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Assessment of Pressure and Density of Confined Water

in Graphene Liquid Cells

Seyed Mohammadreza Ghodsi, Seyyed Soroosh Sharifi-Asl, Pavel Rehak, Petr Krdl,*
Constantine M. Megaridis,* Reza Shahbazian-Yassar,* and Tolou Shokuhfar*

Understanding the behavior of confined matter within Van der Waals (VdW)
materials is complicated due to the interplay of various factors, including
the VAW interaction between the interlayers, the layer interaction with the
matter, and the bending strain energy of the layers to accommodate encap-
sulation. Herein, new insight on the magnitude of pressure and density of
water entrapped within confined spaces in VAW materials is provided. This
is accomplished by studying the plasmon excitation of water encapsulated
between two sheets of graphene membranes in an aberration-corrected
scanning transmission electron microscope. The results indicate =12% max-
imum increase in the density of water under tight graphene encasement,
where pressure as high as 400 MPa is expected. The pressure estimation
from theoretical analysis considering the effect of VAW forces, Laplace pres-
sure, and strain energy is in agreement with the experimental results. The
findings of this work open new opportunities to explore the local physical
state of not only water but also other liquid materials under high pressure
with imaging and analytical resolutions never achieved before.

energies are expected to impose substan-
tial pressure on the entrapped liquid. The
escalation of pressure in liquids under
confinement has been confirmed by the
appearance of confined water (trapped
between hydrophobic graphene mem-
branes) as ice at room temperature.l®
While this observation has also been
supported by molecular simulations,®13!
there have been further experimental
efforts to understand the effect of pres-
sure on confined liquids. Infrared (IR)
spectroscopy detected the transformation
of MgCl, crystals to MgO in water upon
encapsulation between graphene sheets.['¥
Giving the chemical neutrality of saturated
carbon bonds in graphene and the neg-
ligible interference of IR beam with the
sample, the reaction was solely contrib-

1. Introduction

Encasement of nanometer-thick films of liquids in Van der
Waals (VAW) materials is believed to deviate the behavior of
confined matter from bulk.!"8l This configuration provides a
novel platform to perform fundamental thermodynamic studies
on liquid solutions under such confinement.”! In a closely-
confined system, VAW forces are inversely proportional to the
scale of confinement and act more strongly as the thickness
of the entrapped liquid film declines.! Moreover, the energy
cost of bending a 2D membrane over the confined sample
should be considered, since the VAW forces and bending strain

uted to the tight confinement effects on
MgCl, suspension. Likewise, the polymer-
ization of buckminsterfullerene (C60) has
been observed under graphene entrapment, a reaction which
is not thermodynamically feasible under ambient conditions.!"!
In yet a different set of experiments, atomic force microscopy
(AFM) has been used to directly measure the pressure of con-
fined water, where pressures as high as 1 GPa were reported.%]

The advent of graphene liquid cell (GLC) transmission elec-
tron microscopy (TEM) has enabled the study of water and
liquid solutions with unprecedented spatial and analytical res-
olutions.”-"l Specimens contained within layers of graphene
have negligible interference with the electron beam[?*-?2 and
minimize the scattering of transmitted electrons required
for high resolution imaging and spectroscopy. In addition,
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graphene has excellent flexibility?® and impermeability toward
molecules as small as water, which makes it an ideal substrate
for in situ TEM study of liquid samples.?'?#25] Wang et al.l2]
have exploited GLC-TEM capabilities to study the state of
iron oxide cores of hydrated ferritin protein shells via electron
energy-loss spectroscopy (EELS). Moreover, EELS has been
applied on the GLC of TiO, nanoparticles in the presence of
cell-culture media to study the dynamics of protein corona
formation on nanoparticles.””) In yet more relevant work, the
structure of water molecules was examined using GLC-TEM
where the formation of square ice at room temperature under
tight graphene encasement was reported.[*72-30 These reports,
along with many others on the application of EELS and TEM or
scanning TEM (STEM) on graphene-encased wet samples,?+32
have shown the feasibility of GLC-TEM to observe and analyze
liquids with unprecedented spatial and energy resolution.

