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ABSTRACT: Over the past decade, synthetic trees have been
engineered to mimic the transpiration cycle of natural plants, but the
leaves are prone to dry out beneath a critical relative humidity. Here, we
create large-area synthetic leaves whose transpiration process is
remarkably stable over a wide range of humidities, even without
synthetic stomatal chambers atop the nanopores of the leaf. While the
water menisci cannot initially withstand the Kelvin stress of the
subsaturated air, they self-stabilized by locally concentrating vapor
within the top layers of nanopores that have dried up. Transpiration
rates were found to vary nonmonotonically with the ambient humidity
because of the tradeoﬀ of dry air increasing the retreat length of the
menisci. It is our hope that these ﬁndings will encourage the
development of large-area synthetic trees that exhibit excellent stability
and high throughput for water-harvesting applications.
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■

INTRODUCTION
Transpiration in plants is a process where the ascent of water is
powered by a negative water pressure within the leaves, which
is generated because of a mismatch in water activity between
the saturated leaf and dry air.1−8 According to cohesiontension theory, this negative water pressure is transmitted from
the leaves all the way down the xylem conduits to the roots,
resulting in a hydraulic load that passively pumps water up the
tree.9−19 Despite its negative pressure, water in trees usually
manages to maintain a metastable liquid phase because of the
strong cohesive attraction of the water molecules.20−23 For
over a century, scientists have mimicked natural transpiration
using primitive synthetic trees. For example, in 1895 Dixon
and Joly attached porous cups to both ends of a tube and
pumped water continuously from the bottom cup (i.e., the
“reservoir”) to the top cup (the “leaf”).24
In the past decade, advances in nanofabrication and
microﬂuidic techniques have enabled the fabrication of more
sophisticated synthetic trees that promote transpiration across
highly controlled architectures.3 The earliest example of a
modern synthetic tree was demonstrated in 2008, where
Wheeler and Stroock pumped water across a microchannel
(i.e., “xylem conduit”) connecting a pair of nanoporous
hydrogels representing the reservoir and a leaf.25 Inspired by
this work, follow-up reports have also fabricated synthetic trees
to characterize the ﬂow of water across a single conduit25−28 or
across natural wood cuts.29 In other cases, synthetic leaves
have been directly interfaced with a reservoir (i.e., no
© 2019 American Chemical Society

intermediate xylem conduits) to focus on characterizing the
magnitude and stability of the negative water pressure.20,21,30−33 By using increasingly small pore sizes (∼1 nm
diameter) to increase the maximum possible Laplace pressure,
these synthetic leaves demonstrated negative pressures as high
as Pleaf ≈ −100 MPa.34 These massive hydraulic loads
generated by synthetic leaves are of appeal for passive pumping
applications.26,27,35 They are also useful for energy harvesting,
by injecting bubbles in the ﬂow such that periodic interfaces
move along electrodes,36 or for thermal management, in the
form of evaporative cooling37 or heat pipes.38 By integrating
sensors into a synthetic leaf, it can even be used as a
microtensiometer for measuring the water potential of
synthetic or natural plants.39,40
However, the menisci within synthetic leaves are known to
become unstable beneath a critical relative humidity. The
magnitude of this critical humidity can be quite high, which
poses a severe obstacle for using synthetic trees in real-life
environments. For example, a synthetic leaf with pores of
radius rpore ≈ 7 nm exhibits dry-out for humidities below
85%.21 Even when using the smallest possible nanopores (rpore
≈ 1.5 nm), the water menisci become unstable for humidities
below 58%.34 The reason for this instability is the mismatch in
water activity between the subsaturated air and saturated water
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Figure 1. Eﬀects of stomata on transpiration. (a) Illustration of the transpiration cycle of a tree. Water evaporating from a leaf into a subsaturated
environment generates a negative pressure, in a manner conceptually analogous to concave water menisci held within nanopores (bottom inset).
This water vapor initially concentrates in substomatal cavities and diﬀuses into the ambient via stomatal apertures (top inset). (b) Without the
stomata, the large mismatch in water activity across the interface manifests itself as a Kelvin pressure (PK) that outcompetes the negative Laplace
pressure of the concave menisci (PL). This makes it impossible for the menisci at the outer surface of the nanopores to achieve equilibrium. (c) In
the presence of stomatal chambers, the local humidity above the menisci is increased to lessen PK, such that equilibrium is now possible.

