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Interfacial water participates in a wide range of phenomena involving graphite, graphite-like and 2D
material interfaces. Recently, several high-spatial resolution experiments have questioned the existence of
hydration layers on graphite, graphite-like and 2D material surfaces. Here, 3D AFM was applied to follow
in real-time and with atomic-scale depth resolution the evolution of graphite—water interfaces. Pristine
graphite surfaces upon immersion in water showed the presence of several hydration layers separated by
a distance of 0.3 nm. Those layers were short-lived. After several minutes, the interlayer distance
increased to 0.45 nm. At longer immersion times (~50 min) we observed the formation of a third layer. An
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interlayer distance of 0.45 nm characterizes the layering of predominantly alkane-like hydrocarbons.
Molecular dynamics calculations supported the experimental observations. The replacement of water
molecules by hydrocarbons on graphite is spontaneous. It happens whenever the graphite—water volume
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Introduction

Aqueous interfaces with graphite, graphite-like materials and
other 2D materials are relevant in a wide range of phenomena
and applications from lubrication, water purification or
energy-storage.* Despite their relevance, the structure and
composition of graphite-liquid water interfaces are controver-
sial. In the past few years, the interfacial liquid water structure
on graphite-like surfaces was described in terms of three
different molecular species: water,”® dissolved gases'®™> and
hydrocarbons.**™°

Recently some experimental'” and theoretical® results have
ruled out the existence of layers made from dissolved gas (N,)
molecules. High-spatial resolution images of graphite and 2D
materials surfaces immersed in water revealed the presence of
1-3 alkane layers.'®'” The alkanes appeared to originate from
the adsorption of airborne hydrocarbons®'>* during the time
the surface was exposed to indoor air. Those surfaces were
exposed to ambient air for several minutes before being
immersed in pure water."” Atomic-scale depth images of a
graphite-water interface inside a nanoscale capillary®* revealed
the presence of solvation layers separated by 0.3 nm (average).
That value agreed with molecular dynamics (MD) simulations
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describing the interfacial structure of pure water on
graphite.*”"”  Nanocapillary ~ experiments®® and the
simulations®”'” demonstrated that liquid water molecules
formed 1-2 hydration layers at pristine graphite surfaces.
However, those findings did not address their time stability.
How long would a pristine graphite surface immersed in pure
water remain free from hydrocarbon adsorbates?

Here, real-time and atomic-scale depth three-dimensional
AFM (3D AFM) measurements were performed on a pristine
graphite surface immersed in ultra-pure water. Initially, the
interface was characterized by the presence of 1-2 layers separ-
ated by a distance of 0.3 nm (average value). At about
40 minutes an increase of the interlayer distance from 0.3 to
0.45 nm (average value) was observed. Another layer was
observed at longer immersion times (90 min). The interlayer
distance between the new and the previous layer was about
0.55 nm. From then on, the interfacial layer structure
remained largely unchanged until the end of the experiment
(3 hours).

Interlayer distances of 0.3 nm are characteristic of
hydration layers while interlayer distances of 0.45 nm charac-
terize layers of straight-chain alkanes. Molecular dynamics
simulations backed the experimental findings by showing
that the cumulative free energy of the process associated with
transfer of an alkane molecule from air to water and from
water to its adsorption on the graphite surface was negative.
The atomic-scale resolution images in combination with
MD simulations demonstrated the replacement of water mole-
cules by hydrocarbon layers in the vicinity of a graphite
surface.

This journal is © The Royal Society of Chemistry 2022


http://rsc.li/nanoscale
http://orcid.org/0000-0002-7313-7572
http://orcid.org/0000-0003-4437-1260
http://orcid.org/0000-0002-7115-1928
https://doi.org/10.1039/d2nr04161h
https://doi.org/10.1039/d2nr04161h
https://doi.org/10.1039/d2nr04161h
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nr04161h&domain=pdf&date_stamp=2022-10-02
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr04161h
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR014038

Open Access Article. Published on 20 September 2022. Downloaded on 2/13/2026 11:22:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

The interaction of water with a graphite surface might be
involved in some chemical reactions.”> Those reactions were
triggered by an external force. In contrast, the process dis-
cussed here was spontaneous and did not involve chemical
reactions.

