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ABSTRACT: The investigation of solid−liquid interfaces is
pivotal for understanding processes like wetting, corrosion, and
mineral dissolution and growth. The graphite−water interface
constitutes a prime example for studying the water structure at a
seemingly hydrophobic surface. Surprisingly, in a large number of
atomic force microscopy (AFM) experiments, well-ordered stripes
have been observed at the graphite−water interface. Although
many groups have reported on the observation of stripes at this
interface, fundamental properties and, in particular, the origin of
the stripes are still under debate. Proposed origins include
contamination, interplanar stacking of graphene layers, formation
of methanol−water nanostructures, and adsorption of nitrogen
molecules. Especially, the latter interpretation has received considerable attention because of its potential impact on explaining the
long-range nature of the hydrophobic interaction. In this study, we demonstrate that these stripes readily form when using standard
plastic syringes to insert the water into the AFM instrument. In contrast, when clean glass syringes are used instead, no such stripes
form even though nitrogen was present. We, therefore, conclude that contaminations from the plastic syringe rather than nitrogen
constitute the origin of the stripes we observe. We provide high-resolution AFM data that reveal detailed structural insights into the
arrangement of the stripes. The rich variability of our data suggests that the stripes might be composed of several diﬀerent chemical
species. Still, we cannot rule out that the stripes observed in the literature might originate from other sources; our study oﬀers a
rather straightforward explanation for the origin of the stripes. In the view of these results, we propose to carefully reconsider former
assignments.

■

INTRODUCTION
The graphite−water interface constitutes a prime example for
studying the water structure at a seemingly simple model
surface. Besides the fundamental interest in elucidating the
water structure at a surface that is generally believed to be
hydrophobic,1 the graphite/graphene surface also serves as a
model system for many application-related studies.2−4 In the
past, an ever-growing number of research groups have reported
atomic force microscopy (AFM) experiments on the formation
of well-ordered stripes on the graphite/graphene surface.5−18
Despite their ubiquitous appearance, the origin and many
structural details of these stripes are still under debate. For
example, the stripes have been reported to order in domains
with diﬀerent orientations with respect to each other.5−16
Moreover, diﬀerent stripe widths ranging from 2 to 6 nm have
been reported in literature.5−7,12,15 Similarly, contradicting
information is available on the solvation structure on top of the
stripes.17,19 Although some groups have ascribed the stripes to
airborne contaminations 11−14 or to the formation of
methanol−water nanostructures,18 others have explained the
origin of the stripes by intercalation and diﬀerent interplanar
stackings12 or the assembly of dissolved nitrogen molecules at
the graphite/graphene−water interface.5−9,17 The interpretation of the stripes being composed of nitrogen has received
© 2020 American Chemical Society

considerable attention because of its potential impact for
explaining the long-range nature of the hydrophobic
interaction.17,20,21 In the view of this discussion, it becomes
increasingly relevant to shed light onto the structural details of
the stripes and, in particular, to clarify the chemical nature of
the constituents.
Here, we present an AFM study of stripe-like adsorbates at
the graphite−water interface (in the following referred to as
stripes). We demonstrate that these stripes are present when
standard plastic syringes are used to place the water droplet
into the instrument. When avoiding plastic syringes and using
clean glass syringes instead, we do not observe the stripes even
though nitrogen was present. We, therefore, conclude that the
stripes observed in our experiments are composed of species
that originate from the plastic syringes. Our observations
suggest that at least some of the stripes reported in the
literature could have the same straightforward origin. ThereReceived: March 17, 2020
Revised: June 22, 2020
Published: June 23, 2020
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independent standard experiments and approximately, 80%
of them showed stripes. During the other 20% of the
experiments, no stripe formation was observed. Figure 1a

fore, we provide a detailed structural investigation of the stripes
as a reference for comparison with existing and future work
exhibiting stripes at the graphite−water interface. The
structural features reported here, including the domain
orientation, stripe widths, internal structure and solvation
structure, exhibit rich variability. This variability, which is in
excellent agreement with structural investigations of the stripes
reported in the literature, suggests that the contamination is
composed of diﬀerent chemical species. Although we cannot
exclude that the stripes from previous reports might have yet
another origin, we recommend to reconsider earlier assignments to nitrogen in the view of our results.

