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Abstract: Forcible wetting of hydrophobic pores represents a viable method for energy storage in the
form of interfacial energy. The energy used to fill the pores can be recovered as pressure—volume
work upon decompression. For efficient recovery, the expulsion pressure should not be significantly
lower than the pressure required for infiltration. Hysteresis of the wetting/drying cycle associated
with the kinetic barrier to liquid expulsion results in energy dissipation and reduced storage efficiency.
In the present work, we use open ensemble (Grand Canonical) Monte Carlo simulations to study
the improvement of energy recovery with decreasing diameters of planar pores. Near-complete
reversibility is achieved at pore widths barely accommodating a monolayer of the liquid, thus
minimizing the area of the liquid/gas interface during the cavitation process. At the same time, these
conditions lead to a steep increase in the infiltration pressure required to overcome steric wall/water
repulsion in a tight confinement and a considerable reduction in the translational entropy of confined
molecules. In principle, similar effects can be expected when increasing the size of the liquid particles
without altering the absorbent porosity. While the latter approach is easier to follow in laboratory
work, we discuss the advantages of reducing the pore diameter, which reduces the cycling hysteresis
while simultaneously improving the stored-energy density in the material.

Keywords: molecular porosity; interfacial energy; wetting/dewetting hysteresis; open ensemble
molecular simulations

1. Introduction

Energy absorption in the form of interfacial free energy of wetted lyophobic materials
underlies the function of liquid springs, shock absorbers, and bumper materials [1-8], listed
according to their decreasing degree of energy recovery. Liquid springs are characterized
by their high recovery of pressure-volume work, a necessary condition for energy storage
applications. In the first approximation, stored energy can be estimated as the product of
the absorbent’s wetting free energy, A7, and wetted area. High energy density is achievable
in microporous materials [9], characterized by a large surface-to-volume ratio, e.g., zeo-
lites [2,3,6,7,10-16] or metallo-organic frameworks [17] with specific areas of 0(10%) m2 -1
or higher. A satisfactory recovery, on the other hand, requires small differences between
is the
minimal pressure leading to liquid infiltration into the pores accommodating a water slab
of thickness hef, and Pex < Pjy, is the pressure at which the liquid is spontaneously expelled
from the material. In wide pores, k¢ is close to the separation between the pore walls F,
measured between the surface layers of atoms on each wall. The expression kg ~h — o
provides a better approximation in narrow pores, where the thickness of a layer of wall
atoms (o) cannot be neglected in comparison to h. Ay = —< cosf denotes the material’s
wetting free energy, y is the surface tension, and 6 represents the contact angle of the given
liquid on a flat surface made of the absorbent material. Storage efficiency can be quantified
as the ratio of recovered and stored energies, 77 = & = <1, with 7 = 1 corresponding to
a fully reversible filling /expulsion cycle. Experlmental and modeling studies show that
the infiltration process (described in terms of liquid uptake in the pores as a function of

the intrusion and expulsion pressures, P, and Pex, respectively, where Py,~5="

Molecules 2024, 29, 664. https:/ /doi.org/10.3390/molecules29030664

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules29030664
https://doi.org/10.3390/molecules29030664
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-3675-5275
https://doi.org/10.3390/molecules29030664
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules29030664?type=check_update&version=1

Molecules 2024, 29, 664

2 of 14

pressure) usually proceeds through equilibrium states, while the expulsion typically occurs
at an external pressure Pey below Pj,, as the nucleation of gaseous phase proceeds through
an activation barrier O [6,18-21] dominated by the surface free energy of the newly cre-
ated vapor nucleus at the transition state. For common pore geometries, e.g., planar or
cylindrical, the capillarity theory predicts the leading contribution to the barrier () to scale
in proportion to —yh? £ fcos()_1 [22-24]. Upon the descent to the nanoscale, a linear term

