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ABSTRACT: We show that nanoscale water capillary bridges (WCB) formed
between patchy surfaces can extract energy from the environment when subjected
to changes in relative humidity (RH). Our results are based on molecular
dynamics simulations combined with a modified version of the Laplace−Kelvin
equation, which is validated using the nanoscale WCB. The calculated energy
density harvested by the nanoscale WCB is relevant, ≈1700 kJ/m3, and is
comparable to the energy densities harvested using available water-responsive
materials that expand and contract due to changes in RH.

■ INTRODUCTION
The capillary condensation of water is a common phenomenon
in Nature, with important scientific and technological
applications.1 For example, the formation of water capillary
bridges (WCB) in porous rocks can affect the flow of
supercritical carbon dioxide, which is important for the
development of carbon capture/storage technologies.2−5

WCB can also induce strong capillary forces. This is
particularly relevant in the production of micro- and nano-
electro-mechanical systems (MEMS and NEMS); in such
devices, capillary forces can lead to damages during the
fabrication process.6 WCB can also form spontaneously in
atomic force microscopy (AFM) experiments, between the
AFM tip and the substrate of interest, affecting the
corresponding measurements.7,8 Adhesive forces induced by
WCB among colloidal9 and nanoscale particles10 can induce
self-assembly process or trap the system in specific structures.
The phenomenon of water capillary condensation is usually

described well by the Laplace−Kelvin (LK) equation. The LK
equation relates the surface curvature of the WCB to the
temperature and relative humidity (RH) of the environment.
The LK equation is based on classical thermodynamics, where
the liquid is modeled as a continuum and is built on the
concept of surface tension. As such, the LK equation is
expected to break down at the nanoscale, at which point the
system dimensions become comparable to the size of the water
molecules. Surprisingly, numerous studies indicate that the LK
equation remains valid down to 10 nm,11−17 and recent studies
indicate that it may hold at even smaller scales, <2 nm.18−22 In
this work, we perform molecular dynamics (MD) simulations
of WCB confined by two parallel, silica-based walls at different
values of RH. The first aim of this work is to test whether the
LK equation holds at length scales of (1) nm. The LK
equation is built on the assumption that the vapor obeys the

ideal gas equation of state (EOS) and that the liquid is
incompressible (with a density much larger than the density of
the vapor). However, our simulations indicate that the ideal
gas EOS does not hold for the case of water. Here, we show
that a modified LK equation can be used to characterize the
capillary condensation of water on the nanoscale.
The second aim of this work, and our main motivation, is to

study the energy exchanges between a WCB and its
environment (vapor) upon changes in the RH, a topic that
has been overlooked in the past. This is motivated by a
previous work where we show that, surprisingly, nanoscale
WCB can be used to store energy at a given temperature, with
non-negligible energy densities.23,24 If the energy exchanges
between the vapor and the nanoscale WCB due to changes in
RH are indeed relevant, then it would be possible, in principle,
to create a water responsive (WR) material that would host a
large number of nanoscale WCB per unit volume, which could
harvest energy from variations in the RH of the surroundings.
For example, such a material could be composed of stacked
monolayers decorated with hydrophobic and hydrophilic
nanoscale domains. WR materials that can harvest energy
from changes in RH are already available.25−30 In most cases,
these materials respond to RH changes due to complex
molecular-level mechanisms that are not always clear, and their
efficiency can vary considerably from one system to another.
Interestingly, WR materials that can expand and contract upon
variations of RH in the environment have been used to
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generate mechanical work, for the development of muscle-like
actuators for miniature and biomimetic robotics, and to
produce electricity.26,31

■ COMPUTER SIMULATIONS DETAILS
The molecular dynamics (MD) simulations and numerical
procedures employed in this work are described in detail in refs
23 and 32. Briefly, we consider two identical hydrophobic
silica-based walls of side length L = 14 nm that are decorated
with a hydrophilic stripe-shaped patch; see Figure 1a. The
hydrophilic patch (hydroxilated silica) extends across the wall
and is 5 nm wide. The two walls are placed parallel to each
other, with the two hydrophilic patches mirroring one another.
MD simulations are performed with wall−wall separations h
ranging from h = 3.0 to 7.0 nm, at 0.5 nm intervals. We
consider a cubic system with side length L so that the walls
expand across the system parallel to the x−y plane; periodic
boundary condition apply along the x-, y-, and z-direction. At
each fixed h, an orthorhombic volume of liquid water is placed
between the walls, fully covering the patches and expanding
from one hydrophilic patch to the other. Soon after the MD
simulation starts, a water capillary bridge (WCB), periodic
along the y-direction, forms between the walls. Snapshots of
the system at h = 3 and 7 nm are included in Figure 1b,c; a
schematic diagram of a WCB is included in Figure 1d.
Depending on h and the RH, the WCB is composed of N
water molecules with 5500 ≤ N ≤ 17000.
All MD simulations are performed using the LAMMPS

