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The dielectric properties of interfacial water on subnanometer length scales govern
chemical reactions, carrier transfer, and ion transport at interfaces. Yet, the nature of the
interfacial dielectric function has remained under debate as it is challenging to access
the interfacial dielectric with subnanometer resolution. Here we use the vibrational
response of interfacial water molecules probed using surface-specific sum-frequency gen-
eration (SFG) spectra to obtain exquisite depth resolution. Different responses originate
from water molecules at different depths and report back on the local interfacial dielec-
tric environment via their spectral amplitudes. From experimental and simulated SFG
spectra at the air/water interface, we find that the interfacial dielectric constant changes
drastically across an ~1 A thin interfacial water region. The strong gradient of the inter-
facial dielectric constant leads, at charged planar interfaces, to the formation of an elec-
tric triple layer that goes beyond the standard double-layer model.

interfacial water | dielectric function | vibrational spectroscopy | molecular dynamics simulation

The dielectric properties of aqueous interfaces within thicknesses of <1 nm control
chemical reaction processes and proton transfer at interfaces, affecting many natural
phenomena ranging from on-water atmospheric chemical reactions to electrical device
performance (1-3). For example, the interfacial dielectric constant of water governs the
surface potential and determines the double-layer capacitance (4). The measured pro-
ton transport across the single-layer material shows a lower activation barrier (5) than
expected (6, 7), implying that electric double-layer models based on a homogeneous
dielectric continuum provide a poor description of the interface (8). Although simula-
tions have predicted that the dielectric profile of water varies drastically across the inter-
facial region (4), experimentally, it is challenging to obtain molecular-level insight into
the interfacial dielectric function. For example, the experimental observables in capaci-
tance measurements are ensemble averages over the entire system (9, 10), prohibitive of
disentangling the depth variation of the interfacial dielectric properties. The dielectric
constant of systems with water confined in nanometer-sized channels has been mea-
sured (9), yet the contribution of water to the system’s response is under debate (11),
and information on subnanometer length scales is lacking.

Experimental verification on the subnanometer depth variation of the interfacial dielec-
tric requires layer-by-layer resolution of interfacial water. Sum-frequency generation (SFG)
spectroscopy (12-14) is excellently suited to spatially resolve interfacial water. In SFG, infra-
red (IR) and visible pulses generate an SFG signal at their sum-frequency in a surface-
specific second-order nonlinear process. Furthermore, the SFG signal is enhanced when the
IR pulse frequency is resonant with a molecular vibration, allowing us to specifically detect
molecular moieties. Such a frequency-dependent SFG signal can be linked to interfacial
water molecules at different depths. For example, the spectrum of water’s O-H stretch
mode at the air/water interface shows a positive 3,700 cm™ ' and a negative 3,400 cm™ " fea-
ture (15). The 3,700 cm™" peak arises from the dangling O-H stretch mode of the top-
most water molecules, while the 3,400 cm™' peak arises from the hydrogen-bonded
(H-bonded) O-H stretch mode of the first one to two layers of interfacial water molecules
(16-18). The experimental SFG spectra necessarily reflect the interfacial dielectric environ-
ment (19), since the local dielectric function determines the strength of the local electro-
magnetic field used in the measurement. As such, the SFG spectra of the free O-H and
H-bonded O-H stretch modes of water at the air/water interface can provide information
on the variation of the interfacial dielectric properties in the topmost one to two layers.

To infer the interfacial dielectric profile, one needs to compare the experimentally
measured SFG spectra with the simulated molecular response (13). Accurate experi-
mental SFG spectra are now accessible thanks to the recent advances in precise phase
determination in heterodyne-detected SFG experiments (15). The ab initio force field
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models of water, such as the polarizable water model for
intramolecular and intermolecular vibrational spectroscopies
(POLI2VS) and many-body potential for water (MB-pol) mod-
els, can accurately reproduce experimental line shapes as well as
the absolute amplitudes of the vibrational spectra of bulk water
(20, 21) and have been successfully applied to simulate the SFG
spectra of water (22, 23). Combining these experimental and
simulation techniques allows us to access the interfacial dielectric
profile.