Here, the throughput and stability of transpiration across
synthetic leaves are characterized with stomata optionally
overlaid atop the nanopores. Across a wide range of ambient
humidities, we found that water menisci within the nanopores
were self-stabilizing both with and without the stomata
attached. When saying that transpiration is “self-stabilizing,”
we mean that the local humidity directly above the menisci
becomes higher than that in the ambient, allowing for the
Laplace pressure to balance the Kelvin pressure. For the case
where synthetic stomata were used, this local increase in
humidity is primarily attributed to choking the diﬀusive vapor
ﬂow within the substomatal chambers. For the stomata-free
synthetic leaf, the large thickness of the nanoporous ceramic
disk allows the water menisci to recede far enough to choke the
vapor and self-stabilize while keeping the majority of the
nanopores wetted. As a result, we were able to continually
transpire water across the stomata-free leaf even at low
humidities, avoiding the need for the complex fabrication of
stomata. Transpiration rates of the stomata-free leaf varied
nonmonotonically with the ambient humidity because of the
tradeoﬀ of dry air increasing the retreat length of the menisci.
We expect that these ﬁndings will facilitate the development of
synthetic trees with large throughput capabilities.

across the menisci, which manifests itself as a mechanical
pressure (Kelvin pressure). This Kelvin pressure continuously
increases with decreasing relative humidity; beneath the critical
humidity even the maximum Laplace pressure possible for a
given pore size is unable to balance the Kelvin pressure.3,32,34
This is problematic for synthetic tree systems because once the
interfaces completely recede from the nanopores and enter the
adjacent xylem conduits, the nanoscale Laplace pressure
producing the suction is lost.
One recent report did show that as the unstable menisci
retreat within the nanopores, they can eventually equilibrate as
the relative humidity increases within the nanopores.34
However, their synthetic leaf was only open to the ambient
along the side walls of the thin nanoporous ﬁlm, such that the
menisci retreated along the plane of the ﬁlm. Such an approach
restricts the evaporation of water to a one-dimensional
interface,21,32,34 which is not practical for real-life applications
where a high water throughput across a two-dimensional area
is desirable. In contrast, the transpiration of natural leaves
occurs across its entire face, and is remarkably stable given its
exposure to a wide range of humidities. The primary diﬀerence
between most synthetic leaves and natural leaves is that the
former lack stomata, which are ubiquitous to the latter (save
for scant exceptions where synthetic stomata were deployed26,27). Stomata comprise substomatal chambers that
trap the vapor emanating from the underlying nanopores,
bleeding it out through a stomatal aperture (Figure 1a).41−44
We hypothesize that the remarkable stability of natural leaves
can be attributed to their stomata, which serve to concentrate
the local humidity directly above the water menisci (Figure
1b,c).

■

RESULTS AND DISCUSSION
Design of Synthetic Stomata. Our design for vaportrapping synthetic stomata was inspired by mangroves, which
are renowned for their highly negative water pressures and
excellent stability even in rugged conditions.4,5,45 Mangrove
saplings (Rhizophora mangle) were obtained from Florida
Coastal Mangroves. The received saplings were washed with
13769
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Figure 2. Morphology of natural and synthetic stomata. (a,b) Stomatal apertures on the leaf of a red mangrove plant (Rhizophora mangle). (c)
Microfabricated stomatal apertures etched through a silicon wafer, where each aperture is 30 μm long, 10 μm wide, and has a pitch of 150 μm to its
neighbors. (d) Substomatal chambers (60 μm diameter, 150 μm pitch) etched through a second wafer were aligned directly underneath the
apertures. Both silicon wafers were 300 μm thick.