software package.33 The equations of motion are integrated
using the velocity Verlet algorithm with a time step of dt = 1 fs.
Each simulation was performed at constant N, V, and T; a
Nose−́Hoover thermostat is used to control the temperature
of the system, T = 400 K. Simulations are performed for 5 ns.
The first 2 ns are for equilibration, and the remaining 3 ns are
used for data analysis. Configurations are saved every 1 ps for
data analysis.
Water molecules are represented by using the SPC/E water

model. The structure of the silica walls as well as their

interactions with water are described in detail in refs 32 and 34.
Briefly, the silica walls are composed of Si and O atoms
arranged in a β-cristobalite structure. The O and Si atoms
interact with the water O atoms via Lennard−Jones (LJ)
interactions; there are no LJ interactions with the water H
atoms. In the case of the hydrophobic regions of the walls, the
O and Si atoms have no partial charges. The hydrophilic patch
is obtained by hydroxilating the corresponding wall surface
area. In this case, the surface silanol groups have no net charge,
but the corresponding O, Si, and H atoms do have partial
charges, and hence, they interact with water molecules via
electrostatic interactions. The partial charges of the Si, O, and
H atoms of the surface silanol groups are qO = −0.71 e, qSi =
0.31 e, and qH = 0.4 e. We note that the values of qO and qH are
comparable to the partial charge of the O and H atoms in the
SPC/E water model, qO,W = −0.8476 e and qH,W = 0.4238 e. As
shown in Figure 1a, the silanol groups are distributed
homogeneously over the hydrophilic patch of the walls with
a surface density of x = 5 silanol groups per nm2. The (SPC/E)
water contact angle with our fully hydrophobic wall is θ = 108°
and θ ≈ 0° for the case of a fully hydroxilated wall.32,35

■ RESULTS
The main goal of this work is to study the energy exchanged by
a WCB and its environment (vapor) in the thermodynamic
loop shown in Figure 1e. To do so, we first search for an
expression that relates the curvature of the WCB and the RH
of the surrounding vapor. If the vapor obeyed the ideal gas
equation of state, such a relationship would be provided by the
LK equation (see Supporting Information),
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where γ is the liquid−vapor surface tension, νl is the number
density of liquid water at the working conditions, and r is the
radius of the capillary bridge (r > 0 for convex capillary bridges,
r < 0 for concave capillary bridges; see Figure 1d); P and P0 are

Figure 1. Water capillary bridge, confining surfaces, and thermodynamic path considered. (a) Top view of the walls employed in this work. The
walls are hydrophobic, with a silica-based structure, and are hydroxilated over a 5 nm wide, stripe-shaped patch that extends along the wall; gray,
red, and white spheres represent, respectively, the Si, O, and H atoms. The walls expand across the simulation box with periodic boundary
conditions along the directions parallel to the walls. (b, c) Snapshots of a water capillary bridge expanding between two of the walls shown in (a)
for wall separations: (b) h = 3 nm and (c) h = 7 nm. The WCB is in contact with the walls hydrophilic patches and is translationally symmetric
along the direction of the patch (i.e., it has an effective infinite length along the y-axis). The boxes indicated in light blue are the volumes used to
estimate the density of the vapor. (d) Schematic diagram of a capillary bridge showing all relevant variables used in this work. (e) Thermodynamic
closed path considered to calculate the energy harvested by the nanoscale WCB. The relative humidity varies in the range RHmin ≤ RH ≤ RHmax;
the wall separation varies within the range hmin ≤ h ≤ hmax. Path 1→ 2 (3 → 4) corresponds to a compression (expansion) of the WCB at constant
low-RH (high-RH). Along path 2 → 3 (4 → 1) the RH increases (decreases) while the height of the WCB remains unchanged.
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the pressure and saturation pressure of the vapor. However, we
find that the SPC/E vapor does not behave as an ideal gas. As
shown in Figure 2, the equation of state (EOS) of the vapor at
T = 400 K can be approximated by using different expressions,
including (i) the van der Waals EOS, =P N k T