While the existence of high pressure in liquid solutions under
graphene confinement has been reported,”) the magnitude of
the pressure is still under investigation. Moreover, previous
studies have utilized nontransmission probes, including AFM,
Raman, and Fourier-transform infrared (FT-IR) spectroscopy, to
examine the liquid samples confined between VAW materials
and atomically-smooth substrates like hBN and MoS,,/1 but
there are no previous reports on the thermodynamic state of
liquids confined solely between VAW material interlayers. The
relatively small size of graphene liquid pockets in GLC com-
pared to the spatial resolution and probe size of conventional
analytical methods constrains the application of common non-
transmission spectroscopy tools in studying such confined
samples. Recent developments in two-dimensional materials
synthesisB3 and the advent of aberration-corrected electron
microscopy®¥ have opened new opportunities to explore con-
fined liquids within graphene substrates with unprecedented
spatial-energy resolutions. Herein, we report a detailed theo-
retical and spectroscopic analysis on the density and pressure
of water encapsulated in GLCs. Particularly, the plasmon and
valence excitations of graphene-encased liquids are used to
estimate the pressure exerted on liquid pockets between gra-
phene sheets. Our experimental results indicate a 12% eleva-
tion in the density of graphene-entrapped water where pres-
sures as high as 400 MPa are reached at room temperatures.
Furthermore, our energy conservation analysis and simula-
tions of GLCs considering the effect of VAW forces, Laplace
pressure, and strain energy is in agreement with the experi-
mental results.

2. Low-Loss EELS Analysis of Graphene-
Encapsulated Water

Considering that EELS is widely used in (S)TEM experiments
to study the composition and local electrical structure of speci-
mens with high spatial and analytical resolution,?"! we studied
the behavior of GLC-encased water low-loss EELS data. Figure 1
demonstrates the STEM and EELS results of water confined
within a GLC. Figure 1a illustrates a GLC where layers of gra-
phene on top and bottom encase a film of water. Figure 1b
depicts the dark-field STEM micrograph of a GLC where the
dashed lines represent the GLC boundary. The dark gray area
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surrounding each GLC consists of dry graphene layers. The
bright spot in the bottom right corner of the image is believed
to be copper remnant on the outer surface of graphene from
the GLC fabrication procedure (Figure S1, Supporting Infor-
mation).13%l The absence of copper and/or salt contaminations
in the sampling area was confirmed by acquiring EELS core-
loss signal across the sample (Figure S2, Supporting Informa-
tion). The low-loss EELS spectra of empty cell (dry graphene
layers) and GLC (graphene layers + water) shown in Figure 1c
were acquired separately from the designated colored spots in
Figure 1b. The thickness index of the GLC (t,,./A) is derived
from its EELS low-loss spectrum, where t,,, is the thickness
of the GLC and A is the inelastic mean free path of electrons
in the sample. The low-loss EELS signal of dry graphene layers
in this sample has a low-loss plasmon peak located around
23 eV. Previous studies have shown that the plasmon peak
position of graphene sheet is a function of its number of inter-
layers.l’”] The reported plasmon peak position of single/double
graphene layers has been estimated to be around 15 eV,8l
and increasing upon the addition of more graphene layers.l*"!
Although finding the exact number of graphene layers in the
GLC is a tedious task, the EELS acquiring spots were chosen
closely enough to safely assume that the number of graphene
layers in dry and wet regions are identical in each GLC system.
The isolated water signal was attained by subtracting the nor-
malized dry graphene signal from that of the GLC (Figure 1d).
The exact position of the plasmon peak was determined by fit-
ting a Gaussian distribution to the subtracted peaks (Figure
S3, Supporting Information). Interestingly enough, the iso-
lated plasmon peak of water, when trapped between graphene
layers in this particular GLC system, is positioned at 22.34 +
0.11 eV. This is distinct from the plasmon peak of water in a
liquid flow holder (20.99 + 0.18 eV), where water with much
larger thickness (=1 um) is contained between two silicon
nitride (Si3N,) membranes (Figure S4, Supporting Informa-
tion). Considering previous studies where the pressure of
water entrapped between SizN, membranes in a liquid flow
holder was shown to be atmospheric,*?! it is safe to assume
that 1 um thick water layer in the flow holder apparatus has
physical properties identical to those of bulk water.