water and ﬂoated at the free surface of a salt water aquarium by
using pieces of foam and twist ties. To obtain the equivalent
conditions of the mangroves’ natural Floridian habitat, Instant
Ocean Sea Salt was used to maintain the salinity and
magnesium levels of the water at 21 ppt and 1300 ppm,
respectively.
Leaf samples were gently plucked from the healthiest
mangrove plants. An environmental scanning electron microscope (FEI Quanta 600 FEG) was used to image the topology
of the leaves, particularly the topology of the stomata. The
stomata were only on the abaxial side of each leaf and the
stomatal apertures were observed to be almost exactly 30 μm
in length with average center-to-center spacings of approximately 150 μm between adjacent stomata (Figure 2a). The
proﬁle of the stomatal apertures was in the shape of a convex
lens with a maximal width of about 10 μm (Figure 2b). The
topography of the mangrove’s substomatal chambers was more
diﬃcult to visualize, even when looking at cross sections, but
the chambers appeared to exhibit a depth and width of about
60 μm each, in reasonable agreement with other reports.46,47
Using standard photolithographic techniques, synthetic
substomatal chambers and stomatal apertures were microfabricated from silicon wafers. An Al2O3 etch mask was
patterned on 300 μm thick silicon wafers (10.16 cm diameter).
Then, either an array of substomatal chambers or an array of
stomatal apertures were obtained by Bosch etching all the way
through the wafer. Each stomatal aperture exhibited a length of
30 μm and a convex width of 10 μm to approximate the shape
of natural stomata (Figure 2c). This length scale of ∼10 μm for
the apertures is of the same order of magnitude as that
reported to optimize the evaporation of water underlying
synthetic stomata.48 The ﬁxed geometry of our design
contrasts with natural stomata, where the apertures can

dynamically open and close to tune gas exchange with the
environment.49,50 A recent work demonstrated hydrogel-based
valves that dynamically respond to environmental stimuli,
analogous to natural stomata.51 Given that our only design
consideration is to increase the humidity within the
substomatal chambers, it was not necessary for our synthetic
stomata to have a dynamic response. For the substomatal
chambers, each chamber exhibited a cross-sectional diameter
of 60 μm and arrays of chambers were organized in a square
lattice conﬁguration with the center-to-center pitch between
chambers being 150 μm (Figure 2d). Alignment marks were
placed on each wafer, so that pairs of wafers could be easily
oriented to align the substomatal chambers directly beneath
the apertures.
Synthetic Floating Leaves. To mimic a natural leaf, the
microfabricated stomata were placed atop a nanoporous
ceramic disk exhibiting an average pore radius of 80 nm (see
the Materials and Methods section). In our initial setup, a
synthetic tree was constructed by placing a microcapillary tube
(i.e., “xylem conduit”) between the bottom water reservoir and
the synthetic leaf (Figure S1). However, the leaf quickly dried
out for this tree system (Figure S2), which is readily attributed
to the single xylem conduit failing to replenish the water
evaporating from the much larger leaf (see calculations in the
Supporting Information). To maximize the conductance of
water ﬂowing into the leaf, we instead designed a “ﬂoating leaf”
setup (Figure S3) somewhat analogous to the ﬂoating
membranes recently used for solar steam generation.52−54
This allows the leaf’s underside to remain in intimate contact
with its water supply even as the reservoir is gradually depleted
during transpiration, whereas the leaf’s topside is open to the
ambient for evaporation. In this manner, we can isolate the
eﬀects of humidity on the stability of the water menisci within
13770
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Figure 3. Schematic and results of the three diﬀerent experimental setups. (a,b) Control case of the evaporation of bulk water from a reservoir;
(c,d) transpiration of water from a synthetic leaf outﬁtted with stomata ﬂoating atop an equivalent reservoir; (e,f) transpiration of water from a
ﬂoating synthetic leaf that does not have any stomata (nanopores only). Each data series in (b,f) represents an average of three trials with error bars
corresponding to a standard deviation. Only three of the ﬁve test humidities are shown here for clarity, see Figures S4 and S5 for all the raw data.
The water temperatures were somewhat higher when a ﬂoating leaf was employed, as the leaf partially insulated the water’s heat from the ambient
air.