The interfacial dielectric function (¢’) is required to relate
the experimentally measured line shapes (13) and absolute
amplitudes (24) of water’s O-H stretch mode to the simulated
molecular response. Here the xz plane forms the incident plane
of the laser beams, and the z axis is the surface normal. The
€ —uncorrected SEG spectrum in zzz polarization direction
(){' ) is experimentally accessible from the SFG slgnals at the
ssp and ppp polarizations [denoted as ()((2))“]) and (){exp)ppp,

A 3 exp
respectively] via

(2 Lo(@)Lo(@1) (2
(2) _ \/E(Z(Xexr)))ppp + Ly () Ly (w1) (){exg)::p)

— )
= L (@)

L (o0) L, (@)

in our experimental geometry (angles of incidence and reflection
all being 45°), where ssp (ppp) stands for s (p-) polarized SFG out-
put, s (p-) visible input, and p- () polarized IR input. w, @, and
@, denote the frequencies of the SFG (0w = w1 + wy), visible,
and IR fields, respectively. L. and L, are the xx and
) components of the Fresnel factors, respectively, while
L is the ¢ -uncorrected zz component of the Fresnel factor (19,
25) (SI Appendix, sections 1 and 9). The y'}”) /2 spectrum can be fur-
ther obtained from the simulated (;(( )) spectrum via

Q2 _ 1 @)
X 2z = 8’(0))8’(0}1)5’(0)2) ()(sim)zzz' [2]

(1]

We note that the SFG spectral line shape of the zzz component
is more strongly affected by the interfacial dielectric environment
than the commonly probed xxz spectral components (12, 26).
As such, the )(/gz spectrum is a sensitive probe for the interfacial
dielectric function of water.

Results

Fig. 1A displays the complex ()(exp)ﬁp spectra of the O-H
stretch mode at the alr/water mterface The imaginary and real
parts of 1), denoted as Imy(® and Rey!?, represent the absorp-
tive and dlsperswe spectra, respectlvely The Im(y, exp): ,» Spectrum
shows a sharp 3,700 cm™  positive peak, a positive shoulder at
3,600 cm ™', and a 3,100 to 3,500 cm™' negatlve band, similar
to a previous report (15). Fig. 1B shows the (2 ) oy SPECHEA 2t
the air/water interface. The Im (y 2 ) ooy data show 4 sharp posi-
tive peak at 3,700 cm™ ', a 3, 600 cm negatwe peak, and a
broad positive band below 3,500 cm™'. By using these spectra,
we obtained the Imy’,> /2 spectrum via Eq 1, which is shown in
Fig. 1G.

Next, we obtain the Imy’? i spectrum from the simulation
via Eq. 2. To do so, we need the 51mulated ()(mm) spectra at
the alr/water 1nterface and deduced &' of water (25). Fig. 1C
shows the (){Slm) spectra with the POLI2VS model of water
(S Appendix, section 2). Two common models have been used
to infer & from the dielectric function € of bulk water. The
slab model (25) (Fig. 1D) and the Lorentz model (19) (Fig.
1E) both assume that ¢ is homogeneous. In the slab model, a
vibrational chromophore is assumed to be half solvated, provid-
ing ¢ =e(e+5)/(4e+2). For the fully solvated Lorentz
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model, & =¢ (27). The resulting Re(&'(w)) spectra in the
O-H stretch frequency region are presented in Fig. 1F [see S

Appendix, Table S1 for €' (Q) and € (w1)]. The Re(¢/(,)) line
shapes are similar between the slab and Lorentz models, while
the amplitude is ~50% larger in the Lorentz model than in the

slab model. Fig. 1G plots the obtained Imy’ g spectrum by using

()(Eﬂ) spectra and €' spectra.