proportional to —th, f fcosﬂ’l (where T denotes line tension) becomes increasingly impor-
tant [7,20,24-27], suggesting slower barrier scaling [7,20,26] with &, f in tight confinements.
While narrowing the pores generally lowers the barrier and alleviates the level of hysteresis,
reduced accuracy of continuum approximations and limited information about line tension
for various water/substrate systems inhibit quantitative predictions when hg approaches
molecular dimensions. In the present work, we employ open ensemble molecular simu-
lations of a simple absorbent model that allows us to systematically vary the diameter of
the pores. We concentrate on systems with a planar pore geometry where the hysteresis
is most prominent and, further, the effect of pore width is easier to isolate as & can be
varied without changing other properties, e.g., the curvature-dependent wettability of the
walls. Previous works showed water in hydrocarbon-like pores of widths k above ~1.6 nm
to persist in a metastable liquid state [28-31] even at vanishing bulk pressure P},. Planar
pores with 1 ~1 nm were found to support delayed expulsion with considerable hysteresis.
With Pey of about one-fifth of Pj,, the latter system can be classified as a shock absorber.
Achieving liquid spring behavior requires a further reduction in pore size. To determine
the porosity supporting reversible operation, we monitored the extent of hysteresis as a
function of effective pore diameter using Grand Canonical ensemble simulations. These
computations revealed an increased sensitivity to pore size at molecular-scale dimensions,
where steric exclusion gradually turns liquid-wall interactions repulsive irrespective of
the hydrophilicity of the material. The sizes of the pores and liquid molecules can also be
matched by manipulating the size of liquid particles without changing the absorbent, an
approach arguably easier to implement in experiments. A possible example is provided
by the improved performance of devices with concentrated electrolytes replacing neat
water [2,3,9-15,32]. In these system:s, steric exclusion effects can be amplified through the
abundance of hydrated ions. Along with a possible osmotic gradient [33], these effects can
facilitate solution expulsion and reduce the hysteresis of the cycle. When experimentally
feasible, however, tailoring the pore diameter is an attractive option because it can combine
the advantages of weakened hysteresis, higher infiltration pressure P;, (at similar wettabil-
ity), and increased specific surface area g, the latter two quantities scaling approximately
as the inverse of ii. The molecular simulation results presented in the following sections
showcase simultaneous improvements in both cycling reversibility and increased stored
energy density (~a Avy) for a set of absorbents as the pore diameters approach the molecular
size of the liquid. Lowered activation barriers indicated by reduced hysteresis are also
suggestive of accelerated expulsion kinetics, potentially correlating power density with the
porosity of the absorbent.

2. Results and Discussion

Most of the results presented and discussed in this section concern the pressure
dependence of water uptake inside a porous absorbent open to the exchange of water
molecules between the pores and the bulk aqueous environment. Thermodynamically
stable and metastable equilibria between the bulk and confined phases are studied by
open ensemble (Grand Canonical Monte Carlo) simulations, which critically depend on the
knowledge of chemical potentials imposed through pressure control in the bulk phase, as
detailed in Models and Methods Section (Section 3). The following paragraph describes the
initial verifications of these data.
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2.1. Benchmarking

Before turning our attention to confined systems, we tested the reliability of the input
chemical potentials whose dependence on the bulk pressure P, was determined from
the volumetric data for water adjusted to the SPC/E model of water used in simulations
(Section 3). Figure 1 presents the calculated pressures from the explicit bulk phase simula-
tions of SPC/E water corresponding to excess chemical potentials, yx(P;), estimated as
described in Section 3. The comparison of the simulated (GCMC) pressures with the input
bulk pressures used in the predictions of .. (Py) (Figure 1) shows excellent agreement
between the two sets of data. Slight statistical uncertainties at extreme compression are
explained by the decreasing acceptance of exchange moves at these conditions. Because
of the slow convergence of the average number of molecules N associated with small
exchange acceptances, typically of O(10~%), runs with ~10° attempted moves were typically
required for satisfactory precision. An additional test of the input chemical potentials was
provided by confirming that the simulated water populations (IN) were consistent with
the compressibility data for SPC/E water determined independently in isobaric simula-
tions [34] within an estimated statistical uncertainty of ~0.5% or better. In confinement, the
present scheme reproduces known results for water content in wider pores with identical
water—wall interactions, obtained [31] using six-step Expanded Ensemble Grand Canonical
Monte Carlo (EEGCMC), within +1-2%. The small difference is attributed to the present
use of force field-specific chemical potentials j.x(P;) for the SPC/E model as opposed to
the experimental values applied [31] in previous work.
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Figure 1. Simulated pressures of bulk water as a function of the input pressures used in predicting
the excess chemical potentials for the GCMC simulations. The snapshot shows oxygen and hydrogen
atoms in red and white, respectively.