the leaf, without any conﬂating dry-out events caused by
conductance issues.
Three diﬀerent types of experiments were performed. First, a
control experiment was performed that simply measured the
evaporation rate of bulk water within the reservoir without
adding any synthetic leaf (Figure 3a). A second experiment
measured the rate of transpiration across a nanoporous leaf
ﬂoating atop the reservoir, where the synthetic stomata were
placed on the leaf’s top face (Figure 3c). Finally, transpiration
was measured across a ﬂoating nanoporous leaf where the leaf
did not include the synthetic stomata (Figure 3e). As the
degassed water was still cooling down from the boiling process,
the evolving temperature of water within the reservoir was
measured by submerging a digital data logger in the water of
the reservoir (HOBO Pendant). It was assumed that the
menisci within the ﬂoating leaf exhibited the same approximate
temperature as that measured within the underlying bulk
water. By placing the water reservoir on a digital mass balance,
the rate of evaporation/transpiration was measured every 1
min over 3 h. The entire setup was placed within a humidity
chamber at room temperature with the relative humidity set to
either 95, 90, 85, 75, or 50%.
As expected, for bulk water the averaged evaporation rate
increased with decreasing ambient humidity for any given
temperature (Figure 3b). While the error bars between

adjacent data series do overlap, there is no overlap when
comparing the highest and lowest humidities to each other
(Figure S4d). The evaporation rate for the bulk water is
comparable to the transpiration rate of the ﬂoating synthetic
leaves, especially at the lower water temperatures. This can be
seen indirectly in Figure 3 and is shown explicitly in Figure S5.
The comparable evaporation rates are somewhat surprising,
considering that the bulk water has a continuous free interface,
whereas the nanoporous ceramic has a porosity of only about
32%. This can be partially explained by the curvature of the
menisci within the synthetic leaves. However, as will be seen in
the analysis below, the negative Laplace pressures and
associated curvature are quite modest for our system. Previous
reports have found that the evaporation rate of water enclosed
within a perforated lid does not necessarily increase as the
holes are made larger or more dense.48,55 This is because once
the water vapor escapes through each pore, it then expands
laterally as it diﬀuses into the ambient. Once these expanding
vapor pathways overlap, there is no beneﬁt of further
increasing the porosity of the synthetic stomata and the
evaporation rate approaches that of bulk water. We expect this
similarly explains why the water diﬀusing from nanopores and/
or stomata in our system is comparable to the evaporation rate
of bulk water.
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For the ﬂoating synthetic leaf outﬁtted with stomata,
transpiration remained very stable as hypothesized with no
apparent dry-out of the leaf (Figure 3d). This excellent stability
is most likely due to the vapor emanating from the leaf
becoming choked in the substomatal chambers, which
increases the local humidity above the water menisci. This
choking of humidity within the stomatal chambers also
explains why the transpiration rate did not vary signiﬁcantly
with changes in the ambient humidity. In other words, the
local concentration gradient above the menisci is mostly
regulated by the stomata, with only a weak dependence on the
outer humidity. The liquid content was entirely contained
within the ceramic disk, whereas only pure water vapor
diﬀused through the synthetic stomata, as the ceramic is
porous and superhydrophilic, whereas the silicon-based
stomata are only weakly hydrophilic.
For the ﬁnal experiment, where the vapor-trapping stomata
were removed, we expected dry-out would occur because of
the much stronger Kelvin pressure acting on the menisci. Even
without the stomata the transpiration across the nanoporous
leaf displayed remarkable stability over the entire humidity
range tested (Figure 3f). Another unusual result obtained by
the stomata-free leaf was the nonmonotonic relationship
between the transpiration rate and the ambient humidity.
For example, the transpiration rate was the largest for 75%
humidity, lowest for 90%, and somewhere in the middle for
50%. This was especially true at the lower range of water
temperatures, where the errors bars were smaller and did not
tend to overlap between the three diﬀerent humidities. This is
in seeming contradiction with Fick’s law, where the
evaporation rate should monotonically increase with decreasing humidity. These unexpected ﬁndings for the stomata-free
nanoporous leaf will now be rationalized by the following
model.
Model. The mismatch in water activity between the
saturated liquid water (aliq = 1) in the leaf and the subsaturated
water vapor (avap = RH) in the ambient manifests itself as a
pressure governed by the Kelvin equation25
PK = −