V V
A

V
v B

2 (where
V′ and A are constants; Nv and V are the number of molecules
and volume of the vapor), (ii) the rescaled ideal gas EOS,

=P z N k T
V

v B (where z is a constant), (iii) the truncated Virial

EOS, = +( )P 1N k T
V

B N
V

v B 2 v (where B2 is a constant), and (iv)
the shifted-volume EOS proposed in ref 36

=P
N k T
V B

v B
(2)

Although all the EOS (i)−(iv) could be used to model the
pressure of the vapor at the conditions studied, for simplicity,
we will only consider eq 2. From Figure 2, we obtain B =
−2.526 nm3. Since B < 0, one cannot interpret B as an
excluded volume correction due to the effective volume
occupied by the molecules in the gas. However, it is possible to
interpret B as an effective, temperature-dependent volume
correction that considers the nonideal nature of the gas caused
by molecular attractions.
In the Supporting Information, we obtain the modified

Laplace−Kelvin (mLK) equation that follows when the vapor
EOS is given by eq 2. When applied to the WCB shown in
Figure 1, the mLK equation reads (see Supporting
Information)

i
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f k Tr
ln

0 l B (3)

where f is an auxiliary function defined as

Figure 2. Pressure equation of state of SPC/E water in the vapor state
at T = 400 K. Lines correspond to fits using different equations of
state (see text).

Figure 3. (a) Profiles of selected WCB with different number of water molecules N; the wall separation is h = 5.5 nm in all cases. Symbols represent
the WCB profiles obtained from MD simulations. In all cases, the prediction from CT (lines) fits remarkably well the MD results. (b) Force exerted
on the walls by the WCB shown in (a) as a function of the corresponding water contact angle θ. Black circles are from the MD simulations. The
blue squares are the CT predictions using eqs 8 and 9, with b obtained from (a). The solid red line is the best fit to the MD simulation data using
eq 8 and considering b as a fitting parameter (b = beff = 6.32 nm). (c) Auxiliary function f(μ) for the vapor surrounding the WCB (eq 4) as a
function of 1/r, where r is the radius of curvature of the WCB profile. Data points are obtained from independent MD simulations at varied wall
separations h and number of water molecules N. The values of f(μ) obtained from the MD simulations are noisy (see text). The red line is the best
fit of the MD data; the blue line is the prediction of the modified Laplace−Kelvin (eq 3). (d) Relative humidity as a function of 1/r obtained from
(c) using eq 5.
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=f Pe( ) b P k T( / )B (4)

which depends on the chemical potential of the system, μ; f 0 is
the auxiliary function f evaluated at the saturation pressure P0
(at which the equilibrium vapor and liquid are separated by a
flat interface) and b′ = B/N. Although eq 3 does not directly
involve the RH, the RH can be easily obtained from eq 4,
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0
(5)

or, using eq 3,

=
k Tr

b
k T

P Pln(RH) ( )
l B B

0
(6)

In the next section, we first validate the mLK equation, eq 3,
for the nanoscale WCB used in this study. This equation is
then used to estimate the energy harvested by the WCB that is
subjected to the thermodynamic loop shown in Figure 1e.

Modified Laplace−Kelvin Equation. In order to test eq
3, we perform more than 63 independent MD simulations of
WCB composed of different number of water molecules 5500
≤ N ≤ 17000 and at various wall separations 3 nm ≤ h ≤ 7 nm
(see Figure S1 in Supporting Information; the WCB is
unstable and breaks for h ≥ 7.5 nm and N ≤ 17000). From the
MD simulations, we evaluate independently both sides of eq 3.
The auxiliary function f(μ) for the vapor is evaluated using eq
4 with the vapor pressure P given by eq 2. Since eq 2 depends
on Nv and V, we consider two volumes within the system that
exclude the walls and the WCB; see, e.g., the blue boxes in
Figure 1b,c. The values of Nv and V are then calculated directly
from the MD simulations by averaging the number of
molecules found in these blue boxes and dividing them by
the corresponding volume.
The right-hand side of eq 3 depends on γ, νl, and r. To