The comparison of the Im)(( ) spectra (Fig. 1G) indicates
that neither the Lorentz model nor the slab model provides a
satisfactory agreement between the simulation and the experi-
ment across the entire spectral range. The Lorentz model
underestimates the 3,700 cm™ peak amplitude, while the slab
model overestlmates the amplitude of the negatlve 3,100 to
3,500 cm™ ' band. A similar trend can be seen in the SFG spec-
tra simulated with the MB-pol model of water (SI Appendix,
Fig. S5) (23). Because both POLI2VS and MB-pol models
could reproduce the vibrational spectral features and amplitudes
of bulk water (20, 21) (SI Appendix, section 3), as well as the
structure of the air/water interface accurately (13, 28), disagree-
ment between the processed experimental data and simulation
data with the POLI2VS and MB-pol models of water can be
ascribed to the breakdown of the homogeneous &'-continuum
assumption in the interfacial region (S/ Appendix, section 11).

Interestingly, the two models can capture the trend in differ-
ent spectral regions: the slab model somewhat reproduces the
3,700 cm posmve free O-H peak, while the Lorentz model
captures the negative 3,100 to 3,500 cm™ ! H-bonded O-H
stretch band. As such, the different models appear to account
for the dielectric environments locally, but none of the models
can describe the environment over the entire spectral range.
Clearly, the free O-H and H-bonded O-H stretch chromo-
phores, originating from water molecules at different depths,
experience different dielectric environments.

To better account for the varying dielectric environment, we
consider different interfacial dielectric functions for different
water species (19, 25) and recomputed the Imy’ ﬁz spectra
based on the obtained interfacial dielectric functions. We classi-
fied the SFG-active water molecules based on the number of hydro-
gen bonding donors (D) and acceptors (A); DA water molecules
donate one H-bond and accept one H-bond, and in the same nota-
tion we classify DAA, DDA, and DDAA water molecules (29) (S/
Appendix, section 4). The snapshot of these water molecules at the
air/water interface is shown in Fig. 24, indicating that various spe-
cies are present at the air/water interface. The contrlbutlons of these
species / (/= DA, DAA, DDA, and DDAA) to Im()(sm1 ) o AL€
displayed in Fig. 2B. The free O-H stretch mode region is domi-
nated by DA- and DAA-type molecules, while all the types of mole-
cules contribute to the 3,100 to 3,500 cm™ ' SFG feature.

Subsequently, we computed the individual interfacial dielec-
tric function for each water species / &). Within the Lorentz
model in heterogeneous medium,

3epy + e(e —1)p)

= Sepa— 2le—Dpl” bl
1 _ [P (2)dz
Pe= [D(z)dz [4]

in the dc current limit, where p,, and p’ denote the averaged
electron densities of bulk water and of interfacial water species
4, respectively, and ¢ is the dielectric function of bulk water.
D'(z) and p,(z) represent the depth distributions of the SFG

active water species /and electron density of water, respectively.
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SFG spectra at the air/water interface with homogeneous ¢ models. (A, B) Measured ()(exr))ssp (A) and (;(exp)ppp (B) spectra of the air/water interface nor-
malized by quartz signal. The shaded area represents the standard deviation of the measurement. (C) Simulated (;((2)

spectra with the POLI2VS

sim)zzz

model of water. (D, E) Schematic representation of the common models to estimate the interfacial dielectric function ¢ using the slab model (D) and the
Lorentz model (E). The point centered at the semi-circle/circle represents the position of the vibrational chromophore. (F) Re(¢/(;))spectra obtained from the
slab and Lorentz models. (G) Imy'{2) spectra at the air/water interface obtained from the experiments via Eq. 1 and from the simulations via Eq. 2. Note the

inadequacy of the two simple models to describe the experimental data.