2.2. Intrusion/Expulsion Cycling

We determined the average water uptake in absorbent pores over a broad range of
bulk pressures Py, from an ambient pressure of 1 bar to ~10 kbar, considering two types
of initial configurations: fully wetted pores preequilibrated at a slightly higher compres-
sion, or half-full pores resembling transient configurations involved in intrusion events.
Depending on the bulk pressure P}, water inside the nanopores in equilibrium with the
bulk phase can exist in a vapor or liquid state [19,20,25,28,29,35]. The threshold intrusion
pressure Pj,, which triggers an abrupt density increase from a gas- to liquid-like value,
varies approximately as the inverse of the width of the confined aqueous layer. Experiments
and molecular simulations performed along the compression branch tend to follow the
equilibrium pressure-dependence of the fluid density in the confinement [31,36]. Con-
versely, on the decompression branch, a metastable liquid is commonly observed to persist
in analogy to the hysteresis observed in condensation/desorption simulations [37]. Due
to the activation barrier associated with the emergence of the new liquid/vapor interface
during vapor nucleation, spontaneous liquid expulsion is often delayed until the bulk
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pressure falls significantly below the intrusion pressure Pj,. A comparable activation
barrier is not involved during the liquid’s intrusion, which typically involves the propaga-
tion of a pre-existing liquid /vapor interface towards the interior of the pore [31]. During
intrusion, the area of the liquid/vapor interface decreases and eventually disappears in
a barrier-free process. Distinct pathways are accounted for in simulating the opposite
processes of intrusion and expulsion. The points on the extrusion (decompression) branch
are generated through GCMC re-equilibration in water-filled pores previously equilibrated
at a somewhat higher external pressure, and the sequence of simulation runs initiated in
a confined-liquid state (P}, > Piy) is repeated until we reach a value of bulk pressure, Pey,
sufficiently low to trigger the expulsion of metastable liquid from the pore. The infiltration
branch corresponding to a sequence of increasing bulk pressures, on the other hand, is
studied by monitoring the change in water content in runs initiated in half-filled pores we
create by doubling the volume of an initially filled pore equilibrated at the desired bulk
pressure P}, (Figure 2). This is achieved by increasing the box size by a factor of two along
the Y-axis while water molecules remain in their original positions. As a result, the enlarged
box contains water-filled and empty half-spaces periodically repeated in the Y direction
(Figure 2). When proceeding with the GCMC simulation, the added space is gradually
filled with water if P, exceeds the intrusion pressure Pj,, whereas low P}, < Py, results in
the withdrawal of the liquid until the entire box contains only vapor. The two situations
(P, above or below Pj,) are characterized by different signs of the lateral pressure inside the
pore, with positive P || signifying infiltration and negative P | leading to expulsion [31].
The intrusion pressure, Pjj,, can therefore also be defined as the value of bulk pressure P},
corresponding to the vanishing lateral pressure, P| |, inside the pore. Figure 3 illustrates the
determination of Pj, by monitoring P | as a function of P}, in water-filled systems without
involving an explicit phase transition. The above example uses GCMC dependences of P |

on the bulk pressure on the decompression branch at pore widths h = 8 and 10 A.

Figure 2. A schematic representation of a (yz) cross-section of a simulation box with a volume of
Lx x Ly x hin an equilibrated, water-filled state (top), and the same system after the box is elongated
by a factor of 2 in the Y direction. The height h is shown in the vertical direction, and the Y-axis
points in the horizontal direction. The snapshot shows oxygen and hydrogen atoms in red and white,
respectively (bottom). The cross-section of the box increased to Lx x 2Ly X h with an extra volume
of Ly x Ly x h containing no water molecules. The contiguity of the original water configuration is
maintained through periodic replication. Continued open ensemble simulations at Py, > Pj, lead to
gradual filling of the entire box, whereas the system undergoes a barrier-free evacuation if Py, < Pjj,.

