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1. Introduction

Capillarity is omnipresent in nature, being 
directly involved in the functioning of 
living systems.[1] Natural porous media 
can be characterized by stochastic (e.g., 
soil, sponges) or ordered (e.g., wood, 
lungs) structures. Their manmade coun-
terparts are numerous and widely adopted 
in most industries, for instance filters, tex-
tiles (woven and nonwoven), absorbents, 
ceramics, or tissue scaffolds.[2] Engineering 
the capillary properties of porous materials 
has been pursued to achieve improved 
thermal,[3] mechanical,[4] electrical,[5] 
optical,[6] and biomedical[7] performance. 
In addition to intrinsically porous mate-
rials (e.g., metal organic frameworks[8]),  
the recent research has focused on 
manufacturing processes that can con-
trol finely either material addition (e.g., 
3D printing[1,9]) or removal (e.g., laser 
etching[6,10]) from bulk materials to design 
a precise pores architecture.

Porous materials with engineered 
multi-functionalities are particularly desir-

able for passive energy-conversion devices. These devices typi-
cally do not require high quality energy inputs and, due to the 
absence of moving mechanical parts, require low maintenance, 
and are cost-effective. Moreover, they are optimal for off-grid 
installations and, in general, promote the sustainable transition 
of industries related to the water-energy nexus.[11] These devices 
can exploit porous capillary media to overcome small hydraulic 
heads and supply the working fluids throughout the system 
without the need for active mechanical or electrical compo-
nents. Applications have been proposed for steam generation,[12] 
desalination,[13,14] salt precipitation,[15] water sanitation,[16] solar 
thermal energy harvesting,[6] and cooling,[17] among others. 
Clearly, optimizing the capillary properties of the porous mate-
rials in such passive devices is crucial to enhance their overall 
performance: poor capillarity may lead to dry-out during con-
tinuous evaporative processes, and would significantly limit the 
maximum achievable device size.[18] Thus, sub-optimal capillary 
properties would significantly hinder the productivity and scal-
ability of the system overall.

Passive energy-conversion devices typically use nonstruc-
tured capillary materials, such as paper or commercial textiles, 
as passive component to move working fluids.[19] These 
materials, however, offer limited degrees of optimization given 

Passive energy-conversion devices based on water uptake and evaporation 
offer a robust and cost-effective alternative in a wide variety of applications. 
This work introduces a new research avenue in the design of passive devices 
by replacing traditional porous materials with rigid capillary layers engraved 
with optimized V-shaped grooves. The concept is tested using aluminum 
sheets, which are machined by femtosecond laser and covered by silica 
or functionalized by oxygen plasma to achieve stable long-term capillary 
properties. The durability of the proposed material is experimentally evalu-
ated when functioning with aqueous salt concentrations: both the coated 
and functionalized specimens exhibit stable wettability after being immersed 
in saltwater for all the duration of the experiments (≈250 h in this work). 
The proposed new class of materials is envisaged for use in passive solar or 
thermal energy-conversion devices. As a case study, a time-discretized capil-
lary model is coupled with a validated lumped-parameters heat and mass 
transfer model, aiming to estimate the maximum size and productivity of a 
passive solar distiller employing porous materials of known thermal and cap-
illary properties. This study paves the way to the use of a new class of rigid, 
highly thermally conductive materials that can significantly improve the 
performance of passive devices by simplifying the assembly of multistage 
setups, thus helping to extend their use to real-scale applications.
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their nonordered structure. Some pioneering works have 
proved the potential of structured capillary architectures in 
several areas of heat and mass transfer[20] and microfluidics.[21] 
Importantly, we recognize that on one hand the capillary 
nature of traditional materials is critical for endowing energy-
conversion devices with their intrinsic passive nature; on the 
other hand, the very low thermal conductivity of those materials 
introduces unavoidable thermal resistances that may detrimen-
tally affect the overall device performance. The availability of 
metal-based capillary materials with controllable structure may 
offer new opportunities to effectively attack the above issue, 
while allowing to design engineered (and stable) pores architec-
tures with microscopic precision and scalability.