We used this model for estimating the interfacial dielectric
function at IR, visible, and SFG frequencies (25). The detailed
calculation procedure is described in S/ Appendix, sections 4-8.
Note that a similar idea to model the interfacial dielectric cons-
tant was used in ref. 30, using the water density instead of the
electron density of water. We consider the electron density
because the dielectric function at these frequencies is dominated
by the electronic rather than the nuclear wave functions.

To accurately obtain the p,(z), we took these directly from
ab initio simulations and compared them to the p,(z) deduced
from the water density profile based on the assumption of the
Gaussian distribution of electrons around the nuclei. As can be
seen from Fig. 2C, the p,(z) deduced from the water density, as
obtained from the molecular dynamics (MD) simulations, agrees
best with ab initio calculations when we assume a 0.5 A SD of
the Gaussian-shaped electron distribution. p,(z) is smeared out
and more continuous than the water density (Fig. 20).

Subsequently, Fig. 2D displays the depth distributions of the
SFG active water species D'(z), i.e., water species contributing
to a net nonzero dipole moment along the z axis in thermal
average. The SFG active water molecules with a free O-H
group such as the DA and DAA species are located close to the
air region, while those with no free O-H group such as the
DDA and DDAA species are located near the bulk water
region. The difference in the maxima of the DAA and DDA
species distributions is just ~1 A, but this critically affects the
interfacial dielectric constant they experience because p,(z)
changes drastically in this depth region. Computing the aver-
aged electron density, p’, surrounding the different species
based on their spatial distribution D!(z) (SI Appendix, sections
7 and 8) via Eq 4, we obtained Re(¢)) according to Eq. 3. The
computed Re(¢)) spectra in the O-H stretch region are shown
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in Fig. 2E. This comparison demonstrates that the difference in
the Re(é€)) spectra for the DAA and DDA species is larger than
that for the DDA and DDAA species, despite the smaller sepa-
ration of the depth position of the DAA and DDA species than
that of the DDA and DDAA species.

The Re(€)) spectra also indicate that the dielectric environ-
ment of DDAA and DDA molecules can be well approximated
by the Lorentz model (bulk), while the dielectric environment
that the DA and DAA molecules experience is closer to that pre-
dicted by the slab model. This notion is consistent with our find-
ing that the slab model reproduces the 3,700 cm~ ! free O-H
stretch peak, and the Lorenz model reproduces the 3,400 cm ™'
H-bonded O—H stretch peak (Fig. 1G).

Comblmng the ()(;m ), and €} spectra, we can compute
e
12) _ 3 1 (){(2):/) (5]
= e (w)e)(w)e) () T

instead of Eq. 2. The simulated vs. experimentally obtained )(’ 2)
spectra are shown in Fig. 2F The quantltatlve agreement for
both the line shapes and amplitudes of the Imy’;>) /2 spectra mani-
fests that Eq. 3 describes the interfacial dlelectrlc well; the varia-
tion of the interfacial electron density provides an excellent a
priori prediction of the interfacial dielectric function 8/1, allowing
us to reproduce the SFG spectra. Here we assume that the
inconsistency between experimental and simulated spectra (Fig.
1 G) arises from the homogeneous interfacial dielectric functions.

Discussion

In the Results, we established that the interfacial dielectric func-
tion at infrared and optical frequencies varies in the interfacial
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Fig. 2. SFG spectra at the air/water interface with varying ¢ model. (A) Snapshot of the air/water interface obtained from the simulation. Insets show the typi-
cal H-bond conformations of the DA, DAA, DOA, and DDAA water species. (B) Im(xﬁ’)m spectra contributions for various water species. (C) Depth profiles of
simulated water density (black), deduced electron density of water with a Gaussian distribution p,(z), and electron density computed at the ab initio level of
theory at the air/water interface. (D) Depth profiles of the SFG active water species /, D' (2). The origin point (z = 0) was defined as the position of the instanta-
neous surface (49). (F) Re(¢}) spectra for water species / together with the dielectric spectra calculated from Lorentz and slab models. (F) Comparison of the

simulated and experimentally obtained Imy’2) spectra.