Within statistical precision, the values of P}, corresponding to the sign change in P |
in liquid-filled pores on the extrusion branch equal intrusion pressures Pj,, corresponding
to the water intrusion events on the compression branches in Figure 4. This figure shows
the GCMC water populations N as functions of bulk pressure P}, in simulated pores for
a set of pore diameters h =10, 8, 6, or 5 A determined in sequences of simulation runs at
increasing pressures (compression branch) that eventually lead to the intrusion of water
into the pore (solid lines), as well as sequences of states generated by gradually reducing
Py, (decompression branch, dashed lines) until water is expelled from the pores. All results
correspond to box sizes 25 A x 25 A x h; the numbers of molecules observed along the
compression branch using bigger boxes (25 A x 50 A x h) are prorated to the smaller box
size to allow for comparisons with the extrusion branch simulations. Abrupt changes in
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N correspond to liquid intrusion (solid lines) and expulsion events (dashed lines) that
take place at pressures Pj, and Pey, respectively. The hysteresis, manifested as the relative
difference between intrusion and expulsion pressures, ¢ = (Pin — Pex)/Pex, shows a rapid
decrease with the width of the pores. Maximal energy recovery, § = % = 1—¢, is therefore
significantly improved in narrower pores.
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Figure 3. Lateral pressures P || in liquid-filled planar confinements with periodic box sizes of
25A x25A x 10 A (black)and 25 A x 25 A x 8 A (green) from GCMC simulations for the decom-
pression branch of the filling—expulsion cycle as functions of bulk pressure P},. The value of Py, leading
to vanishing P | corresponds to the intrusion pressure Py, at a given pore width: 1.36 &+ 0.04 kbar at
10 A and 2.37 + 0.03 kbar at 8 A,
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Figure 4. The average number of molecules corresponding to a periodic box of size 25 A x 25 A x h
in GCMC simulations as a function of the bulk pressure P}, for pore widths h = 10, 8, 6, or 5 Ais
determined in a sequence of runs for increasing (solid lines) and decreasing bulk pressures. Abrupt
changes correspond to liquid intrusion (solid lines) and expulsion (dashed lines) events taking place
at pressures Pj, and Pey, respectively. Hysteresis manifested as the relative difference between
intrusion and expulsion pressures, 1 = (Pin — Pex)/Pex, shows a rapid decrease with decreasing
width of the pores. The intrusion branch data, obtained in boxes of size 25 A x50 A x h, are prorated
to the smaller box size used in the expulsion branch calculations.
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2.3. Phase Transition Pressures

Figure 5 shows the dependence of simulated intrusion and expulsion pressures, Pi,
and Pex, on the pore diameter h. The increased volatility of confined water observed upon
the reduction of pore diameter conforms to intensified depletion of the overall hydrogen
bonding and concomitant structural changes as hydration water becomes the majority
component in the system [38]. The observed variation of Pj, can be approximated by the
macroscopic relation P, = M—j, where A+ represents the wetting free energy of the walls

e

and h,sy =~ h — ocp, is the water-accessible width of the pore obtained by subtracting the
diameter of CHy groups (ocy, = 3.74 for the given model) from the C-C distance (/)
across the pore. The above relation, based on the capillarity theory and the assumption of
width-independent A+, captures qualitative changes in Pj, but underestimates the rate of
change at separations below ~6 A, indicating a possible increase of Ay in this regime.

800(%i
6000,
\
— N\
4000
= 9\\
2000\~ N> S
O =)
0 | | | I
5 6 7 8 9 10
h/A

Figure 5. Simulated intrusion (blue circles) and extrusion (red squares) pressures as functions of pore
width h from GCMC runs illustrated in Figure 4. The dashed blue line follows the continuum level

prediction Py, (h) = Py, (5) Z:gﬁ:" , which is close to the simulation data but underestimates the slope

at very small widths. The extrusion pressures (red squares) are generally lower than the intrusion
ones. The relative difference, which reflects the extent of hysteresis, becomes insignificant at pore
widths barely accommodating a monolayer of water.

2.4. Liquid Structure in Narrow Pores

The possibility of increased Ay in the narrowest pores is supported by the observed
liquid structures at different pore widths illustrated in Figure 6. This figure shows singlet
distribution functions for oxygen atoms in water, g(z), in simulation boxes with a diameter
h between 5 A and 10 A. g(z) is defined as the ratio of the average local density of centers
of water oxygen atoms in the pore to their density in bulk water in equilibrium with the
pore. The maxima of g(z) correspond to the minima of water/wall potential of mean
force (PMF) controlled by direct wall-water interactions (Equation (1)) and packing effects.
In wider pores (h = 10 A or h = 8 A), the maxima are observed at distances of about
3 A or 2.6 A from the walls, respectively. In narrower pores (i = 5 or 6 A), the maximal
distances, |z — zy |, between the centers of water molecules from either wall are smaller
than /1/2 (2.5 or 3 A), resulting in a repulsive potential of the mean force of water molecules.
As a result, molecules compressed into the pore tend to reside near the midplane of the
confinement (Figure 6). High peak values of g(z) reflect in-plane ordering of water centers
without suggesting comparable changes in (inverse) molar volume. In view of finite
molecular size g = 3.17 , the actual volume occupied by water molecules extends about
100 or ~1.6 A beyond the region populated by the oxygen centers. In the tight pore limit,
where g(z) asymptotically approaches the form of the é function, the physical thickness of
the confined monolayer hence remains close to 0o and its average density is comparable
to that of liquid water.
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Figure 6. Distribution functions g(z) of water oxygen in simulation boxes of the volume 25 A x 25 A x h
for pore diameters h = 10 A (black), 8 A (green), 6 A (blue), and 5 A (red) from GCMC simulations at
bulk pressures Py, equal to the intrusion pressures Pj, (h) for each of the widths. The maxima of g(z) in
comparatively loose pores with h = 10 A or h = 8 A are observed approximately 3 A or 2.6 A from the
walls, respectively. These separations correspond to attractive water-wall interactions (Equation (1)).
In narrower pores with h = 5 or 6 A, water molecules are restricted to a narrow region close to the
pore midplane, characterized by a weakly repulsive combined interaction of water molecules with both
confining walls. Pore wetting at these conditions requires high external pressures (Figure 5), while easier
expulsion reduces the hysteresis of intrusion/expulsion cycles, as shown in Figures 4 and 5.