The invention and development of three-dimensional AFM
enabled the generation of atomic-scale resolution images of
solid-water interfaces in the three spatial coordinates.?®™®
This method is becoming the tool of choice for imaging
with high-spatial resolution a large variety solid-liquid
interfaces.”®°

Results and discussion

Fig. 1 shows a 3D AFM volume image, a 2D force map and the
force-distance curves included in the 2D force map. The force-
distance curves (FDC) showed an oscillatory behaviour that
alternates between attractive and repulsive regions until the tip
contacts with the graphite surface. The peak-to-peak distances
observed in the FDC were associated with peaks of the liquid
density.**® The MD simulations suggest that the solvent com-
ponent of the force on the AFM tip at a given distance from
the surface is monotonically related to the gradient of the
solvent density at that distance; therefore, the zero-crossings of
the FDC correspond to distances of minimum or maximum
solvent density and the peaks of the FDC correspond to dis-
tances about halfway between a maximum and minimum of
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solvent density. However, the interlayer distances measured as
the separation between maxima are identical.

Fig. 2 shows a sequence of 2D force (x, z) maps and their
corresponding force-distance curves as a function of the time
the surface of graphite was immersed in water. The experiment
was performed by using pristine graphite surfaces. Here, a
graphite surface qualified as pristine by meeting simul-
taneously two requirements. First, it was freshly cleaved from a
bulk piece of graphite. Upon cleavage, the surface was immedi-
ately immersed (1-2 s) in ultra-pure water. Second, 3D AFM
images obtained within the first 10 minutes showed an inter-
facial liquid structure characterized by a periodicity of 0.3 nm
(average value). This value is characteristic of hydration
layers.®”'” Freshly cleaved graphite surfaces that within the
first 10 minutes of immersion in water showed interlayer dis-
tances above 0.4 nm did not qualify as pristine.

Fig. 2a shows the first images of the interfacial liquid struc-
ture on a pristine graphite surface. The data was obtained
5 minutes after the cleavage. That time was the minimum time
required to set the sample in the liquid cell and to optimize
the 3D AFM parameters. The interlayer spacings d; and d,
were, respectively, 0.3 and 0.35 nm. Those values agreed with
the values obtained by MD simulations performed with pure
water and pristine graphite surfaces.>”'” After 50 minutes, a
significant increase in the interlayer distance d; was observed
(Fig. 2b). The average value of d; was 0.46 nm. At longer
immersion times (90 min), we observed another layer (3 in
total).
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(a) Scheme of liquid cell and its size. (b) 3D AFM image of a graphite—water interface. The 3D image might be split into different 2D maps. An

image of the graphite lattice is shown at the bottom. (c) Definition of the interlayer distances in force—distance curves; d; is the distance between
the closest layer to the solid surface and second solvation layer; d>: is the distance between second and third solvation layers. (d) 2D force (x, z) map

extracted from the 3D AFM image.
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Fig. 2 2D force (x, z) maps and force—distance curves of graphite—water interfaces. The maps were extracted from 3D AFM volume images. (a) 2D
force (x, z) map (top) and corresponding force—distance curves (bottom) for an immersion time of t = 5 minutes. (b) 2D force (x, z) map (top) and
force—distance curves (bottom) for an immersion time of t = 50 minutes. (c) 2D force (x, z) map (top) and force—distance curves (bottom) for an
immersion time of t = 180 minutes. The average force—distance curve is highlighted by a thick continuous line. Additional experimental parameters:

f1=798.7 kHz, ks = 9.8 N m™, Q; = 8.1, Ag = 140 pm, A, = 100 pm.

From then on, the interfacial solvation structured remained
practically unchanged (Fig. 2c). MD simulations showed that
interlayer distances of d; = 0.45 nm agreed with the distances
predicted for the solvation layers of organic liquids (hexane,
pentadecane) on graphite. The simulation confirmed also that
the distance between the first overlayer and the graphite
surface was larger for alkanes than for water molecules.

