact the joint density of states which would be visible in the
Raman spectra as a resonance effect, amplifying the Raman signal
from the top layer. This resonance due to vHs should be larger than
the resonance arising from p-p* transitions from graphene layers
in the bulk HOPG around the K and K’ points of the Brillouin zone
[55]. Moreover, from the Raman spectra image of the G peak, we see
that not everywhere the layers appear with a large peak area. This
could be related to the rotation-dependency of the optical transi-
tion energies, spanning the whole visible spectral range in twisted
graphene as shown by tight-binding and DFT calculation results
[56]. In addition to vHs, recently, Hu et al. showed that light can be
confined in the gap between layers at the so-called magic angle,
impacting the electronic properties [57]. As mentioned above, the
Raman spectrum at location 2 has mixed characteristics of bilayer
graphene and bulk HOPG. To isolate the spectrum of top bilayer-like
graphene we need to subtract the bulk spectrum, assumed for
location 1, from that of the bulkþ bilayer at location 2. However, for
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that analysis, we need the same bulk contribution for both loca-
tions so that one can serve as the reference and subtract it from the
other location. But in our results, this same bulk contribution
assumption may not be entirely correct because a larger photon
absorption of the bilayer-like graphene in location 2 (i.e., reso-
nances due to van Hove singularities [52] and other factors dis-
cussed below) implies that fewer photons will reach the bulk
graphite than in location 1. Therefore, the contribution from the
bulk HOPG to the Raman spectra is different for both locations in
Fig. 3e (and Fig. S4a). As can be seen from the subtraction after
normalization in Fig. S4b, we have a resulting spectrum in region 2
that cannot be attributed to the “real” spectrum of top bilayer-like
graphene. By taking into account the different bulk contributions
for each region, we can obtain a subtraction result that matches
that of bilayer-like graphene. This is shown in Fig. S4c, where the
bulk contribution assumed for location 1 was scaled down to 0.4
times the bulk contribution for location 2. We notice that this factor
of 0.4 is arbitrary, and we only use it to illustrate how scaling down
the bulk contribution affects the subtraction result. In Fig. S4d, we
show the Raman spectra for both regions and a sketch illustrating
the different Raman laser penetration depths that make up
different bulk contributions. Coming back to our resonance hy-
pothesis, this implies that Raman imaging at different excitation
wavelengths will make visible different domains due to resonance
Raman spectroscopy that excites regions matching electronic
transitions introduced by the twisted bilayers. Besides experi-
ments, recent theoretical works show the opening of a bandgap due
to the coupling between graphene bilayers [58]. We hope that our
work will motivate rigorous theoretical modeling of graphene
layers coupled to HOPG to provide additional insights into optical
resonances in this system. We notice other factors that could
contribute to the enhanced surface sensitivity in our Raman spec-
troscopy results. In addition to resonance conditions, another factor
is the Raman scattering cross-section that for the coupled bilayer-
like/HOPG system could be much larger than that of bulk HOPG.
The chemical enhancement mechanism (graphene-enhanced
Raman spectroscopy) [59,60], could also enhance the signal of the
twisted bilayer-like graphene itself. It is also entirely possible that
there is no enhancement of the top layer but that the twisted
graphene is not restricted to the top layers and goes deeper inside
HOPG, explaining why we get a considerably larger Raman signal in
location 2 that resembles a graphene-like bilayer. At present, our
knowledge on the spatial extension of rotational defects inside
HOPG is quite limited; further investigations with colocalized low-
energy electron microscopy (LEEM) and Raman microscopy could
shed light on this question.

It is reasonable to expect that the misorientation of graphene
layers affects the van der Waals interaction between the top of
graphene superlattice and airbornematter in the environment. This
situation gives rise to locations on HOPG that are more attractive
than others towards airborne adsorption, leading to a locally low SP.
Xhie et al. used STM to investigate the adsorption of cobalt atoms
on HOPG. They showed that Co nanoparticles or clusters (atoms)
are preferably adsorbed on locations with the highest density of
states at the Fermi level with AA stacking [61]. Besides that, Balog
and coauthors proved that hydrogen adsorption follows the Moir�e
pattern of graphene on Ir(111) [62]. Adsorption of organic mole-
cules such as perylene-3,4,9,10-tetracarboxylic dianhydride,
phthalocyanine (and its metal coordination complexes), and C60
fullerenes, also follows this behavior [63]. In the case of fullerenes,
C60 molecules are preferably adsorbed on the valleys of Moir�e
patterns [64]. This can be understood by considering that the larger
the relative RA between HOPG top layers, the smaller the lattice
periodicity. As the RA increases, the lattice period decreases and the
valley’s density increases. Thus, the larger density of adsorption
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centers increases hydrocarbons’ concentration and airborne or-
ganics adsorbed on HOPG. All experiments discussed above were
done at the nanoscale, but also at larger scales, islands and domains
of melamine self-assembled monolayers on HOPG were also
observed [65]. In summary, due to the higher adsorption of hy-
drocarbons on superlattices with lower periodicity (higher relative
RA), the SP values of these superlattices are lower than for other
regions and this is why we observe domains with different SP in
KPFM imaging.

3.2. Effect of applied potential to hydrocarbon adsorption

Inspired by observing inhomogeneous contrast in electric force
microscopy (EFM) images reported by Lu and co-workers [16], we
performed EFM of HOPG and correlated it with KPFM results ob-
tained on the same sample under the same experimental condi-
tions. We expected to see in EFM the same contrast e including
domainse that we saw in KPFM for freshly-cleaved HOPG. For EFM,
we utilized the same tip used in KPFM, with a DC voltage of 1 V and
lift height (dZ) of 20 nm. However, our results in Fig. 4c revealed no
domains like in Fig. 4b.