The combination of unfavorable energetics and reduced translational entropy of
confined molecules destabilizes confined liquid relative to the vapor nucleus formed at the
initial step toward evacuation. The lower activation barrier of the process results in weaker
hysteresis and improved energy recovery in systems with narrow pores.

The maximal recovery (before any friction dissipation [21]) can be defined as the ratio
of expulsion and intrusion pressures, 1 = Pex/Pin. Figure 7 illustrates the dependence of %
on pore width. For hydrophobic pores of planar geometry, a reduction in pore width /1 from
1 nm to 0.5 nm improves the recovery from ~25 to 92%. A viable storage recovery, 7 > 0.75,
is obtained at pore widths at or below 6 A, where only a monolayer of water molecules can
be accommodated inside the pores. Restricting the pore size to a molecular scale in at least
one dimension is apparently sufficient to secure the absorbent’s liquid spring behavior.
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Figure 7. Maximal recovery of stored energy, determined by the ratio of expulsion and intrusion
pressures, 17 = Pex/Pj,, approaches unity upon the narrowing of the pores. Vanishing #, on the other
hand, corresponds to situations with long-lived metastable liquid persisting in the pores at arbitrarily
low pressures Py,.
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2.5. Lyophilic Absorbent

As discussed in the context of Figure 6, steric restrictions can result in a purely re-
pulsive water/wall interaction even when short-ranged attraction is exerted on a freely
accessible surface made of identical wall material. Analogous reasoning suggests the en-
hancement of steric effects at molecular porosity could potentially lead to hydrophobic-like
behavior in nanopores, irrespective of the macroscopic hydrophilicity of the absorbent
material. To explore this possibility, we performed GCMC simulations in hydrophilic
pores with diameters of 1 = 5 A or 6 A using identical geometries as in the calculation
in hydrophobic pores. To render the walls nominally hydrophilic, we used a stronger
water/wall L] potential (Equation (1)) with the wall atom L] energy parameter &, (pre-
viously 0.648 k] mol~!) increased to 5 k] mol~!. This change corresponds to an increase
of mixed wall/water e;; from 0.63 k] mol~! to 1.8 k] mol~!, ambient wall/water contact
angle reduction from ~127° to ~84.5 £ 2°, and ambient wetting free energy (A7) reduction
from (positive) 38 dyn cm~ ! to (negative) —6 dyn cm~!. Consistent with the negative
sign of Ay, GCMC simulations for pore widths 1 > 6 A showed water retention (1 = 0)
at any bulk pressure, meaning that water intrudes under all conditions and changes in
bulk pressure cannot trigger expulsion. At the smallest pore width, i = 5 A, where steric
repulsion dominates water/wall interaction, however, the system manifests hydrophobic
behavior with an intrusion pressure Pj, of ~7.5 kbar. The reason for this qualitative change
is explained in Figure 8, which shows this tight confinement does not provide sufficient
space for water molecules to reside at energetically favorable distances of ~3 A from the
walls. The use of more detailed atomistic models of confining walls can shift precise po-
sitions of wall-water contact distances and interaction minima but should preserve the
qualitative picture conveyed in Figure 8. In a study of pore size effects in a related prob-
lem of gas condensation in lyophilic adsorbents, Deroche et al. identified a “reminiscent
capillarity regime”, where a uniform scaling with effective pore width (corresponding to
hegt or h — o in our present notation) was obeyed as long as the adsorbate molecules could
comfortably fit into the pores [39]. According to Figure 8, the latter condition is no longer
fulfilled in our narrowest-pore system. Lacking wall-water attraction, this system cannot
retain water upon decompression. Expulsion is consistently observed at Pex~6.38 kbar. At
the given pore width (5 A), the hydrophilic material hence supports a storage capacity
comparable to the hydrophobic one. At about 85%, the energy recovery is only 9% lower
than in the hydrophobic absorbent. Further narrowing of the pores is likely to reduce
the remaining differences between the two materials, making molecular-scale porosity
the main determinant of the absorbent’s usefulness in liquid springs for energy storage
applications. This said, their better overall performance supports the use of hydrophobic
materials in pragmatic contexts. Fundamental aspects of confinement-induced lyophobic
transition invite broader and more systematic investigations that exceed the scope of the
present study and are deferred to future work.