region on angstrom-length scales, and its variation can be
approximated well by the electron density profile. Now we pro-
ceed with exploring potential macroscopic consequences of the
interfacial dielectric function. In fact, such drastic variation of
the interfacial dielectric medium has been shown to markedly
affect the electric double-layer formed near charged interfaces (4,
31). Given that also in the dc limit, the dielectric permittivity
correlates with the local water density (4, 11), we test the conse-
quences of an angstrom-length scale variation of the permittivity
according to Eq. 3 on the electrostatic double-layer potential.
Here we consider two model interfaces of the pristine gra-
phene and holey graphene/electrolyte solution interfaces (Fig. 3
A and B). We study these two interfaces to investigate how
interfacial corrugation affects the dielectric profile because the
capacitances of the pristine and holey graphene differ signifi-
cantly (32). The depth profiles of the water density obtained
from the ab initio MD (AIMD) simulation and the deduced
electron density at these interfaces are displayed in Fig. 3 Cand
D, respectively. The water density profile near the pristine gra-
phene surface is consistent with previous MD results (33-36).
The water density profile shows a sharp peak near the graphene
sheets (z = 3 A), while the electron density is smeared out due
to the distribution of the electron cloud. For holey graphene,
the penetration of water to the nanopore blurs the water den-
sity profile due to the water molecules inside the hole
(highlighted by circles in Fig. 3B), inducing a more gradual rise
in the electron density profile near the interface. Subsequently,
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we computed the depth variation of the dielectric function
with Eq. 3 using the depth profile of water’s electron density
(S Appendix, section 10). The data are displayed in Fig. 3C.
For both systems, the dielectric function oscillates near the gra-
phene layer, unlike what is assumed for double-layer models
based on the homogeneous dielectric function (4). Note that
while the effect of penetration of water in the holes of graphene
on the electron density profile is limited, it gives rise to a sub-
stantial variation in the dielectric function at the surface.

Using these three dielectric profiles under the assumption
that the overall peak profile of the water density at these inter-
faces is insensitive to the small applied voltage (~100 mV)
based on ref. 34, we calculated the electrostatic potential by
solving the Poisson-Boltzmann equation for a fixed, moderate
surface charge density (—4.8 mC m™2) in the presence of
0.1 M monovalent electrolytes (4, 37). The variation of the
electrostatic potential is shown in Fig. 3D. The figure indicates
that the potential changes moderately over the entire interfacial
region in the homogeneous dielectric medium model, while the
potential varies drastically near z = 0 in the oscillatory dielectric
medium models. In fact, the surface potential (z=0) reaches
—100 mV in the oscillatory dielectric medium for the pristine
graphene, ~10 times larger than the homogeneous dielectric
medium model. For pristine graphene, the electrostatic poten-
tial decays through the two layers. First, the drastic potential
drop occurs within a few angstroms thickness generated by the
excluded volume of molecules in between the graphene and

pnas.org
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Fig. 3. Model calculation of surface potential profile at the charged graphene/water interfaces. (A, B) Snapshots of the pristine graphene/water (A) and the holey
graphene/water (B) interfaces together with their density profiles of water and normalized electron density profiles. (C) Depth-dependent inverse dielectric func-
tions deduced from the electron density profiles shown in a and b and homogeneous inverse dielectric function (e = 78). The origin point (z = 0) was set to the
position of the carbon atoms composing the first layer of pristine and holey graphene sheets. Interfacial dielectric profile calculated via eq. 3 for the pristine
(blue) and holey graphene (red) samples as well as the homogeneous dielectric profile (black). (D) Comparison of the surface potential profile under a constant
surface charge with an oscillatory dielectric medium model for the pristine graphene (blue), oscillatory dielectric medium model for the holey graphene (red),
and homogeneous dielectric medium model (black). The black dotted line is obtained from the fit of the green curves in 0 A < z < 3 A. The departure of the
deviation between the dotted line and green curve is the interface of HL and DL, while the departure of the deviation of green, red, blue curves is the interface

of the EVL and DL.