calculate γ, we use the Kirkwood method,37 as explained in our
previous work.23 At T = 400 K, we find that γ = 0.0383 N/m,
which is consistent with values reported in the literature for
SPC/E water (e.g., in ref 37, it is reported that γ = 0.0376 at T
= 400 K). To obtain νl, we perform an independent MD
simulation of a water slab (>3 nm thick) expanding across the
system box and in coexistence with its vapor (T = 400 K). In
equilibrium, the system reaches its saturation pressure (P0 =
0.13−0.14 MPa) and the number density of water within the
slab defines νl; we obtain νl = 30.28 nm−3 (T = 400 K; the
corresponding value reported in ref 37 is νl = 30.44 nm−3). To
calculate the radius of curvature of the WCB, r, we note that
capillarity theory (CT) predicts that the WCB profile is a circle
of radius r centered at a point (xc, zc = 0); see Figure 1d. The
procedure to obtain the WCB profile from the MD simulations
is detailed in refs 23, 32, and 38, where it is also shown that the
CT works remarkably well down to approximately h > 3 nm.
Accordingly, we obtain r by fitting the average profile of the
WCB by a circle of radius r. As an example, we include in
Figure 3a various WCB profiles obtained from MD simulations
(symbols) with the corresponding CT prediction (lines) for
the case h = 5.5 nm. (In the WCB profiles shown in Figure
1(a), the point closest to the upper and lower walls can be
misleading.23 Accordingly, when calculating the theoretical
profile using CT, we omit these two points during the fitting
procedure.) Note that (i) all WCB cover completely the
hydrophilic patch and (ii) the contact angle of water varies
with N (and h); see ref 23.

Figure 3c shows the auxiliary function f(μ) for the vapor as a
function of 1/r (symbols) collected from all our MD
simulations performed at different N and h (see Figure S1 in
the Supporting Information). The red line in Figure 3c is the
best linear fit to the data and has a slope of k′ = 0.305 nm. The
blue line is the prediction for the mLK equation; its slope is

= =k 0.229
k Tl B

nm. While k′ is somewhat larger than k, we

note that the MD simulation data points in Figure 3c have
large error bars, and hence, the value of k′ has a large
uncertainty. For a better comparison between the mLK and
MD simulations, we implement the following analysis. (i) To
each data point in Figure 3c, located at (1/ri, ln( f i/f 0)) and
with standard deviation δi (i = 1, 2, ..., n, where n is the total
number of points), we associate a Gaussian distribution Gi(xi,
σi). This Gaussian distribution is centered at xi = ln( f i/f 0) and
has a standard deviation of σi = δi. (ii) For each point i, we
choose a random value yi that obeys the corresponding
Gaussian probability distribution Gi(xi, δi). The set of values
(y1, y2, ..., yn) so produced represent a potential distribution of
data points that could be obtained from our MD simulations.
(iii) This set of data points is also fitted by a straight line and
the corresponding slope is calculated. (iv) By repeating steps
(ii) and (iii) for a total of m = 10000 times, we obtain m
different values of k′. By averaging all the values of k′ so
obtained, we calculate the average slope k̅ = 0.355 nm and the
corresponding standard deviation σ = 0.083 nm. While k̅ is still
larger than the theoretical slope k, the deviations from MD
simulations and the mLK prediction are within 1.5σ. Hence,
we conclude that while the agreement between the MD
simulations and the mLK equation is not perfect, the results
from the MD simulations are consistent with the mLK.
Accordingly, by using eq 6, one can estimate the RH of the
vapor from the curvature of the WCB; see Figure 3d. In the
next section, we will use this relationship to estimate the ability
of the WCB to harvest energy from changes in RH.

Energy Harvested from Changes in Relative Humid-
ity. The energy harvested by the WCB along the
thermodynamic closed path shown in Figure 1e, Ehvd, is
equal to the corresponding work done by the WCB on the
walls along cycle 1 → 2 → 3 → 4. However, work on the walls
is done only along the paths 1 → 2 and 3 → 4. Briefly, Ehvd =
Wby WCB
cycle = W1→2 + W3→4, where

=
=

=
W F h h( )di j

h h

h h

i

j

(7)

Here, F(h) is the force that the WCB exerts on the walls (F > 0
if the walls are being pushed away from each other). On path 3
→ 4, the work is negative because the force acting on the wall
is always pointing toward the WCB and the walls displacement
is opposite to the force direction. (In our study, the plate
separation is always h ≥ 3 nm. At these separations, the force
on the plates is a negative and monotonic decaying function of
h.23,39 However, for approximately h < 2 nm, AFM
experiments40 and MD simulations41−43 have observed an
oscillatory behavior in the water mediated interactions
between confining surfaces.) Instead, the work produced on
the walls is positive along path 1 → 2. Note that the curvature
of the bridge is larger along the 1→ 2 path than along the 3→
4 path. As we will show below, the force induced by the WCB
with a curved interface (low RH, path 1→ 2) is larger than the
force induced by the WCB with a flat interface (high RH, path
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3 → 4). Therefore, the energy harvested by the WCB is
positive.
As explained in refs 23 and 32, F(h) can be calculated

directly from the MD simulations. In addition, MD
simulations23 show that, for approximately h ≥ 3 nm, F(h) is
in excellent agreement with the force predicted by CT,

i
k
jjj y

{
zzz= +F h w b

h
( ) 2 sin

cos
(8)

where w = L = 14 nm is the WCB length; θ = θ(h) is the
contact angle of the WCB in contact with the patchy walls and
is given by1

i
k
jjj y

{
zzz= + h

r2
arcsin

2 (9)