■
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EXPERIMENTAL SECTION

All data shown in this study were measured on highly oriented
pyrolytic graphite purchased from PLANO GmbH (Germany). Prior
to most measurements, the graphite surface was freshly cleaved with
an adhesive tape. In few cases, the graphite was kept in air for some
time before exposing it to aqueous solution. The images obtained
after the latter procedure look the same as those for the freshly
cleaved surface. The ultrapure water used in this study was obtained
from two diﬀerent puriﬁcation setups (Merck Millipore, Germany,
and Stakpure GmbH, Germany). As it is sometimes suggested that
AFM imaging conditions improve in the presence of ions, we also
performed some experiments using sodium chloride solutions. The
used aqueous solutions were produced by dissolving sodium chloride
(Carl Roth GmbH + Co. KG, Germany) in ultrapure water. The
presence of the ions does not change the observations made here. To
insert the solutions into the instrument, two diﬀerent kinds of syringes
were used. For the “standard” measurement, we use plastic syringes
(Braun Melsungen AG, Germany). As a reference, we used syringes
made of glass (Poulten & Graf GmbH, Germany). In some
experiments, we intended to clean the glass syringes with a surfactant
solution (Hellmanex III, Sigma-Alrdich, Germany). The surfactant
solution is composed of phosphates, anionic surfactants, and nonionic
surfactants.
All AFM measurements shown here were performed in the
frequency-modulation mode. Two diﬀerent AFM instruments were
used. The ﬁrst setup used is based on a Multimode AFM instrument
with a Nanoscope V controller (Bruker, Nano Surfaces Division,
USA) and was modiﬁed to improve the signal-to-noise ratio22 and to
enable three-dimensional (3D) mapping23 with photothermal
excitation.24 The second setup used is a Cypher ES AFM instrument
from Asylum Research, an Oxford Instruments Company, USA.
Silicon cantilevers (TAP300 GD-G, Budget Sensors, Bulgaria) with a
gold coating on the backside were used. According to the
manufacturer, the resonance frequency is 300 kHz (typical range:
200−400 kHz) in air and the force constant is 40 N/m (typical range:
20−75 N/m). The eigenfrequency of the cantilever in water is
approximately 100−150 kHz. For 3D AFM experiments, the
amplitude of oscillation was 0.05−0.1 nm. For two-dimensional
(2D) AFM experiments, the amplitude was 0.05−1 nm. In the upper
right corner of all 2D AFM images shown in this study, the recorded
channel (zp: z-piezo displacement, Δν: frequency shift) and the slow
and fast scan directions are displayed. The color scale ranges from
dark (low value) to bright (high value).

Figure 1. (a) Drift-corrected AFM image of a stripe-covered graphite
surface taken in water. (b) Height proﬁle taken from (a) (position is
indicated by the cyan arrow), revealing a stripe width of
approximately 5 nm. The displayed height proﬁle is an average over
ten height proﬁles.