2.6. Limiting Energy Density

Using a set of simplifying assumptions, we can estimate the available energy per unit
mass (or volume), u, for the water-filled model absorbent. To account for the contribution
of the pore walls to the total mass, we assume a realistic thickness of pore walls &, of
~1 nm and the rounded density of the entire system p of ~1 g cm 3. The energy absorbed
during intrusion can be approximated as Pj, AV and the work recovered during expulsion
as PoxAV, where AV = ANV equals the product of the number of absorbed or expelled
molecules times the partial molecular volume (V) in bulk water at a respective (intrusion
or expulsion) pressure. Useful work PexAV is associated with the mass m = pLxLy(h + 6z).
Using AN values from Figure 4, we obtain the upper limits of accessible energy densities
during the hypothetical friction-less operation at 14] ¢g=1,30] g~ !,63] g~ !, and 147 ] g~ !
for pore widths hof 10 A, 8 A, 6 A, and 5 A, respectively (see the Graphical Abstract). The
literature estimates of dissipation losses in zeolite absorbents were reported [16] in the
range of 2-3] g~ 1. The rapid increase in # with decreasing h reflects a number of factors,
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including the increases in Pex and the specific area density (wall area per unit mass), as
well as the remarkably weak dependence of AN on the pore width (N = 80, 75, and 69 + 2
at widths 1 = 8,6, and 5 A, respectively) in narrow pores barely accommodating a single
monolayer of the liquid. The above energy densities between 14 and 147 ] g~! compare
reasonably well to the available experimental data [17] for zeolite/electrolyte systems with
high end cases for recoverable energy storage between 20 and 30 ] g~ ! and the highest
experimental energy absorption as high as 93 ] g~! [8,40]. The molecular simulations
described above suggest further improvements are possible by carefully tuning the pore
dimensions or by pairing the available absorbents with solvents of a matching molecular
size. Interestingly, focusing on conditions with strong steric effects results in a weaker
sensitivity to the remaining characteristics of surface/solvent interactions, including the
material’s liophobicity on macroscopic surfaces.

6 a

4_
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Figure 8. Interaction of a water molecule with both hydrophilic walls as a function of position inside
the pores of widths h = 10 A (black), 8 A (green), 6 A (blue), and 5 A (red). The most favorable distance
from either wall is about 2.97 A, while the interaction turns repulsive at a wall-water distance below
~2.46 A. At wall-wall separation h = 6 A (blue line), the molecules can achieve optimal interactions
with both walls. In the narrow 5 A pore (red line), however, the maximal possible distance from the
nearer wall is 2.5 A, allowing only near-neutral or repulsive combined water-wall interactions.