The plasmon peak of a GLC is a function of its composi-
tion, thickness, and pressure. Even though water and gra-
phene are the sole constituents of each GLC, the variation
in number of graphene interlayers along with the thickness
of the encapsulated water film will shift the plasmon peak
position in each GLC. Thus, it is crucial to repeat the EELS
measurements on different GLCs with distinct geometries,
graphene interlayer numbers, and thickness indexes (tya,/A)
to ensure the reproducibility of this method. While Figure 1
shows one of the examined GLCs, the measurements were
repeated on two more GLCs, with multiple EELS acquiring
spots on each GLC. The detailed results are presented in
Figures S5 and S6, Supporting Information. The distinc-
tion between dry and wet spots in each case was confirmed
by looking at the oxygen core-loss of the graphene/water
system (Figure S7, Supporting Information). The energy
resolution constraint of EELS (Figure S8, Supporting Infor-
mation) along with the systematic errors induced in the
process of isolating and fitting water signals, brings about
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Figure 1. Scanning transmission electron microscopy (STEM) and electron energy-loss spectroscopy (EELS) results of water in a graphene liquid cell
(GLQ). a) Schematic of a GLC. The electron beam (red) passes through the GLC and is collected by a Gatan imaging filter (GIF) camera. b) Dark-field
STEM snapshot of water GLC with thickness index (t,,/A) of 0.14. A thin film of water is contained between graphene layers. The wet and dry regions
in the GLC have been marked. EELS was performed on six consecutive spots in the GLC area, while the dry-graphene sheet signal was acquired in the
designated dry-graphene region. c) Low-loss spectra of dry graphene layers (black line) and six spots on the water-encapsulated GLC (colored lines).
The GLC is relatively thicker than dry graphene layers, which results in intensified scattering events and accentuated plasmon peak intensity. d) Isolated
low-loss spectrum of water. By subtracting the dry signal from the wet signal curves in (c), the isolated low-loss spectrum of water was attained. The

plasmon peak position of water in this specific GLC was 22.34 £ 0.11 eV.

uncertainties which are shown by the standard deviation of
different measurements on each GLC.

3. Correlation Between EELS Plasmon Peak
of Water and Its Density

Plasmons in the low-loss regime reflect the interactions of the
electron beam with loosely bound electrons in the valence—
conduction band.1 According to the free electron model
introduced by Egerton,™ the wave-like oscillation of these
electrons in contact with the electron beam is described by:

h
Er=> 0, (1)
where wp is the oscillation frequency of plasmons, Ep the
plasmon peak position, and h is Planck’s constant.*l While
the intensity of plasmon peak is a function of water thickness,
its position is invariant. Replacing the @p in Equation (1), we
deduce:
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E n ne

(2)

|
2\ ggm.

where n is the number density of free electrons in the spec-
imen, e the electric charge of an electron, m, the approximate
resting mass of electrons, and g is the permittivity of free
space. While the components of this equation are independent
of the specimen, n changes with the specimen composi-
tion, temperature, and pressure.*! Comparing the isolated
plasmon peak positions of nonconfined water (Figure S4, Sup-
porting Information) and GLC (Figure 1), it is evident that
the position of the plasmon peak has shifted toward higher
energy values in the GLC. The acceleration energy of the elec-
tron beam, 200 keV, is significantly higher than the Fermi
energy threshold, thus even nonbonding electrons participate
in propagating plasmon oscillations.* In the simple free
electron theory, where valence electrons move freely in the
sample,*!l higher plasmon energy (E,) values result from an
increase in the density of valence electrons (n) in the sample:[*
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Figure 2. The plasmon peak position of water in three graphene liquid cells (GLCs) and the Si-based liquid flow-holder. 2

tmax

is reported as an index

of the GLC thickness, where larger values indicate thicker water film. The plasmon peak position shifts to higher values as the thickness of the GLC
declines, indicating an elevation in the density of confined water. The density of water in the liquid flow-holder was assumed 0.99 g cm™ with E, fixed

at 20.99 eV.
ne=AE}, 3)
ng =AE), (4)

where ng, Epg and ng, Ep, are the free-electron density and
plasmon peak positions in the bulk and GLC-entrapped water,

2
respectively, and A = % is a constant. On the other hand,
n is correlated to the density of water:
V4
ne=N, (ﬂ] (5)
MW 'water
V4
n =N, (_Pl ©
MW ater

where N, is Avogadro’s number, My the water molecular
weight, Z is the number of water free electrons, pr and p,
are the bulk densities of water in the flow holder and GLC,
respectively. Thus:

AMy E?
p=$ )
ZN,
2
EPg
= Zpe 8)
pg pf(Epva

Figure 2 depicts the plasmon peak position of water in
three GLC samples along with that of water in the Si-based
liquid flow-holder. t,,,,/A4 of each GLC sample is measured
and reported as an index of the GLC thickness. The density
of water in each GLC is measured by replacing E,, and E¢
in Equation 8. Although there are no previous reports on the
density of water in the Si-based liquid flow-holder system, it
has been shown that water in the flow holder is at atmospheric
pressure and thus has a density close to that of bulk water (pr=
0.99 g cm™3).40 Ag is evident from Figure 2, the density of
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water under graphene confinement is inversely proportional to
the sample thickness and rises as t,,,,/4 declines. The density
of water is a function of temperature and pressure. Neglecting
the thermal effects of the electron beam on the sample,*! the
density of water in either system is solely a function of the pres-
sure within the sample at room temperature.

4. Rise of Water Density with Pressure
Escalation Inside GLCs

While the pressure of water in either liquid-flow holder or GLC
cannot be derived directly from low-loss EELS, electron spec-
troscopy can estimate the relative density of water in GLC as
discussed earlier. Using the equation of state (EOS) for water
at room temperature, we derived the pressure exerted on water
due to graphene encapsulation by taking into account the
change of water density. Assuming that the density of water in
the liquid-flow holder is close to that of water at ambient con-
ditions (0.99 g cm™3 at 25 °C and 1 bar),**%! it was shown in
the previous section that the density of water in this particular
GLC is 1.12 £ 0.10 g cm™. In order to derive the pressure of
water corresponding to this density, the Tumlirz—Tait EOS was
applied:*

2
P +P

V=V.+ 9)

where V is the specific volume of water (cm? g™l), P the pres-
sure of water (bars), and:

A=1788.316 + 21.550T — 0.469T>
P, =5918.499 + 58.052T — 1.125T"
V.. =0.698-0.743x 10T +0.370 x 107 T*

(10)

with Tin Celsius, P, in bars, V., in cm?® g™' and A in bar cm? g7
Equation (10) is illustrated in Figure 3 associating the pressure
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Figure 3. Pressure and density diagram of water. a) The Tumlirz—Tait correlation determines the density of water (solid curve) under a range of pres-
sure values at 25 °C. The density of water increases as the pressure rises. The dashed line designates the correlation between the specific volume of
water and its pressure at room temperature. b) Using Tumlirz—Tait’s correlation along with plasmon frequency Equation (2), water pressure is plotted
as a function of plasmon peak position (dot-dashed curve). The dashed curve shows the specific volume of water as a function of the plasmon peak
position. The gray star on the graph designates the plasmon peak of water graphene liquid cell (GLC) located at 22.34 + 0.11 eV, suggesting a GLC

internal pressure value of 400 = 50 MPa.

of water to its density (Figure 3a) and plasmon peak position
(Figure 3b). The density of water increases while the spe-
cific volume of water decreases when the pressure escalates.
Figure 2b was attained by correlating the pressure of water in
Equation (9) to the density of water in Equation (7). The specific
volume of water at ambient condition (25 °C, 1bar) was derived
from Equation (9) (1.004 cm?® g™) and inserted into Equation (7)
for E, ¢=20.99 eV to calibrate the data set for Z. The specific
volume of water in GLC is the inverse of its density and equals
0.89 £ 0.07 cm?® g Figure 3b suggests such a tremendous
change of V in water from bulk to GLC requires pressure rise
of 400 £ 50 MPa. While the Tait equation of state has been
reported to follow experimental data closely, it would be inter-
esting for future studies to apply other well-known correlations
including Stiffened Gas EOS or Noble-Abel Stiffened Gas EOS
to estimate the pressure inside graphene bubbles.!

The possibility of such high pressures under graphene encap-
sulation agrees with some previously reported studies.[**1¢ For
instance, the AFM measurements and ab initio calculations on
argon enclosures formed between layers of graphene and atom-
ically-smooth Ir (100) wafer revealed internal pressure of Ar of
the order of 5 GPa.*”l However, not all previous reports agree
with the existence of such high pressure inside graphene enclo-
sures. Khestanova et al.l'¥! reported pressures of the order of
10 MPa using the AFM-exerted force measurements on enclosures
formed between graphene and Si—-SiOx wafers. There have also
been attempts to explain the pressure inside graphene-confined