shows a representative AFM image taken at the graphite−
water interface with the surface being entirely covered by the
stripes. Two diﬀerent stripe domains are visible, which are
separated by a step edge. At some positions, bright protrusion
can be seen on top of the stripes (black circle in Figure 1a), the
nature of which is unclear to us. The height proﬁle extracted
from Figure 1a (position is indicated by the cyan arrow) shown
in Figure 1b, reveals a stripe width of approximately 5 nm.
We note that contaminations from disposable needles have
been reported earlier to be the source of adsorbates at the
graphite−water interface.25 In this latter work, however,
nanobubble-like objects have been observed, which have
been ascribed to polydimethylsiloxane.
In sharp contrast, when we avoided plastic syringes, the
stripes were absent. More speciﬁcally, when inserting the water
with a clean glass syringe, we never observed stripes. As we do
not observe stripes in about 1/5 of all experiments using plastic
syringes, the experiment with glass syringes was repeated seven
times to provide solid experimental evidence that no stripes are
seen when glass syringes are used. In these experiments,
nitrogen was present; therefore, we cannot conﬁrm the results
presented in the literature, which assign the stripes to nitrogen.
Interestingly, we also performed experiments in which we ﬁrst
injected water with a glass syringe and afterward exchanged the
water using a plastic syringe. After injecting the water with the
glass syringe, a stripe-free interface was observed (Figure 2a).
In this image, the graphite surface with step edges can be seen.
Interestingly, after exchanging the water via a plastic syringe,
stripes start to form on the surface almost immediately. In
Figure 2b, the same surface area is seen as that in Figure 2a;
however, now stripes cover the terraces. A zoom onto the
terrace and the step edge in the upper right corner is given in
Figure 2c to clearly present the stripes. A height proﬁle taken at
the indicated position in Figure 2c is given in Figure 2d,
revealing stripes with a width of approximately 5 nm. The
latter experiment (ﬁrst injecting the water with a glass syringe
and then replacing it using a plastic syringe) was performed
two times with identical results. In another experiment, we ﬁrst
“cleaned” the glass syringes with a surfactant solution. Upon
inserting the water droplet with such a precleaned glass
syringe, stripes are again formed at the graphite−water
interface. This ﬁnding strongly suggests that in this case,

■

RESULTS AND DISCUSSION
For investigating the graphite−water interface with AFM, a
graphite sample is cleaved and inserted into the liquid cell of
the instrument. The solution is then placed on top of the
graphite surface using a syringe. In a “standard” experiment, we
use standard aseptic syringes for clinical use, which are made of
polypropylene (barrel) and polyethylene (plunger). When
performing AFM imaging after the solution was inserted with
such a plastic syringe, well-ordered stripes are observed in most
of the cases. Altogether, we performed more than 100
7790
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Figure 3. Drift-corrected AFM image of a stripe-covered graphite
surface taken in water. Two domains of stripes with diﬀerent
orientations with respect to each other are visible. The blue and
yellow lines highlight the orientation of the individual domains. The
enclosed angle of approximately 6° deviates from the 120° rotation
expected for rotational domains on graphite. The vertical lines to the
left of the image are caused by the distance feedback loop due to the
high scan speed.
Figure 2. AFM images taken at the graphite−water interface. (a)
Glass syringe was used to inject pure water directly onto the sample.
The bare graphite surface is observed, exhibiting terraces and step
edges. (b) When exchanging the water in situ using a plastic syringe,
adsorbates become visible at the graphite−water interface. (c) Zoom
image of (b) reveals stripes at the interface. (d) Displayed height
proﬁle is extracted from (c) (position is marked by a blue arrow). The
stripe width is approximately 5 nm. The height proﬁle is an average
over 15 height proﬁles.

that the domain orientations do not depend on the graphite
surface as a template solely. Furthermore, the domains can
change their orientation on a time scale of minutes (see the
Supporting Information Figure S2). This result demonstrates
that the observed domain orientations are not simply given by
the threefold rotational symmetry of the graphite surface.
Stripe Widths. In the literature, stripes with widths ranging
from 2 to 6 nm are reported.5−7,12,15 In Figure 4a, a further