This work proposes a different approach to the design of 
passive components by replacing conventional nonstructured 
materials with a rigid and micro-structured capillary sup-
port. Here, V-shaped grooves were  crafted by femtosecond 
laser etching on high-grade aluminum sheets, however other 
metals could be used as well.[22] In our work, the obtained 
micro-structure and surface chemistry were analyzed by scan-
ning electron microscope (SEM) imaging and energy disper-
sive X-ray spectroscopy (EDS) spectroscopy, showing regular 
and well-defined geometric features. The joint effects of the 
altered surface chemistry and geometry of the etched cavities 
provided the treated metal layer with efficient capillary prop-
erties. However, prolonged exposure to water depleted the 
acquired hydrophilicity, coherently with previous evidences 
widely reported in the literature.[23–26] Therefore, both textured 
and nontextured samples were coated by a nanometers-
thick layer of SiO2 or functionalized by oxygen plasma, and 
their long-term durability was  tested. Notably, the capillary 
performance of the silica-coated grooved sample remained 
exceptionally stable for the whole duration of the aging tests 
in distilled water (≈250 h). Similarly, all the functionalized 
samples, flat or textured, remained hydrophilic when aged in 
salt water at 35 g L−1 (≈230 h of continuous immersion were 
tested), suggesting the applicability of the proposed concept 
for, for example, passive thermal desalination. Finally, the 
capillary properties of the samples were evaluated by vertical 
wicking tests and compared with those of three other mate-
rials used in different passive applications relevant for the 
water-energy nexus.[13,17,18,27,28] The experimental data obtained 
were used to calibrate a theoretical model relating the average 
geometry and hydrophilicity of the grooves to their capillary 
properties, easing the comparison with other structured or 
nonstructured materials. Moreover, the model was used to 
predict the geometrical parameters maximizing the capillary 
properties of the V-shaped channels.

In view of the characterization and analysis performed, 
the rigid capillary material was envisaged for use in a passive 
device for solar desalination. A lumped-parameters model 
for the heat and mass transfer within the device was coupled 
with the wicking model to investigate the optimal shape of the 
device in a real-scale application, thus evaluating the actual size 
and productivity of the engineered assembly. For this purpose, 
the theoretical model was extended and reformulated in a novel 
time-discretized scheme consistently including the effect of 
high evaporation rates. The model was used to extrapolate the 
performance of a multistage device operating with commercial 

hydrophobic membranes, following a traditional device layout. 
However, the proposed rigid capillary material allows to replace 
the membranes with air gaps while still avoiding contamination 
between the saltwater feed and the produced distilled water.

2. Results and Discussion

2.1. Characterization of the Laser-Etched Material

The rigid novel capillary material was crafted from ultra-pure 
aluminum plates (Al ⩾ 99%), which was selected as reference 
material given its large abundance, low cost and off-the-shelf 
availability. The surface of the aluminum sheets was analyzed 
as-received by SEM imaging and EDS spectroscopy, which 
revealed minor surface defects and confirmed the high purity 
of the material with more than 92% Al by weight fraction (wt%) 
(see Figure  S1, Supporting Information). The analysis also 
revealed negligible traces of oxygen, thus small amounts of 
oxides were already present on the surface.

Initially inspired by the work of Singh and co-workers,[6] 
a femtosecond laser processing procedure was used to craft 
homogeneous V-shaped grooves across the entire upper surface  
of an aluminum plate (see Figure  1A and Experimental  
Section). This crafting technique was selected due to its high 
accuracy and flexibility. The etched surface and the geom-
etry of the resulting grooves were inspected by SEM imaging 
in top-view (see Figure  1B) and section  view (see Figure  1C). 
The analysis revealed an exceptional finish and regular geom-
etry of the obtained features: the grooves spacing is regular, 
while the material in between was not notably affected by the 
procedure. The analysis revealed an average grooves width of 
w = (13 ± 3) μm, height of hg = (75 ± 5) μm and a tilt angle of  
α = (85.8 ± 2.6)° (see Figure S2, Supporting Information). More-
over, the observation at high magnifications of the processed 
sample (108 ×) showed the presence of a nanostructure on the 
cavity walls (see Figure 1D). This nanostructure is in the form 
of a fine porosity with dimensions less than a hundred nano
meters, which results in an increase in the roughness of the 
solid–liquid contact area once the grooves are invaded by a fluid.

The chemical composition of the treated surface was ana-
lyzed by EDS spectroscopy. The laser-etched grooves presented 
≈20–30 wt% of oxygen in the melted zone in proximity of the 
grooves (see Figure  1E, right panel): the presence of oxides is 
mainly due to the high-temperature interaction between the 
treated surface and the surrounding atmosphere. No significant 
amounts of other elements were detected. Similarly, the lateral 
areas, slightly altered by the process, showed an increase in 
oxygen content of 9 wt%, while the untreated zone between the 
grooves has an oxygen content of only 2 wt% (see Figure 1E, left 
panel), demonstrating its marginal oxidation and, therefore, the 
outstanding accuracy of the processing technique used.