water using the Laplace pressure correlation, AP:%Y where AP

is the pressure gradient across the graphene membrane, y the
interfacial energy of graphene—water and R is the radius of the
graphene blisters.”” Replacing y=90 m] m™PU and R = 10 nm,
the internal pressure of GLCs could reach 18 MPa. The disa-
greement between our results and some other reports on the
pressure of graphene enclosures is due to the fundamental dif-
ferences between these systems.®>% In the GLC system, the
hard supporting substrate is replaced by graphene layers to
encase the sample. Moreover, the entrapped phase in a GLC is
a liquid (mostly water), while in reported AFM measurements
the specimen is a dilute inert gas. The GLC samples are also a
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few orders of magnitude thicker than gas cells, which signifies
the role of graphene elasticity in the total pressure. Thus, the
Laplace correlation underestimates the actual pressure of GLC
samples as it does not take elasticity effects into account.

5. Energy Analysis of Graphene-Encapsulated
Water

Although extreme pressures inside enclosures of nanometer-
thick graphene layers appear to be eccentric, such values have
been physically and mathematically justified. Khetonesa et al.l'®l
have analyzed the energy components playing a role in the pres-
sure buildup in graphene enclosures on a solid substrate. The
shape and the pressure of graphene bubbles on a solid substrate
were stabilized in equilibrium conditions formed between gra-
phene layers, the solid substrate, and the enclosure content.
Thus, the energy inside each graphene enclosure was modeled
by three main components: 1) graphene—graphene and gra-
phene-liquid interactions, 2) graphene elasticity, and 3) internal
energy of the content. Herein, applying the same approach, we
have modeled each GLC with respect to its geometry and energy
components. Assuming isothermal conditions, the pressure
buildup inside each GLC was modeled as the product of energy
spent in the GLC fabrication procedure. In our model, GLCs
are formed upon squeezing nanodroplets of water between gra-
phene sheets. The magnitude of GLCs’ internal pressure is a
function of its size and stems from four main energy compo-
nents: 1) the adhesion energy between graphene layers (Eyqw),
2) the adhesion energy between graphene and water (Epapiace)s
3) the elasticity energy of graphene substrate (E), and 4) the
internal energy of water (E|). Eygw is the energy spent to peel
adjacent graphene layers and keep them apart. Second comes
the interfacial energy between graphene sheet and water
(Eraplace), Which contributes to the final pressure of the sample.
Our calculations show that the contribution of VAW interac-
tions between water and graphene substrate (disjoining pres-
sure) is negligible in final pressure buildup inside GLCs with
thicknesses above 1 nm.’2%3 The E, component is the energy
spent to bend graphene sheets around water nanodroplets and

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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keep them askew. Lastly, E is the elevation of water nanodroplet
internal energy upon encapsulation between graphene sheets.
Assuming the initial energy state of water and graphene sheets
at zero, the final energy of the system could be written as:

Etot =EVdW +ELaplace +Eel +El (V) (11)

The VAW energy stems from close contact of graphene sheets
and only acts on the footprint of the GLC, which could be esti-
mated as Y;¢Spor Where Js¢ is the graphene adhesion energy
(120 mJ m~2) and Sg,, is the GLC footprint. The Laplace energy
component is the result of nanoscale interaction of water and
graphene which applies on the surface of the graphene exposed
to water y;wS;, where ¥y is the adhesion energy of water—gra-
phene and S, is the total area of graphene exposed to water
inside the GLC. The elasticity component of energy is derived

based on first order Hooke’s law %YSMAV where Y is graphene’s

young modulus (50-100 MPa)’*5% and Al is graphene’s strain
upon GLC fabrication. The internal energy of water rises as it
gets squeezed between graphene sheets. While the temperature
variation of GLC is negligible, the pressure of water content is:

po () (95 (P
“lov), " o oy, (12)

By replacing all the components in Equation (11) we obtain:

.6

1 6
172)* +( -
1 1 P+t ( 2™ 1
Ew == Yol m+—mlY| m [~—2% 1 | +4 A I L
4766 7F+47F [ﬂ' ].+ TYow 3 671'
(13)
dEa _ (14)