stripes form from the organic surfactant molecules that seem to
remain in the syringe even after rinsing it with water.
In the following section, we will discuss structural properties
of the stripes observed in our experiments as a reference to
existing and future work presenting stripes at the graphite−
water interface. Our analysis includes the domain orientation,
the stripe widths, and the internal as well as the solvation
structure of the stripes.
Domain Orientations. In agreement with what is reported
in the literature, we observe domains of stripes with three
diﬀerent orientations that exhibit the well-known 120°
rotation.5,6,9,10,12,13,15 This is expected due to the threefold
rotational symmetry of the graphite surface. In Figure 1a, two
of the three domain orientations can be seen, marked by a
yellow and blue line. However, we also observe domains that
exhibit orientations diﬀerent from 120° with respect to each
other. Figure 3 displays two other domains, which are rotated
only by approximately 6° with respect to each other. The
observed angle also diﬀers from 30°, which could be expected
from the zigzag and arm-chair direction on the graphite
surface.7 Because of the occurrence of diﬀerent stripe
orientations in a single image, a scan artefact can be ruled out.
A possible explanation for the observed 6° angle might be
the rotation of the top graphene layer, forming a moiré pattern
because of cleaving of the graphite surface.11,26,27 Defects such
as dislocations or grain boundaries in the graphite lattice can
also lead to misorientation and, therefore, maybe to diﬀerent
domain orientations.11,28 However, in many other images, we
also observe rotation angles diﬀerent from 120 or 30° (e.g.,
approximately 132, 107, 55, 157, and 13°; see the Supporting
Information Figure S1). This ﬁnding is an indication of the fact

Figure 4. (a) AFM image of a stripe-covered graphite surface taken in
water. Islands of stripes with diﬀerent stripe widths can be observed at
the interface. (b) Displayed height proﬁles are extracted from (a) at
the positions indicated by arrows. The height proﬁles are averaged
over seven height proﬁles.

image taken at the graphite−water interface is shown. In this
image, islands of stripes with diﬀerent widths coexist at the
interface. To discuss the diﬀerent stripe widths in more detail,
height proﬁles are extracted from two diﬀerent islands with
diﬀerent stripe widths. The blue proﬁle in Figure 4b reveals a
stripe width of approximately 5 nm. In contrast to that, the
cyan proﬁle reveals a stripe width of approximately 8 nm.
Interestingly, images with diﬀerent stripe widths within a single
frame have been reported before in the literature.6,12 These
diﬀerent widths might indicate diﬀerent species being
responsible for the stripe formation. We note that diﬀerent
stripe widths might also be associated with multilayer islands of
diﬀerent heights (see the Supporting Information Figure S3).
However, as the number of layers seems to be the same for the
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stripe islands shown in Figure 4a, we discard this option for
explaining the diﬀerent stripe widths in the present image.
Inner Structure of the Stripes. In the following, we focus
on the inner structure of the stripes. In few instances, we
succeeded to obtain high-resolution images that unravel the
molecular level structure of the stripes. In these cases, the
seemingly homogenous stripes exhibit an inner structure that is
more complex than that expected given the well-ordered
appearance at low resolution (Figure 5a). As most of the

Figure 5. (a) Drift-corrected, high-resolution AFM image of the
stripes. (b) Zoom-in image taken at the position indicated by the
yellow box in (a). The inner structure is composed of lines with a
periodicity of approximately 0.5 nm along the stripe direction.

stripes reported in the literature have a stripe width of 4 nm,
yellow bars of 2 and 4 nm widths are drawn into the image.
Interestingly, when assuming 2 nm wide stripes, neighboring
stripes do not seem to be identically constructed. However,
recurring units of stripes can be recognized (blue rectangles).
To better characterize the inner structure of the stripes, a
zoom-in image of Figure 5a (taken in the area marked with a
yellow box) is shown in Figure 5b. The inner structure of the
stripes is composed of lines that are nearly perpendicular to the
stripe direction. The lines show a periodicity of approximately
0.5 nm along the stripe direction. This periodicity is similar to
the inner structure reported in previous studies.17,18,29 Even
though neighboring stripes seem to be constructed diﬀerently,
the periodicity within the stripes is approximately the same for
all stripes.
Solvation Structure. For understanding surface processes
and reactivity, the speciﬁc solvation structure is crucial. In this
context, it is highly relevant to evaluate the impact of the
presence of the stripes on the solvation structure at the
graphite−water interface. So far, only two studies have
explicitly investigated the solvation structure on top of the
stripes. Interestingly, from these two investigations, contradicting information exists as to whether or not laterally and
vertically ordered solvation layers form. Schlesinger and
Sivan17 have observed both vertical and lateral order on top
of the stripes. Yang et al.,19 on the other hand, have not
revealed ordering on top of the stripes. In the absence of
stripes, the graphite−water interface shows a vertical but no
lateral order.30,31 Recording such distance-dependent data is
challenging. Therefore, it is well-possible that an existing order
is not detected in every experiment, explaining the discrepancy
in the literature data. To address this challenge, we compare
full 3D frequency shift maps at the graphite−water interface in
the absence and in the presence of the well-ordered stripes.
Figure 6a displays a vertical slice of the frequency shift data
at the graphite−water interface in the absence of stripes. A
vertical but no lateral order can be observed. This is in