In eq 8, b is the thickness of the WCB at the walls (b = 2
x(±h/2)). As an example, we include in Figure 3b the values of
F(h) obtained from MD simulations with h = 5.5 nm and for
the WCB composed of different numbers of water molecules
(circles). The blue squares are the prediction from CT using
eqs 8 and 9, with b and r obtained from the corresponding
WCB profile (solid lines in Figure 3a); depending on N, the
WCB base thickness vary slightly within the range 6.0−7.4
nm.23 These values of b are slightly larger than the hydrophilic
patch width (5 nm) and it is due to the ability of the water
molecules of the WCB to wet the hydrophobic boundaries of
the hydrophilic patch.23 Also included in Figure 3b is the best
fit to the forces obtained from the MD simulations, using eq 8
and considering b as an effective, single fitting parameter,
independent of N (red line). We find that for the effective
WCB base thickness beff = 6.32 nm, the red line fits slightly
better the force values calculated from the MD simulations.
To calculate Ehvd, all we need is F(h) at RH = RHmin and

RHmax for all wall separations, hmin ≤ h ≤ hmax. Alternatively,
since the mLK equation allows one to express the RH as a
function of the WCB curvature, r = r(RH), to calculate Ehvd,
we only need F(h) at constant WCB radii rmin(RHmin) and
rmax(RHmax) and for hmin ≤ h ≤ hmax. In our MD simulations,
we can control only N and h, but not r. Therefore, we proceed
as follows. (i′) Perform p = 63 MD simulations at different
values of h and N (see Figure S1 in the Supporting
Information). (ii′) For each state point (N, h), the force
F(h, N) is calculated from the MD simulations and the
corresponding r(h, N) (as shown in Figure 3a). The variables
are substituted to get F(h, r). (iii′) From steps (i′) and (ii′),
one obtains p triplets of values [r, h, F(h, r)]. These sets of
points are then fitted using eqs 8 and 9 with the effective WCB
base thickness beff = 6.32 nm. This procedure results in a
smooth function for the force, Fr(h), that is then used to
calculate W1→2 and W3→4 via eq 7.
Figure 4a shows the forces obtained from the MD

simulations for all values of N and h considered (symbols).
The solid lines are the fitted forces Fr(h), for the constant r. It
follows from Figure 4a that the force induced by the WCB on
the walls is larger for small RH than for large RH, implying that
the energy extracted by the WCB in the thermodynamic cycle
of Figure 1e is indeed positive (see discussion above).
In order to calculate Ehvd, we consider the values of hmin,

hmax, RHmin, and Rmax that maximize Wcycle for which the WCB
is stable. The largest energy harvested by the WCB is Ehvd =
1.863 × 10−18 J, which corresponds to hmin = 3.0 nm, hmax = 6.5
nm, RHmin = 0.921, and RHmax = 0.995. For comparison with

available water-responsive materials, we also calculate the
corresponding energy density ρE = Ehvd/V0, where V0 is the
volume of the system. Considering that, conservatively, V0 = L2
× hmax, one obtains ρE = 1462 kJ/m3. We can also optimize the
closed path of Figure 1 to maximize ρE, instead of Ehvt. We find
that the best value for the energy density harvested by the
WCB is ρE = 1723 kJ/m3 and corresponds to hmin = 3 nm, hmax
= 5 nm, RHmin = 0.865, and Rmax = 0.995 (For these values of
(hmin, hmax, Rmin, Rmax), the number of water molecules at the
states 1, 2, 3, and 4 indicated in the thermodynamic loop of
Figure 4b are, respectively, 8028, 6500, 7500, and 12000.
Accordingly, 1528 water molecules evaporate during the
compression process 1 → 2, and 4500 water molecules