Ao

The GLCs are assumed to have a simple ellipsoidal geometry
based on previously reported AFM results!’® and our STEM
observations, with basal length of | and maximum height of

tmax:
6 Yo

(/2" +(1 tmlj

S, =4rm 2
(15)
1
Sfoot = Z n.ll
Vv, =% Tt

Figure 4 breaks down the total pressure buildup inside GLCs
to their three main energy components with respect to the
maximum GLC thickness (t,,,,). The pressure buildup resulting
from graphene—graphene VAW interactions (Figure 4a) and
elasticity component (Figure 4b) constitute the major portion
of final pressure of GLCs while the Laplace pressure is respon-
sible for the remainder of the final pressure (Figure 4c). The
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pressure resulting from VdW interactions of graphene layers

have a Laplace nature and vary as L On the other hand,
the elasticity component of the total pressure is only a
function of I and irrespective of t,,. Different pressure
components in Figure 4 are sketched for four different aspect

ratio values () where a=%. The aspect ratio was shown to be

universal and a function of GLC basal length (I)."! For instance,

it has been shown that for graphene enclosures on solid sub-
strates with | = 200 nm, « oscillates around 10.1%1 While the
Laplace and VAW terms of the final pressure are mostly sim-
ilar for different aspect ratio values, the elasticity component
increases dramatically in higher o values. The analytical total
pressure inside GLC for t,,,, around 10 nm could reach up to
200 MPa, which is in the same order of magnitude as our experi-
mental results. Itis evident from Figure 4d that the total pressure
inside water GLC approaches infinity, irrespective of «, when
tmax drops below 1 nm, which is well expected from the Laplace

. 2
pressure correlation (AP = %)

Equations (13)—(15) are derived considering some geomet-
rical assumptions based on previously published articles.[®1]
The energy analysis above idealizes the GLC to a symmetric
ellipsoid capsule with 1/2, 1/2 and t,,,,/2 axes. For the GLCs
with different geometries (spherical, octahedral, flat, etc.),
Equations (13) and (15) should be revised. For instance, in
Figure S9, Supporting Information, we have analyzed a GLC
with triangular-base hexahedral geometry. It would be inter-
esting for future studies to investigate the pressure buildup
inside GLCs with different geometries, both experimentally
and analytically. As a rule of thumb, in the GLC capsules the
internal pressure decreases as the maximum thickness of the
sample (t.,,,) increases, to the extent that for samples as thick
as 1 um (encapsulated cells, bacteria, etc.), it is safe to assume
the specimen is under atmospheric pressure.

The radiolysis and electron dose effect on the state of water
molecules are also very important in liquid-cell TEM.P758l
During radiolysis, the electron beam undergoes inelastic
scattering events in water, resulting in the dissociation of a
number of water molecules and the release of radicals (mostly
hydroxyl groups).’®>% While water is susceptible to radiolysis,
reducing the electron beam intensity and the number of elec-
tron scattering events also minimizes the concentration of dis-
solved electrons and radicals that may affect the equilibrium
condition in the nanoenvironment of GLCs.] Under equi-
librium conditions, the radiolysis byproducts recombine and
neutralize the liquid environment, which in turn minimizes
the complicating effects of radiolysis.’”) Herein, after con-
firming the existence of water within our GLCs (Figure S7,
Supporting Information), STEM observations were performed
under low beam currents. The electron beam dose rate during
our EELS analysis was estimated to be around 0.3 e A2
which is well below the intensity threshold of water dissocia-
tion (6-9 e A-2571).1264] Figure $10, Supporting Information,
depicts a specimen after successive spot EELS measurements.
The stability of the liquid-free portion of the GLC confirms the
resilience of this sample in the low dose-rate electron beam
condition, and confirms our assertion that radiolysis did not
play a significant role in the present tests. There are also other

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Analytical pressure estimates inside water GLCs with respect to cell enclosure height t,,, and different values of aspect ratio c. a) The Van
der Waals (VdW) pressure stems from the substantial adhesion energy between the graphene layers. The VAW pressure varies as 1/t,,,. b) Keeping
layers of graphene bent around the water sample stores energy in the water film, which in turn increases the pressure of the GLC. However, the elasticity
pressure is only a function of I and does not change with t,.,. ¢) The Laplace pressure is a result of adhesion energy between water and graphene layers
of the GLC. The magnitude of Laplace pressure varies as 1/, as expected. d) The total pressure inside the GLC is the sum of the three pressures

shown in a—c.

sources of uncertainty in our assumptions that need to be
addressed. First, while Egerton’s free electron model works
best for metals and semiconductors, it deviates slightly for
insulating materials including water. This issue was addressed
by applying high electron acceleration energies (200 keV) to
overcome the Fermi level. Next, the deconvolution of water
EELS signal from that of Si;N4 in liquid flow holder and
graphene could introduce errors to these calculations. For this
work, the deconvolution algorithm was applied uniformly to
all spectra in both systems.