We assume that the SP domain contrast with the surrounding
HOPG at 3 h after cleavage is as small as 30 mV. By applying a DC
voltage of 1 V, the difference in electric force due to the possible
presence of domains is relatively low, so we can hardly detect the
domains in the EFM image. Indeed, the phase image in Fig. 4d is
almost homogenous without the clear appearance of any domain.
This result contrastswith that of Lu’swork, inwhich theyapplied 3V
and still observed the domains [16]. However, after exposure to air
for one day, we observed the domain in the phase and EFM images
(see Figs. S5b and S5c) like in Lu and co-workers’ report. Therefore,
the time of measurement since cleavage appears to be critical. If the
sample is left in the air for 1 day, we observe a strong correlation
among SP, phase, and topography images obtained with KPFM (see
Fig. 5aec). This correlation indicates the water/hydrocarbon
adsorption layers that define the domains on HOPG (in particular,
the phase-contrast that is sensitive to the sample’s adhesive prop-
erties) [66,67]. In freshlycleavedHOPGwedonot see this correlation
because the layer of adsorbed hydrocarbons is too thin to be
appreciated. For HOPG left exposed to air for an extended period (1
day), we discovered that hydrocarbons adsorbed on HOPG could be
removed by applying a potential difference during EFM scanning.
Aftermultiple EFMscans using 2V, 0.3A, and20nmdZ, the domains
on the surface gradually disappeared. After changing to KPFMmode
to observe the effect of scanning under bias, we found that the
adsorbed layerswere removedduring EFM imaging, as evidencedby
the topography and phase images in Fig. 5def.

A part of the domain previously observed in SP images dis-
appeared after EFM, and the average SP increased. The phase im-
ages in Fig. S5 showed that most of the hydrocarbons were
removed.We can still see the domain in the SP image, which can be
explained because it took 20 min for the KPFM scan to be
completed, and during that time airborne hydrocarbons were
adsorbed back to the surface (see Fig. S6). This re-adsorption is even
evident on a single scan frame from bottom to top, matching the
scan direction and increasing SP contrast. After 9 h exposure to air,
the domains in SP images reappeared (see Fig. 5gei). These ob-
servations provide additional evidence of the effect of airborne
adsorption on the SP image. Therefore, we demonstrated that, as
opposed to conclusion by Lu and coworkers [16], large contrast
changes and domains in SP in HOPG appear due to airborne
adsorption and not because of intrinsic SP of defects in HOPG. The
impact of applied potential is confirmed by lithography with an
applied voltage of 5 V in semi-contact mode (see Fig. S7). The KPFM
results for that sample showed that the external potential entirely



Fig. 4. Typical (a) topography, (b) SP, (c) EFM image (applied voltage: 1 V), and (d) phase, 3 h after cleavage. The scale bar in all images is 5 mm. (A colour version of this figure can be
viewed online.)

Fig. 5. EFM effect on hydrocarbon adsorption on HOPG, a) SP image, b) topography, c) phase image of old HOPG before EFM; d) SP image, e) topography, f) phase image of old HOPG
after EFM; g) SP image, h) topography, k) phase image of old HOPG after 9 h. The scale bars are 5 mm. (A colour version of this figure can be viewed online.)
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removed hydrocarbons. This demonstrates the viability of a nano-
scale way for in situ removal of airborne species adsorbed on HOPG
compared with traditional thermal annealing or UV/O3 treatment.

Additional experimental work with the in situ combinations of
different surface-sensitive methods will shed light on the many
questions about this carbon system that still elude us. Here are
some of those open questions that are also interrelated: Are the
twisted graphene layers restricted to the top 1e2 layers? Or do they
propagate deeper inside HOPG? If yes, how deep? What is the
impact of the top layers/HOPG coupling to the phonon and elec-
tronic properties? We are now aiming to answer these questions,
particularly with the combination of STM and tip-enhanced Raman
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spectroscopy [68]. We hope that our work will motivate rigorous
theoretical modeling of graphene layers coupled to HOPG and
provide evidence on the existence of optical resonances in this
system that, if true, could also have implications in optoelectronics.

4. Conclusion

Employing KPFM, we systematically investigated the presence
of SP domains in HOPG and revealed that their physical origin is
related to the formation of defects as rotationally miss-matched
domains, i.e., twisted graphene layers in graphite. We showed
that the time evolution of these domains is due to hydrocarbon
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adsorption, which is in contrast to the hypothesis of Lu et al. [16].
The time after cleavage is critical to investigate the physical and
chemical properties of HOPG: at ~60 min after cleavage, the SP
image contrast stabilizes, which is consistent with the impact of
hydrocarbon adsorption to time-dependent water contact angle
results by Li and co-workers [22]. Moreover, Raman hyperspectral
imaging proved that the formation of domains is not random, but
these domains are formed because hydrocarbons are preferably
adsorbed on the defects, which is most likely due to a high
mismatch angle between the top graphene layers and the bulk. The
larger relative RA, the smaller the periodicity of Moir�e pattern and
the higher the density of adsorption centers. Therefore, more hy-
drocarbons are adsorbed on these defects. Besides, the adsorbed
hydrocarbons can be effectively removed by establishing a tip-
sample bias during scanning, which also allows reproducing the
time-dependent visualization of re-adsorbed hydrocarbons.

Upon mechanical stress, the top graphene layers of HOPG
appear intrinsically separated from the underlying bulk. Since
cleavage by adhesive tape is by far the most used way to process
HOPG and is also very popular for graphene preparation, we foresee
substantial implications of the present work for the self-assembly
of organic molecules on HOPG, twisted graphene, and the
emerging field of twistronics.
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