topmost water layer (excluded volume layer [EVL]) (11). The
potential drops linearly in the second layer, ranging from ~3 to
~8 A from the interface, due to the ion accumulation in the
Helmholtz layer (HL) (8). For z > 8 A, the surface potential
decays in a nonlinear fashion, which is typical for the diffuse
layer (DL). Fig. 3D illustrates that the main difference in the
surface potential arises from the EVL. The dielectric constant
in the interfacial region, which is nearly unity, increases the
capacitance, generating a drastic increase in the surface poten-
tial. As such, the charged flat interfaces create an electric triple
layer, and EVL has a dominant role in determining the
capacitance.

The holey graphene has some water molecules inside the
hole of the graphene and between the hole and the topmost
layer of water (Fig. 3B). These water molecules make the dielec-
tric constant more than unity in the EVL. Because the dielec-
tric constant of water is high, a small density of water (0.1 to
0.2 g/cm in our model calculation) is sufficient to reduce the
required voltage and thus increase the capacitance. As such, the
capacitance of the holey graphene modeled here is higher by a
factor of 4 to 5 than the capacitance of the pristine graphene.
This observation agrees with the experimental data (32). As
such, the mechanism underlying the high capacitance of holey
graphene is that the water inside the holes of the graphene

PNAS 2022 Vol.119 No.36 2204156119

generates the >1 dielectric constant in the EVL. Such an elec-
tric triple-layer model would be further helpful in accounting
for the anomalous behavior of the capacitance with a subnan-
ometer pore size of the carbon capacitance (38).

The electric triple-layer model presented here differs from
Grahame’s triple-layer model widely accepted in electrochemis-
try, which consists of inner Helmholtz, outer Helmholtz, and
diffuse layers (8). In Grahame’s model, the inner Helmholtz
layer consists of moieties adsorbed on the surface, altering the
double-layer capacitance. In contrast, the current model indi-
cates that the vacuum space of EVL determines the double-layer
capacitance without assuming specifically adsorbed moieties and
is instead determined by the physical properties of the surface,
e.g., the flatness of the surface and the defect density on the sur-
face. Finally, we would like to stress the importance of the
surface flatness for the modulation of the capacitance; for struc-
turally rough interfaces such as liquid/liquid interfaces (39, 40),
the electron density profiles are commonly rather smooth, and
as such, the modeled dielectric profile will vary less with distance
as compared to the flat interface of the graphene/water, leading
to dramatic enhancement of the capacitance.

In summary, by comparing the experimental and simulated
amplitude and line shapes of the SFG spectra at the air/water
interface, we find a steep gradient of the interfacial dielectric
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function is across the SFG-active ~1-A water layer. Such drastic
change of the interfacial dielectric medium generates a triple-layer
structure of surface potential: EVL, Helmholtz layer, and diffuse
layer. The EVL critically controls the surface potential. We show
that this EVL explains why holey graphene shows a higher capac-
itance than pristine graphene. This highlights the potential to
engineer defects into electrodes for improving the double-layer
capacitance and is essential for catalytic reactions on graphene-
derived materials and proton transport through graphene.

Materials and Methods

Heterodyne-Detected SFG Measurement. The )((2) spectra were measured
using a heterodyne-detected SFG setup. We used a part of the output from a
1-kHz femtosecond Ti:Sapphire laser system (Spectra-Physics) to pump a com-
mercial optical parametric amplifier (TOPAS SHBS-400, Spectra-Physics) to gener-
ate a broadband mid-IR pulse and guided the other part of the output to a pulse
shaper to generate a narrowband visible pulse. First, the IR pulse with its fre-
quency of @, (bandwidth ~350 cm™") and visible pulse with its frequency of
w1 (bandwidth ~12 cm™" at center wavelength 800 nm) were focused onto a
20-pm-thick y-cut quartz plate to generate the local oscillator (LO). The w1, w3,
and LO beams were focused again onto the sample surface with all the incident
angles of 45° after copropagating through a phase modulator which delayed
the LO pulse relative to w1 and w, pulses by 2 ps. The spectral interferogram
created by SF beam from the sample and LO beam was detected by a charge-
coupled device. We obtained the complex (2 spectra by normalizing the sam-
ple signal by the signal of the z-cut quartz crystal. Water was obtained from a
Milli-Q water purification system (18.2 MQ) ¢m resistivity).