2.7. Polydispersity

So far, we have solely been concerned about monodisperse porous materials, where all
pores are of a planar geometry with identical diameters. Experiments are, however, often
performed using materials with discrete or continuous distributions of pore geometries.
In contrast to monodisperse samples, this feature leads to multi-step liquid uptake and
expulsion processes or continuous transitions with finite slopes of intrusion and expulsion
branches constituting the wetting /dewetting cycle. In view of weak correlations [41-43]
between intrusion/expulsion events in distinct pores, results for a spectrum of pore sizes
should enable predictions for water content in a polydisperse absorbent as a linear su-
perposition of fractional contributions from pores of different sizes. In a general case,
a normalized pore size distribution function p(h), where p(h)dh represents the fraction
of pores of widths between h and & + dh, determines the volume change of the bulk
phase associated with the absorption of N(P,) molecules in the material at pressure Py,
AV(Pp) = —V(P,)N(Py), where V(P,) is the partial molar volume in bulk water at pressure
Py, N(Py) = [3° N(Py, h)p(h)dh, and N(P,, h) denotes the average number of absorbed
molecules inside a pore of width / at bulk pressure P, To consider practically relevant
systems like zeolites, which are often characterized by a discrete distribution over a few
pore geometries, it is necessary to combine simulation results analogous to those illustrated
in Figure 4 for representative pore shapes while replacing the above integral with a dis-
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crete summation. Interpolations between the simulated N (P, i) data may be necessary
to describe a polydisperse absorbent with a continuous pore-type distribution. Because
of their extreme sensitivity to pore size, the hydrophilic materials discussed in Section 2.5
can only perform well in their monodispersed form. In view of their better tolerance with
respect to pore width distribution, hydrophobic absorbents remain strongly preferred as
surface energy storage materials.

3. Models and Methods
3.1. Models

We modeled porous absorbents as systems composed of planar pores consisting of
parallel hydrocarbon-like walls separated by distance . We considered systems with
h=5A,6A,8A, or10 A. The separation was measured between the planes corresponding
to the presumed positions of carbon atoms in water-exposed CH,, groups on opposite
walls. Separations above 1 nm were not considered, as even the use of a 1 nm width
resulted in prohibitive hysteresis for pragmatic purposes. Notably, ~1.5 nm and wider
pores have been shown to retain absorbed water [31] in a metastable liquid state [28-30] at
arbitrarily low pressures and durations of simulation. The lowest width i = 5 A, on the
other hand, corresponds to the narrowest pores wettable by water below the experimentally
feasible compression limit of ~8 kbar. In simulations on the expulsion branch (initiated
from water-filled states), the lateral dimensions of the simulation box, Lx and Ly, were
fixed at 25 A, whereas we used Ly at 50 A in simulations along the intrusion branch, which
were generally initiated in a half-full configuration (Figure 2). Depending on the width
h and bulk pressure P, water-filled boxes contained up to ~300 water molecules. For
the sake of simplicity, we treat the pores as rigid objects with fixed diameter and volume,
neglecting any deformations in principle conceivable [44,45] at high compression. In
simulations of the bulk aqueous phase, we used a cubic box of size 25 A, which contained
15,000 or more molecules. Precise numbers of molecules depended on the pressure, which
was controlled through the imposed chemical potential. To establish a connection and
enable comparisons with previous works [20,24,25,27,29-31,36,46—48], we described water
molecules using the SPC/E model of water [49], which remains among the standard models
for simulation studies of bulk and interfacial water. Interactions between water oxygen
atoms (O) and either of laterally extended hydrocarbon-like walls (CH,) are approximated
by the integrated (9-3) Lennard-Jones (L]) potential [28,50,51] in the following equation:

9 3
UocH, (z) = A( JOCH, ) - B( JOcH, ) 1)

|z — zy| |z — zy|

where z and z, are the z coordinates of the oxygen atom of water and the surface layer
of CH, groups on the wall measured from the central (xy) plane of the pore [28,30].
A= %HPO'OCH,,%OCHH} B = %; p = 0.33 A=3 is the number density of CH,, groups
in the wall; and opcy, = 3.454 A and eocH, =630] mol~! are the LJ contact distance and
energy parameters determined by Lorentz—Berthelot mixing rules. The selected interaction
parameters yield a water—wall contact angle [30] of approximately 127°. In addition to the
accelerated computations, the smooth potential from Equation (1) has the advantage of
supporting the numerical box-scaling approach [46,52,53] in the finite difference calculation
of the lateral component of the pressure tensor in the confinement. While approximate,
previous works [30,54,55] manifest essential equivalence of the integrated (9-3) L] potential
(Equation (1)) and atomistic representation in studies of wetting transitions at hydrocarbon
walls after appropriate adjustments of epcp, [56] to account for the strengthening of the
averaged water-wall attraction in the presence of fluctuating topological and temporal
patterning [57,58] in the full-atom approach. A systematic comparison between several
atomistic models and a related continuum plate model showed no significant advantage of
explicit atomistic representation in wall wettability calculations [59]. The confinement is
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open to the exchange of water molecules in a bulk environment of variable input pressures
(P). The temperature (T) was held at 298 K in all cases.