Fig. 3 shows the evolution of the interlayer distances d; and
d, as a function of the immersion time for several experi-
ments. Initially, the interlayer distances matched the values
predicted by MD simulations for hydration layers. After
50 min, the value of d; was similar to the ones measured on
graphite surfaces immersed in organic solvents such as
hexane or pentadecane (0.45 nm)."”” We observed the presence
of an additional layer at 90 min. From then on, the average
interfacial water structure remained unchanged. The interlayer
distances d; and d, were, respectively, 0.45 and 0.52 nm
(average values). While MD simulations have indicated that
distances of 0.45 nm are characteristic of well-ordered straight-
chain alkane layers, small amounts of branching, heteroatom
substitution, or cyclic moieties led to slightly larger interlayer
distances of 0.47-0.52 nm.'”*® Furthermore, the simulations
revealed that the tails of straight-chain alkanes sometimes
extend out-of-plane, forming defects in the layer that disrupt
the structure of layers above and slightly increase the interlayer
distance. Hence, defects in the lower layers cumulatively make
the third layer more disordered and d, slightly larger than d;.
Sometimes, large interlayer distances (~0.7 nm) were also
observed in the experiments. It remains unclear what mole-
cules or mixtures of molecules might form layers with such
structure. However, the dominant interlayer distance in the
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Fig. 3 Time evolution of the interlayer distances. Average values
extracted from several 2D maps like the ones shown in Fig. 2. The
average involved maps from three different experimental rounds. The
dash lines indicate the distances (MD simulations) for hydration (bottom
line) and alkane (top) layers. The interlayer distance d, > d; because the
layering effect decreases with the distance to the solid surface.
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experiments was about ~0.5 nm, which agrees with MD simu-
lations including molecules with predominantly straight-chain
alkane moieties. These distances are not consistent with other
possible constituents such as polyaromatic compounds, which
exhibit smaller interlayer distances.'”*°

The results indicated that hydration layers were initially
formed on a pristine graphite surface. However, those layers
were replaced over time by 2-3 layers of alkane-like hydro-
carbons likely originating from the air. The transition between
hydration to hydrocarbon layers is discontinuous. It is charac-
terized by an increase of the noise in the 2D zx panels to the
point that measuring interlayer distances became impossible.
Eventually, the noise disappears. The new interlayer distances
were in the 0.45 to 0.55 nm range.

A possible pathway is schematized in Fig. 4a. First, trace
amounts of volatile hydrocarbon species commonly present in
indoor air adsorb to the air-water interface. Adsorption to this
interface is favorable for straight-chain alkanes (Fig. 4b), as
well as other volatile organic compounds.?® These molecules
can then dissolve into the water of the liquid cell, from where
they are finally adsorbed to the graphite-water interface.
However, the free energy barrier for dissolution into the
aqueous phase (Fig. 4b) is quite high for hydrocarbons and
increases with chain length, making the kinetics rather slow.
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Less direct pathways such as transfer from the surface of air
bubbles or migration across solid surfaces might occur at a
faster rate. In any case, our thermodynamic analysis remains
valid regardless of the pathway. Upon reaching the graphite-
interface, the molecules become strongly bound.
However, they are able to diffuse freely across the 2D surface
and nucleate to form an aligned monolayer.>® Once a complete
monolayer is formed, simulations suggest layer-by-layer
(Frank-van der Merwe) growth.