RT
ln(a vap)
νliq

size of rpore ≈ 80 nm. This Laplace pressure is much smaller
than all of the Kelvin pressures calculated for all ﬁve ambient
humidities. Indeed, for our nanopores a humidity of about 99%
would have been required for even the maximal Laplace
pressure to balance the Kelvin pressure. For our test
humidities, it was therefore impossible for the menisci to
achieve equilibrium, such that they become unstable and begin
to recede from the top of the nanoporous leaf. This is what
motivated the fabrication of the synthetic stomata, which can
increase the local humidity above the menisci to decrease PK
such that it can now be matched by PL. The excellent stability
of the water even within our stomata-free synthetic leaf reveals
that nanopores alone are suﬃcient for increasing the local
humidity to an equilibrium value.
Besides the requirement of balancing the Kelvin and Laplace
pressures at steady state, a second requirement not often
discussed is the conservation of mass of transpiration. Liquid
water is highly incompressible, which mandates that the ﬂow
rate of liquid being pumped across the leaf cannot exceed the
evaporation rate from the leaf’s menisci. In the absence of
xylem conduits, the volumetric ﬂow rate Q across the synthetic
leaf system is simply given by Darcy’s Law
ΔPleaf =

2σ cos θ
rpore

(3)

where ΔPleaf = |PL| is the pressure drop across the leaf, t = 7
mm is the thickness of the porous disk, A is the cross-sectional
area of the ﬂoating leaf (with a diameter of 105 mm), and κ =
(φrpore2)/(8μτ) is the hydraulic permeability of the nanopores
with respect to liquid water, where φ is the porosity, τ is the
tortuosity, and μ is the water’s viscosity. Using the
commercially available values of φ ≈ 0.32 and rpore ≈ 80 nm,
holding the viscosity constant at μ ≈ 0.89 mPa·s (i.e.,
neglecting minor variations with water temperature), and
estimating the tortuosity as τ ≈ 3.5, yields a hydraulic
permeability of κ ≈ 8.2 × 10−14 m2/Pa·s. The choice of τ ≈ 3.5
is slightly higher than the value of τ ≈ 3 corresponding to an
ideal isotropic architecture of cylindrical pores, in order to
account for the meandering nature of the pore network.56,57
For ambient relative humidities of 95, 90, 85, 75, and 50%,
the respective ﬂow rates measured at a water temperature of 50
°C were Q = 3.3 ± 0.6, 3.06 ± 0.19, 3.39 ± 0.10, 3.8 ± 0.2, and
3.44 ± 0.10 mm3/s for the stomata-free leaf. Values of Q were
obtained by measuring the mass ﬂow rate of transpiration (ṁ )
with the mass balance, where Q = ṁ /ρ. Plugging these values
of Q into eq 3 yields estimated pressure drops of ΔPleaf = 33 ±
6, 30.2 ± 1.9, 33.5 ± 1.0, 37 ± 2, and 34.0 ± 1.0 kPa,
respectively, across the synthetic leaf. These Laplace pressures
are 2 orders of magnitude less than the maximum possible
Laplace pressure calculated from eq 2. This indicates that in
our case it is actually the diﬀusive evaporation rate and the
nanopore geometry, as opposed to the Kelvin pressure, that
prescribe the appropriate Laplace pressure such that mass is
conserved during transpiration. Of course, the Kelvin pressure
(eq 1) still needs to be matched to this weak Laplace/Darcy
pressure, such that the local humidity above the menisci must
be nearly 100% at equilibrium.
For water menisci exposed to subsaturated air, the critical
retreat distance l of the menisci is given by34

(1)

where PK is the Kelvin pressure acting on the menisci, R is the
universal gas constant, T is the temperature at the menisci’s
interface, νliq is the molar volume of liquid water, and avap =
Pvap/Psat is the activity of the water vapor directly above the
meniscus. For the ﬁve ambient humidities tested, RH = 95, 90,
85, 75, and 50%, the initial Kelvin pressures acting on the
menisci are PK = 7.06, 14.5, 22.4, 39.6, and 95.4 MPa,
respectively, under room temperature conditions.
To maintain equilibrium, the Kelvin pressure PK needs to be
matched by a negative Laplace pressure of the same
magnitude. Such a negative Laplace pressure can be obtained
by the water menisci assuming a concave curvature, as given by
the Laplace equation
PL = −

Qt
κA

(2)

where σ is the surface tension of water, θ is the contact angle of
each meniscus along the side walls of the pores, and rpore is the
average radius of the pores in the leaf. Neglecting contact angle
hysteresis eﬀects, such that cos θ ≈ 1, results in a maximum
possible Laplace pressure of PL,max = −1.82 MPa for our pore