The effect of the surface oxidation produced by the laser 
treatment was assessed by the analysis of the water–aluminum 
contact angle and vertical wicking tests (see Experimental Sec-
tion). Despite its high-energy structure, the aluminum sam-
ples presented an average contact angle with distilled water 
of θe  = (93 ± 2)°, characteristic of a slightly hydrophobic sur-
face, coherently with previous observations on nonpure metal 
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surfaces[23] (see Figure 1F). However, the laser-etched specimen 
was able to promptly wick water as soon as it was dipped into 
the distilled water reservoir (see Figure 1G and Video S1, Sup-
porting Information). The advancing water front is not flat 
because the geometry and state of oxidation of the grooves 
vary slightly from each other: the varying surface roughness, 
height and angle of inclination determine the different capil-
lary properties of each groove. However, the short-tails of their 
distribution allow to identify the moving water front in a range 
of few millimeters. The acquired images were translated into 
quantitative data by an image-processing tool (see Experimental 
Section) and were used to evaluate the wicking performance of 
the crafted sample (see Figure 1H). The sample showed stable 
capillary properties (tests 1–6 in Figure 1H).

The observed capillary action was promoted by the combined 
effects of the reduced contact angle within the grooves and their 
geometric features. In particular, the presence of oxides made 

the grooves surface partially hydrophilic (namely, 0° < θe < 90°) 
which, thanks to the V-shape of the grooves, promotes the for-
mation of concave menisci. The synergistic combination of 
these two factors, according to the Laplace’s equation, generates 
an under-pressure at the air–liquid interface responsible of the 
observed capillarity. Note that both effects described are essen-
tial to observe wicking: a droplet on a flat and partially hydro-
philic surface would simply retain a spherical cap shape, while 
a V-shaped groove made of a hydrophobic material (namely, θe 
⩾ 90°) would not wick water. See Notes S1 and Note S2, Sup-
porting Information for a complete analysis of the conditions 
required to observe wicking in an ideal V-shaped groove.

2.2. Durability and Surface Functionalization

The vertical wicking performance was extremely stable for 
several cycles of exposure to water (see Figure  1H). Thus, the 

Figure 1.  Characterization of the laser-etched material. A) A photograph of the crafted material. B,C) SEM images of the laser-etched grooves from 
the B) top and C) section view, highlighting the realized geometrical features. D) High magnification image of the nanotexture created on the grooves 
surface. E) EDS spectra of untreated (left) and treated (right) portions of the sample, with reference to panel (B). Elements not shown in the legend 
were present in a non-significant amount. F) Measurement of the contact angle θe on the untreated aluminum plate by the static sessile droplet method. 
G) Progressive images showing the wicking transient in the laser-etched aluminum plate (see also Video S1, Supporting Information). H) The capillary 
performance of the proposed material was evaluated by means of vertical wicking tests (see Experimental Section). Note that, between each test, the 
sample was simply died in open air.
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durability of the component was investigated by means of an 
evaporation test: the grooved aluminum sheet was used to 
wick water from a reservoir under controlled temperature and 
humidity conditions (see Note S3, Supporting Information). 
The measured evaporation rate me�  was used to evaluate the 
stability of the wicking performance: consistent values of me�  
over time are related to a constant evaporating surface. The test 
results, performed with micro-filtered water, show a decreasing 
evaporation rate until, after 13 h, evaporation from the spec-
imen had ceased (see Figure 2A). This result can be related to 
a change of surface chemistry rather than to a modification of 
topology. During the initial wicking transient, the grooves are 
permeated by the aqueous solution and tend to be drained by 
the evaporative rate. However, due to capillary force, water is 
constantly supplied from the underlying basin and the phe-
nomenon continues as long as the capillary pressure remains 
unvaried. As the aqueous solution flows, the dissolved ions and 
contaminants tend to rapidly saturate the reactive sites of the 

surface activated by the laser treatment, which are responsible 
for the observed hydrophilicity, thus inhibiting the capillary 
properties. To corroborate this hypothesis, SEM analysis of the 
sample used (see the inset of Figure  2A) revealed that crystal 
formations progressively covered the grooves surface without 
clogging the grooves completely (see Figure  S3, Supporting 
Information). Furthermore, subsequent imbibition tests per-
formed with the same sample revealed that the observed cap-
illary properties were greatly reduced despite the fact that the 
grooves were not visibly clogged (see Video S2, Supporting 
Information). This evidence is in line with previous results 
reported in the literature of laser-treated aluminum.[23–26] 
Therefore, it is essential to increase the durability, for example, 
by using nanoscale coatings or surface functionalizations to 
ensure the long-term durability of the component in harsh and 
reactive operating conditions.