In order to describe microscopic conditions in GLCs of dif-
ferent sizes, we modeled these systems by atomistic molecular
dynamics simulations. In earlier studies, we have shown that
water nanodroplets can fold graphene into different superstruc-
tures to form GLCs.[)l Here, we ran molecular dynamic simu-
lations on two type of GLCs with: 1) square graphene sheets
(60 X 60 nm?) and 2) circular graphene sheets with a radius of
30 nm. Each type of GLC was simulated with different num-
bers of water molecules, ranging from 2.5 x 10* to 3.2 x 10°
molecules. We calculated the densities of each system in
order to determine its pressure. In all GLC systems shown in
Figures S11 and S12, Supporting Information, we determined
the radial profile of water density (see methods for further
details). In order to assess the density vs. pressure in bulk water
and benchmark these densities with our GLC calculations,
we did the same type of calculations in bulk water (without
the GLC) at pressures of 0.101325, 10.325, and 30.3975 MPa,
shown in Figure S13, Supporting Information. From these
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dependencies on the known applied pressures, we have deter-
mined density vs pressure for water in an arbitrary environ-

ment, [g_p =59x10* g MPa™! cm™, as shown in Figure 5c
p

(inset). This benchmarking allows us to determine the pres-
sures inside GLCs from the water densities within them.

Figure 5c shows the calculated pressures based on the
densities of water in GLCs as a function of the number of
entrapped water molecules. The deviation of density (Ap)
from the ambient density (1 g cm—3) and the pressure of water
droplet in the GLCs are inversely proportional to the number
of water molecules confined inside each GLC. The densities
and shapes of the cavities of GLCs formed with either square
or circular graphene with the same number of entrapped
water molecules are very similar (Figures S11 and S12,
Supporting Information). The significantly lower pressure of
water in Figure 5c for the square GLC with 0.6 x 105 water
molecules is an outlier and could be the result of high simu-
lation uncertainty when calculating the radial profile of water
density in that GLC (Figure S1lc, Supporting Information). In
order to determine the contribution of Laplace pressure in the
pressure build-up in the GLC-encapsulated water, the Laplace
pressures of free water droplets containing the same number
of water molecules in each GLC were calculated (Figure 5c).
The calculated Laplace pressure in the free water droplets con-
stitute =25-33% of the final pressure in each GLC, while gra-
phene-graphene VAW interactions and the graphene elasticity
component make up the rest.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Top, and b) side views of a GLC with square graphene containing 3.2 X 10° water molecules. Scale bar denotes 10 nm. c) Water pressure
in GLCs with square and circular graphene sheets vs. number of entrapped water molecules. The red and blue lines are fitted pressure curves for
the number of water molecules enclosed in each circular and square GLC. The green line represents the Laplace pressure inside free water droplets
containing the same number of water molecules as the GLCs. The inset is a scatter graph of densities of bulk water with respect to pressure.

In summary, the density and pressure of water entrapped
between sheets of graphene were measured using low-loss
EELS, and validated by energy conservation models and mole-
cular dynamics simulations. The density of water in the GLC
was derived using the free electron model and was correlated
to the pressure of water in the GLC system. The density of
water in the GLC sample with basal length of 200 nm reached
1.12 £ 0.10 g cm™® indicating that the internal pressure of
GLC was up to 400 + 50 MPa. To evaluate our experimental
results, an energy conservation method was applied on water
within GLCs. The total pressure buildup in water upon GLC
fabrication was determined from three main components
of pressure: Laplace, VAW, and elasticity effects. It was con-
cluded that graphene elasticity and interlayer VAW interac-
tions have the most significant contribution on the pressure
buildup inside relatively large graphene enclosures. Finally,
our atomistic molecular dynamic simulations revealed the
density and pressure of graphene-enclosed water with respect
to the number of encased water molecules in GLCs featuring
square or circular geometries. The present work offers new
insight on the thermodynamic state of water under graphene
encasement, and opens new opportunities for examination of
liquid specimens under confinement using advanced TEM
and EELS techniques.