To fully understand the thermodynamics of this process,
we applied efficient free-energy calculation techniques in the
context of MD simulations. The Gibbs free energy of the
process AGair—monolayer Was separated into three components:
the free energy associated with the hydration of the hydro-
carbon molecule (AG,ir_water), the free energy for adsorption
of the hydrocarbon molecule to the graphite-water interface,
and, finally, the free energy associated with transfer of the
adsorbed, but isolated, hydrocarbon molecule into a hydro-
carbon monolayer (AGads—mono)- Fig. 4b shows the free energy
curves for the adsorption of two straight-chain alkanes (octane
and hexadecane) on graphite, which are routinely detected in
indoor air.”! Theoretical work®® has shown that heavy hydro-
carbons such as hexadecane form complete monolayers at the
graphite-water interface even at trace ambient concentrations
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Fig. 4 Free energy for transfer of alkanes from air to overlayers at the graphite—water interface, as calculated from MD simulations. (a) Snapshots
from an MD simulation used to calculate the hydration (AGgas_.water) and isolated adsorption (AGyater—aas) free energies. (b) Gibbs free energy as
function of distance from the center of mass of the graphene sheet for octane and hexadecane. The dashed black and blue lines indicate the center
of mass of the graphene sheet and the distance at which the density of water falls to half of its bulk value, respectively. (c) Atomistic representation
of the (coarse-grain) MD simulations used to calculate the free energy for transfer of isolated alkanes at the graphite—water interface to a monolayer
phase (AG,gs_mono)- (d) Free energy as a function of distance between the center of mass of an isolated alkane molecule and an alkane monolayer at
the graphite—water interface. For efficiency, this quantity was calculated using our previously developed?® coarse—grain model. By convention, the
free energy of the gas phase is considered zero.
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in air (~1-100 pg m~?). The free energy profiles showed two
local minima, one at the gas-water interface and the other at
the graphite surface. The minimum at the gas-water interface
indicates that the equilibrium concentration of an alkane
molecule is larger at this interface than in bulk air or water.
These minima were separated by an energy barrier associated
with hydration of such hydrophobic molecules. The free
energy at the graphite surface is associated with the lowest free
energy, implying that the equilibrium concentration at the
graphite-water interface is much higher than the ambient con-
centration. Moreover, adsorption of alkanes to the graphite-
water interface is cooperative.’® Isolated adsorbed alkane
molecules nucleate to form aggregates (Fig. 4c), further redu-
cing the free energy (Fig. 4d) until a complete monolayer is
formed. Overall, the calculations show that adsorption of
alkanes from the gas phase to a graphite surface immersed in
water is highly thermodynamically favorable, and therefore
spontaneous:

AGairﬂmonolayer = AGair—water T AGwater—ads + AGads—mono < 0.

It should be noted that Fig. 4c depicts only a single con-
figuration of the hexadecane aggregate. The shape of the hexa-
decane aggregate fluctuates considerably during the simu-
lation (see Fig. S1 of the ESIt). Hence, the transition between
the isolated adsorbed phase and the monolayer phase in
Fig. 4d is not abrupt, but smeared out due to fluctuations of
the position of the edge of the aggregate. However, the dis-
tances greater than 7 nm always represent a fully isolated
molecule and distances less than 2 nm always represent a
molecule fully surrounded by other hexadecane, so the overall
free energy change between these two states should not
depend on the geometry of the aggregate.

The Brownian dynamics calculations suggest that pure
diffusion from air through bulk water to the graphite-water
interface is unable to explain accumulation of contaminants
on time scales of minutes to hours. Therefore, we suggest that
other processes might be at play. First, it is possible that advec-
tion and turbulent mixing of the water accelerate accumulation
at the interface. Second, Fig. 4b shows a strong local
minimum of free energy at the air-water interface, which
means that small air bubbles might carry a significant number
of alkane-like molecules at their surfaces. If these bubbles
make contact with the graphite-water interface, any such
molecules they carry would be transferred to the graphite
without these molecules having to cross the large free energy
barrier associated with entering the bulk aqueous phase.
Similarly, surfaces of the apparatus that have been exposed to
air for long periods are expected to have already accumulated
contaminants and these contaminants might migrate from
one solid surface to another without ever entering the bulk
water phase. Modelling the kinetics of any of these alternative
pathways, such as turbulent mixing or migration across solid-
solid interfaces, would be difficult given the many uncertain-
ties in their details.
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Conclusion

The interactions of liquid water with graphite, graphene and,
in general, hydrophobic 2D materials have many features in
1617 therefore, these findings should be also applied
that involve 2D material-aqueous

common,
to nanopore devices
interfaces.*

In summary, real-time and atomic-scale depth resolution
images demonstrated that the interfacial water structure on
pristine graphite surfaces transitioned from hydration to
hydrocarbon layers. Free energy minimization drives the trans-
fer of hydrocarbons, in particular, alkane-like molecules from
the gas phase through water to adsorption on graphite sur-
faces. These findings underline the difficulties in keeping
water-immersed graphite surfaces, and more generally, crystal-
line hydrophobic surfaces free from airborne hydrocarbons.

Experimental
Crystalline surfaces

Highly oriented pyrolytic graphite (HOPG, grade ZYB) was pur-
chased from Bruker (USA) and cleaved with adhesive tape
before the experiment.