P − Pext
l
= c
×β
t−l
−Pc
13772
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Figure 4. Model of retreat distances and boundary layer gradients for meniscus stabilization. (a) For stomata-free synthetic leaves, the menisci were
initially near the outer surface of the leaf and unstable (PK > PL). (b) Unbalanced menisci retreat within the pores, which increases the local
humidity until reaching a distance l where equilibrium is established (PK = PL). (c) Retreat distance required for equilibrium, graphed as a function
of meniscus temperature and the ambient humidity (eq 4). (d) Experimental measurements of the average transpiration rate of stomata-free leaves
were used to estimate the boundary layer concentration gradient (eq 5).

where the disk thickness t represents the permeation pathway,
Pc is the capillary pressure corresponding to an intrinsic
contact angle of cos θ ≈ 1 (PL,max), Pext is the Kelvin pressure
corresponding to the ambient humidity using eq 1, and β is the
ratio of conductances. Speciﬁcally, β = gvap/gliq, where gliq is the
linear mass conductivity of a liquid-ﬁlled pore and gvap the
linear mass conductivity of a vapor-ﬁlled pore. For our pore
size of rpore = 80 nm, β ≈ 2.1 × 10−6. Conceptually, eq 4 can be
thought of as expressing the initial mismatch between the
Kelvin and Laplace pressures to determine the extent of local
humidiﬁcation (i.e., recession) required to stabilize the menisci
(Figure 4a,b). In Figure 4c, values of l are calculated for any
possible meniscus temperature and initial humidity. The
retreat distance varies from l ≈ 0 to 2 μm depending on the
humidity, while also increasing weakly with increasing
temperature. Note that for our case of evaporation-limited
ﬂow, a retreat distance slightly larger than that predicted by eq
4 is required as the Laplace pressure is much lesser than its
maximal value. These ﬁndings indicate that even our relatively
large pore size can facilitate stable transpiration over a wide
humidity range, provided that the leaf thickness is at least
micrometric. This retraction of the air−water menisci may not
be directly applicable to natural plants, whose cellular wall
matrix is a porous material inﬁltrated by a gel-like
substance,58,59 where the gel is swollen by water in a manner
described by the Flory−Rehner equation.25,60,61 However, the
stomata of natural plants serve to increase the local humidity,
as evidenced by our results with leaves containing synthetic
stomata. Therefore, this retreating meniscus model is only
necessitated for the speciﬁc case of rigid, stomata-free synthetic
leaves.
The air in our experiments was room temperature without
any radiative heat source or air currents, such that the
evaporation was diﬀusive in nature. According to Fick’s ﬁrst
law, the diﬀusive evaporation rate is governed by

J = −Df

∂C
∂z

(5)

where J is the diﬀusive ﬂux, Df ≈ 2.82 × 10−5 m2/s is the
diﬀusion coeﬃcient of water vapor in air, and ∂C/∂z is the
local gradient in water vapor concentration directly above each
meniscus. By plugging in the empirical measurements of J
shown in Figure 3f, the concentration gradient ∂C/∂z can be
plotted against the tested ambient humidities and water
temperatures. A polynomial equation was then used to obtain a
smooth ﬁt between these discrete points, resulting in the
continuous curve for ∂C/∂z shown in Figure 4d. For any given
water temperature, this curve shows that the concentration
gradient varies nonmonotonically with the ambient humidity,
with the largest gradient corresponding to about 70%
humidity.
The nonmonotonic dependence of the transpiration rate on
the ambient humidity can be conceptualized as a dual
constraint problem. Low ambient humidities exhibit high
degrees of subsaturation, increasing the ∂C/∂z value, but also
force menisci to retreat by a larger distance l into the
nanopores, which decreases ∂C/∂z because of the local
humidiﬁcation. On the other extreme, high ambient humidities
are only weakly subsaturated, but also minimize l which largely
prevents humidiﬁcation within the pores. Thus, both extremes
result in a decrease in the local concentration gradient above
the meniscus, with an intermediate humidity value providing
the best compromise between the constraints. This dual
constraint hypothesis is a plausible explanation for why water
evaporates at the same rate within the leaf for 95 and 50%
humidities (Figure S4), whereas a middle-ground humidity
(75%) exhibited the largest evaporation rate. We encourage
future works to employ numerical methods to test this dual
constraint hypothesis for evaporation occurring within a variety
of nanopore (and stomata) geometries. It is also possible that
13773
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some of these ﬁndings would be relevant beyond our scope of
natural and synthetic plants, for example, water evaporating
from soil62 or permeable rock.63

the transpiration rate of water across the synthetic leaf, with three
trials performed for each ambient humidity.