Figure 4. (a) Magnitude of the force exerted by the WCB on the walls
as a function of the wall separation h. Circles are results form MD
simulations; lines correspond to the forces predicted by CT at
constant r, obtained from eqs 8 and 9; the value of r is indicated by
the color bar on the right-hand side of the panel. Using the mLK, the
values of r are also converted to values of RH. (b) Magnitude of the
force exerted on the walls by the WCB as a function of h and RH. See
also Figure S2 of the Supporting Information. Symbols indicate the
magnitude of the force obtained from the MD simulations (see color
bar); The contour map represents the forces calculated from eqs 8
and 9. The red closed path corresponds to the thermodynamic path
for which the harvested energy density ρE is maximum (see also
Figure 1e). The values of 1/r (upper axis) are obtained from the RH
values (lower axis) using eq 6.
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condense during the decompression process 3 → 4.) This
energy density is not negligible. Indeed, it is comparable to the
energy densities found in water-responsive materials based on
carbon nanotubes, ≈1800 kJ/m3 (subjected to a much larger
change in RH, 0.1 ≤ RH ≤ 0.9), which have potential
applications in the development of artificial muscles and
actuators.44 See Table 1 for a comparison of the energy
densities of the WCB and other water-responsive materials that
can be used to harvest energy from changes in RH.
For comparison, we also indicate in Figure 4a the RH value

corresponding to the WCB radius r (using the mLK equation).

The force acting on the walls as a function of the RH and walls
separation is shown Figure 4b. Also included is the
thermodynamic closed path for which the energy density
extracted by the WCB is maximum (red lines).

Role of Temperature and Wall Patch Thickness on
Ehvd and ρE. The findings discussed so far indicate that the
results from MD simulations based on nanoscale WCB (h ≥ 3
nm) are consistent with (i) the (macroscopic) CT and (ii) the
mLK equation. Accordingly, without performing further MD
simulations, one can use eqs 2, 6, 8, and 9 to estimate the
energy and energy density that a WCB can harvest from
changes in RH (a) for different patch thicknesses b and (b) at
different temperatures.

a. b-Effects. Figure 5a shows the energy harvested by the
WCB for selected values of hydrophilic patch width b at T =
400 K. Ehvd is calculated for the thermodynamic closed path of
Figure 1e as a function of the minimum RH of the cycle. In
these calculations, we set hmin = 3.0 nm since this is
approximately the smallest wall separations at which CT
holds.23,45 We also set RHmax = 1 since this value of RH
minimizes the force produced by the WCB on the walls along
path 3 → 4, which in turn maximizes the Ehvd. The value of

Table 1. Energy Densities ρE of Water-Responsive Materials
That Can Be Used to Harvest Energy from Changes in RH

system ρE (kJ/m3)

spider silk29 ≈500
bacterial spore25 ≈21300
carbon nanotubes hybrid yarn44 ≈1800
regenerated silk film47 ≈1626
bioinspired polymer (PEE−PPy)48 ≈114
graphene fiber49 ≈520

Figure 5. Estimated (a) energy Ehvd(RHmin) and (b) energy density ρE(RHmin) harvested by the WCB for the thermodynamic closed path showed
in Figure 1e at T = 400 K (hmin = 3 nm, RHmax = 1.0; hmax depends on RHmin, see text). The color bar indicates the width b of the wall hydrophilic
patch; see Figure 1. Lines correspond to (bottom to top) b = 6, 10, 20, 40, 80, 150, 250, 350, 450, and 500 nm. The maximum harvested energy
occurs for minimum relative humidity RHmin ≈ 0.93−0.99, depending on b. And the maximum harvested energy density occurs for minimum
relative humidity RHmin ≈ 0.87−0.90, depending on b. (c) Maximum harvested energy Ehvd(b) for a wall hydrophilic patch of with b [defined by
the maxima in (a)]. (d) Minimum RH and (e) maximum wall separations h for which Ehvd(b) reaches its maximum value in (a). (f) Maximum
harvested density energy ρE*(b) for a hydrophilic wall patch of with b resulting from (b). (g) Minimum RH and (h) corresponding maximum wall
separations for which ρE(b) reaches its maximum value in (b).
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h m a x d e p e n d s o n RHm i n , a n d i t i s s e t t o
=h r b r2 (RH ) for 2 (RH ),max min min a n d