Figure 6. 3D AFM data obtained at the graphite−water interface in
the absence (a−d) and in the presence of the stripes (e−h). (a,e)
Vertical slices extracted perpendicular to the graphite surface. (b,f)
Lateral slices extracted parallel to the graphite surface. The black
arrows in (a) and in (e) indicate the positions where the lateral slices
are extracted. (c,g) Frequency shift (Δν) vs z-piezo displacement (zp)
curves. The curve shown in (c) is an average over all experimental 3D
data displayed in (a). Site-speciﬁc curves in (g) are extracted from (e).
The red and green arrow in (e) indicates the respective positions.
(d,h) Static deﬂection raw data as a function of the z-piezo
displacement.

agreement with previous results.30,31 Accordingly, a lateral slice
(Figure 6b) through the 3D set reveals no lateral structure in
the entire investigated area. The solvation layer-to-layer
distance is approximately 0.4 nm (Figure 6c); thus, a bit
larger than the solvation layer-to-layer distance of 0.3 nm is
reported for the calcite−water interface.32
In the following part, we will discuss the frequency shift map
at the graphite−water interface in the presence of the stripes.
Figure 6e−h depict the same quantities as Figure 6a−d. In
contrast to the solvation structure in the absence of the stripes,
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a vertical but also a lateral order can be recognized in the
presence of the stripes. This vertical and lateral order extends
up to 2 nm in the z direction (Figure 6e). The distance
between the lateral maxima is approximately 4 nm, in
agreement with the width of the stripes. Figure 6f displays a
lateral slice parallel to the graphite surface (more lateral slices
parallel to the graphite surface at diﬀerent positions are shown
in the Supporting Information Figure S4). A clear stripe-like
pattern with a width of approximately 4 nm is visible. The
layer-to-layer distance is approximately 0.4 nm (Figure 6g),
similar to the solvation layer-to-layer distance in the absence of
the stripes in Figure 6c. The red and green curves are extracted
at two diﬀerent positions in Figure 6e as indicated by the red
and green arrow. The maxima of the green curve are a bit
shifted compared to the maxima of the red curve.
Two possible ways to interpret the data in the presence of
the stripes exist. First, the data given in Figure 6e−h show the
hydration structure on top of the stripes. Second, the data
show the stacked layers of the stripes. The fact that the static
deﬂection (Figure 6h) is comparable to the static deﬂection in
the absence of the stripes (Figure 6d) might be an argument
for the ﬁrst interpretation. This consideration is based on the
following argument: if we assume that a stripe layer is more
rigid than a water layer, we expect the static deﬂection to
increase before the tip penetrates the stripes. No signiﬁcant
increase in the static deﬂection might, therefore, be an
indication for the fact that the tip does not penetrate into
the stripes. On the other hand, the lateral extension of 4 nm
seen in the data agrees with the stripe width but not with the
extension of a water molecule, which would support the
second interpretation.
If the ﬁrst picture is correct, we can compare our slice with
the two abovementioned reports from the literature, which
have addressed the hydration structure on top of the stripes. In
this case, we add yet another observation, as we neither
observe none (Yang et al.19) nor only one (Schlesinger and
Sivan17) vertical layer but at least two vertical layers on top of
the stripes. This puzzling observation might indicate the
challenging nature of solvation layer mapping. Another
possibility to explain the diﬀerent observations might be that
diﬀerent species are observed in these studies.

Article

stripes presented in the literature, we, however, propose to
reconsider earlier assignments to nitrogen in the view of this
ﬁnding.
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