Solvents

Ultrapure water was freshly obtained before the experiments
(ELGA Maxima, 18.2 MQ cm™"). The water’s pH value reached
a value of 5.6 a few minutes after obtaining it from the
machine (Hanna Instruments HI 9024).

AFM setup

A home-made three-dimensional AFM implemented in a
Cypher VRS (Asylum Research Inc., USA) platform was used.
The AFM was operated in the amplitude modulation mode.*°
The cantilever oscillates with respect to its equilibrium posi-
tion by exciting it at its first resonance. At the same time, a
sinusoidal signal (f;, = 100 Hz) was applied to the z-piezo to
modulate the relative z-distance between the sample and the
tip. The z-piezo signal was synchronized with the x-displace-
ment. For each x-position on the surface of the material, the
tip performed a single and complete z-cycle. The z-data was
read out every 20 us and stored in 512 pixels (256 pixels half
cycle). Each x-plane of the 2D map contained 80 points.
Hence, the total time to acquire a 2D force map is 0.82 s.

The oscillation of the cantilever was driven by photothermal
excitation. The free amplitude values A, are in the range of
50-100 pm (in water). The feedback monitored the instan-
taneous amplitude and acts on the z-piezo to keep the lowest
amplitude reached during the approach close to a fixed value
(Asp = 0.75-0.354,). We used a feedback bandwidth of 2 kHz.
This bandwidth did not compensate for the small changes in
the amplitude during the z-piezo displacement but it is fast
enough to track the surface topography.

Silicon cantilevers with silicon tips were used (ArrowUHF,
NanoAndMore, Germany). Cantilevers were cleaned first in a

This journal is © The Royal Society of Chemistry 2022
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mixture (50:50 in volume) of isopropanol (99.6%, Acros
Organics) and ultrapure water, rinsed with ultrapure water and
then placed in a UV-Ozone cleaner (PSD-UV3, Novascan
Technologies, USA) for 1 h. A contactless method was used to
calibrate the microcantilevers.*' The values are summarized in
the figure captions.

Force-distance curves were compute from the
amplitude modulation AFM observables A and ¢. The z-range
of the reconstructed force-distance curves was slightly reduced
with respect to the amplitude and phase shift-distance curves
(reduced by the zero-to-peak amplitude, i.e., A,) because the
force reconstruction process required an integration over the
oscillation cycle. To increase the signal-to-noise ratio in the
force-distance curves we have calculated the value of the force
by averaging the values of the observables for the different x
positions at the same z.

164243

MD simulations

Simulations were performed using NAMD 2.14** and the
CHARMM General Force Field*® using protocols and atomic
models described in previous work.?® Free energies were calcu-
lated using the adaptive biasing force method®®*” as
implemented in the Colvars module.*® The calculations
depicted in Fig. 4a and b were performed in the isobaric iso-
thermal ensemble (NpT)*® with a pressure of 200 kPa, rather
than the isochoric isothermal ensemble (NVT) as in our pre-
vious work, by adding 8 nitrogen molecules to form a gas
region. However, the results were statistically indistinguishable
from our previous NVT ensemble results that used a vacuum
region instead. The calculation of the free energy for transfer
of the alkanes from the isolated adsorbed phase to the mono-
layer phase (Fig. 4c and d) was calculated using the coarse-
grain model (two CH, or CH; groups per coarse-grain particle)
of alkanes at the graphene-water interface developed in our
previous work.>® The two coarse-grained systems consisted of
800 beads, representing 100 hexadecane or 200 octane mole-
cules. The free energy was computed along a transition coordi-
nate defined as the x-projected distance between a tagged hex-
adecane or octane molecule and the center of mass of the
remaining molecules. The remaining molecules were also sub-
jected to a flat bottom harmonic restraint (turning on for x <
—6.2 nm or x > 6.2 nm) to keep them near the center of simu-
lation box. The adaptive biasing force calculations lasted over
30 ps of simulated time. The image in Fig. 4c was created by
converting an equilibrated coarse-grain structure to an all-
atom representation including explicit water and graphene
and further equilibrating under the all-atom CHARMM
General Force Field.
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