=h r b b4 (RH )max min
2 for b = 2r(RHmin), where

r(RHmin) is the negative radius of curvature found from eq
6. For b > −2r(RHmin), this condition assures that at the
maximum wall separations hmax = −2r(RHmin), the WCB does
not detach from the walls. For b ≤ −2r(RHmin), this condition

assures that , at the maximum wal ls separat ion

=h r b b4 (RH )max min
2 , the two liquid−vapor interfaces

of the WCB do not touch one another. Using eqs 2, 6, 7, 8, and
9, one can show that the analytical expression for the energy
harvested by the WCB in the thermodynamic closed path of
Figure 1e is given by
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The maxima in Figure 5a correspond to the maximum
energy that can be harvested by the WCB at a given b, Ehvd* (b);
see Figure 5c. The corresponding minimum RH at which
Ehvd(b) reaches its maximum, RHmin* , and the resulting
maximum plate separation, hmax* , are shown in Figure 5d,e as
a function of b. Interesting, RHmin* ≈ 0.93−0.99 for all values of
b, which is rather large; hmax* < 83 nm, even for large b ≈ 400
nm.
As shown in Figure 5c, Ehvd* (b) ∝ b. To understand the linear

behavior of Ehvd* (b), we note that the force produced by the
WCB can be expressed as F(h) = FP(h) + Fγ(h), where (see eq
8)

=F h w
b

h
( ) 2

cos
P (11)

is the force due to the pressure of the liquid within the WCB,
and

=F h w( ) 2 sin (12)

is the force produced by the liquid−vapor interface of the
WCB. Along paths 1 → 2 and 3 → 4 in Figure 1e, RH is
constant and, hence, the mLK equation implies that r is
constant as well. Therefore, for a given h and RH, θ is also
constant (eq 9). Accordingly, for a given h and RH, FP(h) ∝ b,
while Fγ(h) remains practically constant. This implies that the
work of FP in the closed path of Figure 1e increases linearly
with b, while the corresponding work done by Fγ does not
change with b; see Figure 6. It follows that for large b, Ehvd* =
Wby WCB
cycle ∝ b; i.e., Ehvd* (b) increases linearly with increasing b

because the dominant force produced by the WCB is FP. We
note that the work produced by Fγ, while small, is negative
while the work produced by FP is positive. This means that the
energy harvested by the WCB is solely due to the work
performed by FP.
Figure 5b shows the energy density harvested by the WCB

for selected values of the hydrophilic patch width b at T = 400
K. Specifically, ρE(b) = Ehvd(b)/V(b), where V(b) = Lhmax(b +
2.0) × 1.2. This arbitrary volume is sufficiently large to contain
the WCB at all values of h and RH studied. The maxima in
Figure 5f correspond to the maximum energy density that can
be harvested by the WCB at a given b, ρE*(b); see Figure 5. The
corresponding minimum RH at which ρE(b) reaches its
maximum, RHmin* (b), and the resulting maximum plate
separation, hmax* (b), are included in Figure 5f−h. The values
RHmin* ≈ 0.87−0.90 are still large, while hmax* = 5.5−6.0 nm is

rather small. It follows from Figure 5f−h that all quantities,
ρE*(b), RHmin* (b), and hmax* (b), saturate for large b. The fact that
ρE*(b) saturates for large values of b may not be surprising since
V(b) ∝ b for large b. Interestingly, the harvested energy density
is no larger than ρE*(b) ≈ 5200 kJ/m3. This value is ≈3 times
the energy harvested by our nanoscale WCB with b = 5 nm.

b. T-Effects. Varying the temperature of the system is
expected to alter key parameters in eqs 2, 6, and 8, which are
used to estimate Ehvd(b) and ρE(b). Specifically, the fitting
parameter B in eq 2, the saturation pressure P0, νl, and γ in eq
6, and the effective wall patch beff in eq 8 are, in principle, all T-
dependent. Safely, one can assume that effective b is not
affected by T. To calculate B, P0 and γ at different
temperatures, we performed additional MD simulations; the
corresponding values for these quantities are reported in Table
2.
Using the parameters given in Table 2, we obtain the Ehvd* (b)

and ρE*(b) at T = 300−500 K; see Figure 7. It follows that one
can improve the harvested energy and energy density by
working just at lower temperatures. As shown in Table 2, the
considerable T-dependence of Ehvd* (b) and ρE*(b) is due to the
large increase in the surface tension of water upon cooling; γ

Figure 6. Work harvested by the WCB forces as function of the wall
hydrophilic patch width b. FP and Fγ are the forces due to the WCB
inner pressure and liquid−vapor surface tension, respectively. At a
given b, the work of FP and Fγ are evaluated for the thermodynamic
closed path shown in Figure 1e and for which the harvested energy is
maximum (see Figure 5c). The work produced by Fγ is negative and
roughly constant for large b, meaning that Fγ does not contribute to
the energy harvested by the WCB during the thermodynamic cycle
considered. The WCB can harvest energy due to FP since its net work
is positive; the work produced by FP increases with increasing the wall
patch width, FP ∝ b. Inset: Magnification of the main panel for small
values of b.
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increases by ≈2.7 times as the temperature decreases from T =
500 K to T = 300 K.