Consequently, two surface treatments were tested to improve 
the long-term durability of the sample, here intended as the 

Figure 2.  Durability of the proposed material. A) Durability test performed by evaporation and supplying the sample with ≈1000 W m−2. The decrease 
in evaporation rate was due to progressive saturation of the active sites on the grooves surface, thus inhibiting hydrophilicity and capillarity. B) Long-
term durability test of the grooved aluminum sample coated with SiO2 by radio frequency sputtering. The capillary properties remained stable for more 
than 250 h of continuum immersion in distilled water (cyan data) and the performance was comparable with that of the as-machined sample (black 
data). Note that, without providing surface functionalization or coating, the as-processed grooved specimen lost its capillary properties after ≈15 h 
of exposure to water (see Video S2, Supporting Information). C) Contact angle measurements on flat aluminum plated coated with SiO2 and aged in 
distilled water (blue data) and saltwater (red data). Both samples remained hydrophilic after ≈250 h of aging. D) Square (A1) and pyramid (A2) textures 
obtained on two aluminum sheets by fs-laser etching. The samples were used to investigate the effect of the texture on the durability of the obtained 
hydrophilicity and to compare the efficacy of the oxygen plasma treatment and SiO2 coating. E) The as-machined A1 and A2 samples presented good 
hydrophilic properties, which however wore-out after a few immersion cycles (blue data). When functionalized with oxygen plasma (red and magenta 
data) or coated with SiO2 (green and cyan data) the hydrophilicity remained stable and below 90° for more than 200 h of immersion both in distilled 
(sample A1) and saltwater (sample A2). F) Removal of salt crystals by gentle rinsing. Most crystals were removed within 40 s.

Adv. Mater. Interfaces 2022, 2200057



www.advancedsciencenews.com
www.advmatinterfaces.de

2200057  (5 of 13) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

ability of the material to maintain its functional properties 
when facing normal operating conditions (that is, remaining 
hydrophilic when exposed to aqueous solutions): a coating by 
radio frequency (RF) sputtering of SiO2 and a functionalization 
by oxygen plasma (see Experimental Section).

The RF sputtering technique was opted for its effectiveness 
in generating nanometer-thick layers of a wide range of mate-
rials, thus avoiding altering the original shape of the grooves, 
while SiO2 was selected for its chemical stability, intrinsic 
hydrophilicity, and its ability to protect the substrate from reac-
tive components possibly dissolved in the solution (i.e., Cl− 
ions[29]). On the other hand, plasma treatment is an inexpensive 
and widely used cleaning procedure, but is commonly known 
to lose effectiveness after a few cycles of use. Thus, immediately 
after being treated with oxygen plasma, the sample was exposed 
to water vapor to saturate its active sites with hydrophilic –OH 
groups. Both techniques (coating with SiO2 and O2 plasma) are 
easily scalable and applicable to large-scale production.[30,31]

First, the effect of the SiO2 coating was tested on a grooved 
sample and on two untreated aluminum sheets. The former 
was aged in distilled water and its performance was tested by 
capillary rise experiments, while the flat sheets were aged in 
both distilled and saltwater (35 g L−1) and the effectiveness of 
the treatment was evaluated by contact angle measurements. 
The laser-etched sample maintained excellent capillary proper-
ties (see Figure 2B): the best performance was observed during 
the first test performed after being coated, which then slightly 
decreased until the third exposure (see red data in Figure 2B). 
All subsequent tests showed stable and comparable perfor-
mance within their uncertainty, even after more than 250 h of 
continuous exposure to water (see Figure  2B, cyan data), cor-
responding to ≈1 month of continuous use for 8 h day−1. Note 
that the obtained capillary performance is comparable to that 
of the as-machined sample (see Figure  2B, black data), thus 
achieving long-term durability without compromising the capil-
lary properties initially observed. Similarly, the two flat plates 
coated with SiO2 exhibited excellent wetting properties after the 
treatment (see Figure 2C), reporting an average contact angle of 
θe = (31 ± 5)°, which increased significantly after an initial expo-
sure to the two solutions of ≈50 h. All the samples examined 
at the various aging stages exhibited values of contact angles 
lower than the as-received aluminum plates (see Figure  2C, 
black data), and well below the threshold value of 90°.