■

■
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CONCLUSIONS
Using nanoporous synthetic leaves, we demonstrated that
transpiration is self-stabilizing over a wide ambient humidity
range both with and without stomata. For leaves overlaid with
stomata, the evaporative vapor ﬂow becomes choked within
the stomatal chambers. For stomata-free leaves, the menisci
partially recede into the leaf to choke the vapor within the
nanopores themselves. In both cases, the resulting local
increase in humidity serves to decrease the Kelvin pressure
acting on the concave menisci, such that it can be balanced by
the negative Laplace pressure. To conserve mass, the
magnitude of the negative Laplace pressure driving Darcy
ﬂow across the leaf is prescribed by the leaf’s evaporation rate.
Leaves with stomata exhibited a remarkably consistent
evaporation rate over a range of ambient humidities, which
was attributed to the stomata regulating the diﬀusive ﬂux of
vapor from the menisci. For the stomata-free leaves, the selfstabilizing recession of the menisci resulted in a nonmonotonic
dependence of the transpiration rate on the ambient humidity.
Low ambient humidities maximized the diﬀerence in vapor
concentration (to enhance evaporation), but also increased the
menisci retreat length (diminishing evaporation), and vice
versa for high ambient humidities. These ﬁndings indicate that
incorporating stomata into synthetic leaves is attractive when
wanting to minimize variations in the transpiration rate,
whereas stomata-free leaves are more cost-eﬀective to fabricate
and can still avoid dry-out when suﬃciently thick.
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EXPERIMENTAL SECTION

Materials and Methods. To mimic the leaf tissue, porous
ceramic disks were bought from Soilmoisture Equipment Corp. Each
ceramic disk was 105 mm in diameter, 7 mm thick, had an average
pore size of rpore = 80 nm, and a porosity of 32% by volume. This
ceramic disk was held within a polycarbonate disk featuring a circular
hole, 8.9 cm in diameter, in the ﬂoor of the recess to allow for the
intake of water into the bottom face of the ceramic disk. A reservoir of
degassed water was held within a hollowed out cylindrical block of
polyvinyl chloride (PVC) (McMaster Carr). Floating was enabled by
securing a ring of polyethylene foam around the outer rim of the
polycarbonate disk.
Experimental Setup. To ﬁll the nanoporous synthetic leaf with
degassed water, it was vigorously boiled in a pot of water for 1 h. Prior
to placing the leaf in the boiling water, the water was itself ﬁrst
degassed by boiling for about 3 h. After boiling, the ceramic disk was
seated within a recess cut within a polycarbonate disk. The
polycarbonate disk and enclosed synthetic leaf were then lifted out
of the pot of water and ﬂoated at the free interface of a reservoir. The
foam was designed to nearly hug the inner walls of the PVC reservoir,
such that the vast majority of the water evaporated from the wetted
leaf and not from the bulk water itself. The seam between the rim of
the ceramic disk and the side wall of the polycarbonate recess was
sealed with Paraﬁlm, to ensure that evaporation was only occurring
along the top face of the ceramic leaf. For select experiments, the
synthetic stomatal layers were placed atop the ceramic leaf prior to
sealing with the Paraﬁlm. For the control case of bulk water only, the
PVC reservoir was simply ﬁlled with degassed water but with no leaf
on top. As the degassed water was still warm from the boiling process,
the temperature of water within the reservoir was measured by
submerging a digital data logger in the water of the reservoir (HOBO
Pendant). The ambient humidity of the surrounding air was set using
a large humidity chamber (Electro-Tech Systems, Inc.) that enclosed
the setup (see Figure S3). A digital mass balance was used to measure
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