■ SUMMARY AND DISCUSSION
In this work, we studied the energy exchanged between a WCB
and its surrounding vapor along the closed thermodynamic
path, shown in Figure 1e. By following the close path in Figure
1e, the WCB is subjected to changes in RH as well as
expansions and contractions. Similar closed thermodynamic
paths have been used to study the efficiency of WR materials to
convert changes in RH into work.26,28 In our simulations, the
WCB expands between two hydrophilic patches located on
opposite parallel surfaces (Figure 1a). The hydrophilic patches
pin the WCB so it cannot diffuse along the directions parallel
to the surfaces; the water contact angle, however, is not

constrained, and it varies as the WCB expands and contracts
(Figure 3a).
The main finding of this work is that a nanoscale WCB,

subjected to the closed thermodynamic path of Figure 1e, can
harvest a relevant amount of energy density (energy per unit
volume), ρE ≈ 1700 kJ/m3. At T = 400 K, this energy is
harvested while the wall separation varies in the range 3−5 nm,
and the RH changes in the range ≈0.86−0.99%. For
comparison, the ρE harvested by water-responsive materials
based on carbon nanotubes is ≈1800 kJ/m3 (subjected to a
much larger change in RH, 0.1 ≤ RH ≤ 0.9). Our results
indicate that, at least theoretically, it may be possible to
construct WR materials that host a large number of WCB in
their interior. For example, such a material could be composed
of stacked monolayers, each decorated with alternating
hydrophobic/hydrophilic patches of nanoscale dimensions.
The hydrophilic patches could pin a large number of WCB
which could harvest energy as the RH of the environment
varies. Interestingly, our MD simulations also show that the
main source of work produced by the WCB along the closed
loop of Figure 1e is not due to the liquid−vapor surface
interface, but by the internal pressure in the WCB (Figure 6).
In other words, the large value of ρE harvested by the nanoscale
WCB is not due to a nanoscale effect, i.e., due to the large
surface-to-volume ratio of the WCB, but because the WCB is
just very small. A detailed analysis of the effects of WCB size
on the energy harvested was also included.
From a practical point of view, our MD simulations show

that macroscopic thermodynamics (capillarity theory) holds
for nanoscale WCB formed between patchy walls separated by
only h ≥ 3 nm.23,24 In particular, we find that a simple
modified version of the macroscopic Laplace−Kelvin equation
is consistent with the MD simulations. This implies, for
example, that one could use macroscopic thermodynamics to
explore capillarity phenomena at (1) nm-scales, and at
different RH. For example, our theoretical calculation indicate
that the energy harvested by a nanoscale WCB is expected to
increase considerably with decreasing temperatures. The
possibility of using thermal machines based on interfaces that
convert heat into work have been noticed in the past.46

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
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Derivation of the modified Laplace−Kelvin equation;
Two complementary figures showing (i) the state points
simulated and (ii) the force produced by the WCB on
the walls at different RH and for selected values of h
(PDF)

Table 2. Temperature Dependence of Various Parameters Used in This Worka

T (K) 300 350 400 450 500
ρbulkliq (g/cm3) 0.987 0.952 0.906 0.847 0.769
γ (N/m) 0.0551 0.0472 0.0383 0.0295 0.0205
P0 (Pa) 2500.7 61004.4 133120.5 552769.8 1899326.2
νv,0 (nm−3) 0.0006 0.0137 0.0257 0.1017 0.3581
B (nm−3) 20.032 −6.133 −2.526 −1.411 −8.422

aγ and ρbulkliq are the surface tension and density of bulk water estimated from MD simulations of a 3 nm thick film of liquid water coexisting with
its vapor. P0 and νv,0 are the corresponding saturation pressure and vapor number density. B is the fitting parameter in the shifted-volume EOS of
SPC/E water (eq 2).

Figure 7. Effects of temperature on (a) Ehvd* (b) and (b) ρE*(b) for the
case of a WCB in contact with a hydrophilic patch of width b = 5 nm.
Decreasing the temperature enhances the energy and energy density
harvested by the WCB.
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