MD Simulation at Air/Water Interface with POLI2VS Model of Water. We
used the POLI2VS force field model of water to simulate the SFG spectra at the air/
water interface (20). The size of the simulation cell was 32.0 A x 32.0 A x 110 A.
This cell contained 2,048 water molecules, generating the water slab with its thick-
ness of ~60 A. We generated the independent 20 initial coordinates and ran the
1-ns MD simulations for individual initial coordinates for equilibrating the systems.
After that, we ran the >2.6-ns MD simulations for each configuration, generating
a total of >52-ns trajectories. These 52-ns MD trajectories were used for analyzing
the simulation data. The time step for integrating equations of motion was set to
0.4 fs. We recorded the trajectories of water molecules, molecular dipole moment,
and polarizability every 4 fs (every 10 MD steps). The molecular dipole moment
and polarizability can be computed within the POLI2VS force field model. The sim-
ulations were performed in the canonical ensemble. The temperature was set to
300 K and was controlled with the Nosé-Hoover thermostat (41) with 10 chains.

AIMD Simulation at Pristine Graphene/Water and Holey Graphene/
Water Interfaces. We carried out AIMD simulations for the systems of pristine
graphene/D,0 (W-pG) interface and holey graphene/D,0 (W-hG) interface. The
cell sizes of both W-pG and W-hG systems were set to 12.765 A x 14.736 A x
40.0 A. The W-pG system consists of a single layer of graphene (72 carbon
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atoms) and 121 water molecules, while the W-hG system consists of one layer of
graphene (72 carbon atoms), one layer of holey graphene (53 carbon atoms, 10
hydrogen atoms, and 1 oxygen atom), and 121 water molecules. For the struc-
ture of holey graphene, we used one of the oxygen-terminated structures based
on the graphene oxide structure (42) as holey graphene with high capacity is
prepared from graphene oxide (32). In the W-hG systems, the pristine graphene
and holey graphene were stacked via the AB stacking conformation. We gener-
ated two independent conformations for the W-pG systems and six independent
conformations for the W-hG systems. We did not put additional charges on the
pristine/holey graphene in the AIMD simulation.

For the AIMD simulation, we used the BLYP exchange correlation functional
together with the Grimme's D3(0) van der Waals correction (43). We employed
the QUICKSTEP method (44) implemented in the CP2K code (45). For the
Gaussian part of the basis set, we used the MOLOPT shorter range double zeta
for valence electrons plus polarization function (DZVP) basis set (46) for the car-
bon atoms, while we used the triple zeta for valence electrons plus double
polarization function (TZV2P) basis set for other atoms. We set the plane wave
density cutoff to 320 Ry. The norm-conserving Goedecker-Teter-Hutter pseudo-
potentials (47) were used for describing the core electrons. We performed the
AIMD simulation in the canonical ensemble, where the target temperature was
set to 300 K with canonical sampling through a velocity rescaling thermostat
(48, 49). The time step for integrating the equations of motions was set to 0.5
fs. We equilibrated the sample for >20 ps, and then we obtained the ~30-ps
AIMD trajectory for each sample.

Finally, we would like to note that we include one oxygen atom for the holey
graphene to allow water molecule(s) to fill the space generated by the hole of
the graphene. If all the carbon atoms surrounding the hole are terminated by
hydrogen atoms, water molecules do not enter the hole of the graphene, due to
the high surface tension of water.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix. For more details please contact the correspond-
ing author.
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