To consider laterally extended pores, we used periodic boundary conditions along the
x and y directions and calculated their electrostatic interactions using Ewald summation
with a two-dimensional correction term introduced by Yeh and Berkowitz [60]. Real-
space electrostatic and intermolecular L] interactions were truncated at a cutoff distance
Rc =9.8 A, and we used the screening parameter a = 7t/ R.. Lateral periodicity is implicit
in the water/wall interactions described by Equation (1), which relies on the semi-infinite
dimensions of the walls. No truncation of oxygen-CH,, interactions was used in describing
water—-wall interactions. The use of tail correction for water/water interactions [30] is
precluded by density inhomogeneities [31] associated with filling and evacuation processes
in the pores.

3.2. Simulation Methods

Simulations of water-filled pores in equilibrium with an implicit bulk phase were
performed using the conventional Grand Canonical Monte Carlo [28,46] technique, which
determines acceptance probabilities [61] of molecule additions or removals, accy_,N+1,
according to the following equations [62,63]:

<71\]>e[3[;4m(Pb)—AU] } (2)

ACCN_N+1 = Min { N1

ACCN_sN—1 = min { <;]>E‘B[‘u"X(Pb)AU}} 3)

where N is the number of water molecules in the simulation box, <N> is the number of
molecules in identical volume in the bulk phase under pressure Py, f = %, Hex (D) is the
pressure-dependent excess chemical potential in the bulk aqueous phase, and AU denotes
the energy change associated with the attempted move. Addition and deletion attempts
were combined with translational and rotational molecular moves. Occasional translations
of both walls in a perpendicular direction [28,31] proved instrumental in accelerating
structural equilibration and convergence of water content in the pore. The acceptance of
these moves was determined according to the standard Metropolis algorithm as described
in earlier works [28,30]. pex(P,) was determined according to the following equation:

p(Py)
p(Po)

where P, is the ambient pressure (1 bar). At T =298 K and for the SPC/E model of
water, B, (Po) = —11.88 [31,64], and V(P) = V(P,) + AV(P) is the partial molar volume of
SPC/E water estimated by using the volumetric data for AV(P) [65] increased by a factor of
1.033 to account for the slightly higher compressibility of SPC/E water [34]. The pressure
tensor inside the pores is strongly anisotropic. In hydrophobic pores, the lateral pressure
components P|| = Pxx = Pyy are generally smaller than the normal pressure P, =P,,. The
wetting free energy, defined as the derivative of the system’s grand potential ()) with
respect to the wetted area of hydrophobic pores, is given by the relation Ay = —1hP|| > 0.
Virial contributions to simulated P|| and P, are calculated using a three-point finite
difference approximation to the derivative of configurational energy with respect to uniform
box expansion in lateral and normal directions [46,52,53]:

Py _
bes(Py) = piex(Po) + [ V(P) dP — KTl @

AUy

In<e * > 1 AU,
Py = pkT + lim ————— = pkT — — i — 5
P T A, P T o S AV, ©
Above, the angular brackets denote the ensemble average; « =|| orl, AU, is the

energy change associated with minute box scaling along direction . Most of the GCMC
simulations were performed using an in-house Monte Carlo code outlined in ref. [46],
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augmented by slab-corrected Ewald summation [60] and a routine for chemical potential
calculation as a function of compression, Equation (4).

4. Concluding Remarks

Reversible wetting /dewetting cycling in a hydrophobic porous medium provides a
mechanism for energy storage in the form of interfacial free energy. In water-containing
media with a high specific surface area, absorbed energy densities of just below 10? J g~!
have been observed in porous-mineral experiments; however, the recovered work can
be reduced by pressure- or wetting-induced changes in the absorbent and due to the
hysteresis of the intrusion-expulsion cycling. The density of recovered work has so far not
exceeded ~30 ] g~ 1. Using open ensemble molecular simulations, we examined possible
improvements in the cycling efficiency achievable by systematically reducing the width of
the absorbent pores. An increased sensitivity of recoverable energy to pore size is observed
upon approaching the monolayer width of confined water, thus increasing steric wall-water
repulsion and lowering the activation barrier to expulsion. Computed results for cycling
hysteresis in subnanometer-model pores of planar geometry show about 25% of stored
energy is recovered at 10 A width and about 92% in twice-narrower pores. In the latter
case, water—wall interactions become dominated by packing constraints, irrespective of the
nominal hydrophobicity of the wall material. In addition to the near-reversible operation
characteristic of liquid springs, molecular-scale porosity optimizes the accessible energy
density and can accelerate the kinetics of liquid expulsion, controlling the power density of
the system.
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