6. Methods

Graphene crystals were grown using previously-developed pro-
tocols for low pressure chemical vapor deposition (LPCVD).l°!
Copper was annealed inside the LPCVD tube for 30 min prior
to graphene growth. Then hydrogen and methane gases were
flowed in the tube with flow rate of 70 and 5.0 standard cubic
centimeters per minute (SCCM), respectively, at the operating
temperature of 1000 °C. Graphene was grown on copper sub-
strates and transferred to TEM grids after etching and washing
steps.l?’) Graphene—copper substrates were kept afloat on the

Adv. Mater. Interfaces 2020, 1901727

1901727 (8 of 10)

ammonium persulfate (APS) solution for 3 h to etch the copper
layer. Free floating graphene was then carefully transferred on
deionized (D.1.) water with the assistance of a microscope slide
to wash off the etchant residue. The graphene layer was scooped
by a 2000 mesh TEM grid to form graphene-coated grids. APS
and biological-grade D.I. water were purchased from Sigma-
Aldrich. After the deposition of D.I. water volumes on the
graphene side of the TEM grid, a second graphene layer was
scooped up to seal water between the graphene-coated grid and
the second layer of graphene (Figure S1, Supporting Informa-
tion). The grid was left in the desiccator overnight to evaporate
any excess amount of water and form GLCs on the TEM grid.
The Poseidon liquid flow holder and E-Chips Poseidon 210 were
purchased from Protochips. Prior to microscopy, silicon chips
were washed in acetone and ethanol for 3 min subsequently
and air dried. Then chips were plasma-treated for 1 min. Chips
were then assembled on the liquid flow holder and kept in dry
station vacuum to check for cracks on their Si;N, windows. The
assembled holder was then inserted in the microscope for fur-
ther microscopy and EELS experiments. Electron microscopy
of water in the liquid flow holder and GLC was carried out in
the aberration-corrected JEOL ARM-200F operating at 200 keV,
respectively, with the beam current of 5 UA at the gun. Analyt-
ical EELS measurements on water were carried out using Gatan
Quantum GIF with channel intervals of 0.15 eV. The beam
intensity on the sample was calculated to be 0.3 e A2 57, which
is well below the water dissociation threshold.*’!

The MD simulations were performed with the NAMD 2.13
packagel®, using a CHARMM 27 force field®? for graphene.
The TIP3P model was used for water molecules. The simula-
tions were described by a Langevin dynamics in a NVT ensemble
for systems with GLC and T = 310 K, where V varied according
to number of water molecules, and NPT ensemble for bulk
water system, with p = 1, 100, 300 atm and T = 310 K. A Par-
ticle Mesh Ewald® summation was used to calculate long-range
Coulombic interactions, with a grid spacing of 1.0. Short-range
dispersion interactions used a switching algorithm, with an
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on—off distance of 10/12 A. Pairlists were recorded for atoms 13.5
A apart, updated every 20 steps; 14 interactions were not scaled.
Bulk water simulations had 133050 water molecules. GLC
systems have only two graphene sheets, modeled as structure
of neutral carbon atoms, with no terminal hydrogen atoms.
Constraints for preparation, minimization, pre-equilibration,
and production runs of the system were only applied to atoms
within 5 A from the edges, restrained harmonically in the z
direction only. GLC systems were prepared by selecting carbon
atoms which were within 10 nm from the center and pulling
them apart in the z direction. Each GLC had different-sized cav-
ities. Ellipsoid shaped solvation boxes were placed in the cavi-
ties between the graphene sheets. The periodic boundary con-
dition was set up such that, in the xy directions, the graphene
surfaces in the principal box were 1 nm away from the box. In
the z-direction, the graphene surfaces were separated by 50%
above the dimensions of the ellipsoidal water droplet, to mini-
mize interactions. Both types of systems were minimized for
5000 steps and pre-equilibrated for 0.100 ns. Bulk water systems
had 2 ns of production runs, whereas GLC systems had 10 ns of
production runs. Coordinates were recorded every 10 ps.

The water densities in different systems were determined
from a calculation of the radial dependence of the number of
water molecules within concentric spheres. We took concen-
tric spheres of a different diameter, r (starting at r = 5A), and
increments of 1-5 A, until the maximum height of graphene
was reached for the entire simulation. We calculated the mass
of all water atoms within the sphere. At each value of r, we
determined the average density and its standard deviation, inte-
grated with respect to time. From the standard deviations, we
determined the uncertainty at the 99.5% confidence level. We
estimated the value of the density, using the density values at
intermediate values of r, which were consistent with each other
and had low uncertainty. When r was too small, the uncertainty
was large; when r was too large, the density could be underes-
timated, because the volume could include regions outside the
GLC, which was vacuum.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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