Subsequently, two different patterns, one with squares (A1) 
and one with pyramids (A2, see Figure  2D), were crafted to 
verify whether the observed hydrophilicity and its short dura-
tion was due to the high aspect ratio of the topology obtained by 
laser-machining and to compare the effectiveness of the oxygen 
plasma treatment to that of the SiO2 coating. Obviously, since 
the two textures are different, the two samples are expected to 
exhibit different θe regardless of the surface treatment applied. 
As anticipated, the combined effect of altered surface chem-
istry and texturing reduced the contact angles to θe = (67 ± 5)° 
and θe  = (25 ± 3)° for A1 and A2, respectively (see Video S3, 
Supporting Information). However, as previously observed, 
the obtained hydrophilicity was depleted after a few immer-
sion cycles in distilled water (see blue data in Figure  2E and 
Video S4, Supporting Information), making it unusable for the 
intended application. Then, SiO2 coating and oxygen plasma 

treatment were applied to both specimens and their perfor-
mance was evaluated by contact angle measurements. While A1 
was aged in distilled water, the effect of saltwater (35 g L−1) on 
the two functionalizations was investigated on A2. Both surface 
treatments strongly improved the hydrophilicity of the sam-
ples, which also showed capillary spreading after about 100 min 
of immersion in both solutions (see red, magenta, and cyan 
data in Figure  2E, and Video S5, Supporting Information for 
plasma-treated samples). Successively, θe increased for all tested 
configurations but remained stably below 90° for more than 
200 h of aging in both distilled and saltwater. The presented 
results proved that simple surface functionalizations or coat-
ings can dramatically increase the stability of performance of 
the proposed concept, even when operating with salinity feeds.

The effect of precipitation or crystallization of contaminants 
on the sharp and rough surface of the grooves might lead to 
clogging and reduced performance. This condition might occur 
when operating with feeds at high salt concentrations and high 
evaporation rates and is one of the main challenges in applica-
tions like solar desalination.[32–35] Nevertheless, the salt crystals 
can be easily removed by gently rinsing the sample surface, 
even with salt or micro-filtered water, for ≈40 s (see Figure 2F 
and Video S6, Supporting Information).

2.3. Modeling and Experimental Evaluation of the Capillary 
Properties

Then, in order to compare the capillary properties obtained 
with those of other novel or commercial materials, both struc-
tured (i.e., with tailored and homogeneous pores) and unstruc-
tured (e.g., nonwoven fabrics), it is essential to relate the 
micro-structure of the proposed material to its capillary proper-
ties. In particular, the wicking performance can be described 
mainly in terms of capillary pressure pc and absolute perme-
ability K, which are functions of the surface chemistry (via θe) 
and geometry (via the height hg and angle of inclination α) of 
the laser-etched grooves. Derivation of their analytical expres-
sion would allow the optimization of the groove design param-
eters for a target application and provide guidelines for the 
chosen machining technique, which may not be limited to 
femtosecond laser.

The crafted laser-etched pattern made the aluminum sheet 
a fully-fledged porous medium which, consequently, can be 
described using a suitable theoretical framework. However, the 
different geometry, surface roughness and state of oxidation 
related to each groove make it convenient to model the pattern 
as a simplified homogeneous array of smooth V-shaped cavi-
ties, each with the average geometric parameters assessed by 
SEM image analysis (see Figure 3A). Under this hypothesis, the 
classic approach to model analytically the time-dependent posi-
tion of the water front Ht during wicking is the Lucas–Wash-
burn model,[36,37] which predicts capillary rise by imposing the 
equilibrium between capillary and viscous forces, respectively 
Fc and Fμ. However, this approach neglects the gravitational 
force Fg, which becomes predominant in vertical components 
designed to overcome small hydraulic heads and to deliver the 
fluid without relying on circulation pumps.[38,39] Thus, the 1D 
force balance was expressed as Fc = Fμ + Fg. The capillary force 
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Fc was derived from the surface free energy per unit length, 
which is a function of the solid–liquid and liquid–gas contact 
areas, As,l and Al,g respectively (see Figure 3A). Similarly, a water 
column of height z supported only by capillary forces is sub-
ject to a gravitational force Fg proportional to the groove cross 
section, that is, 2h Ag

∗  (see Figure 3A), while the viscous force 
Fμ was expressed by considering a Poiseuille flow (see Experi-
mental Section). Under these assumptions, the force balance 
was used to derive an explicit analytical equation describing the 
position of the water front Ht in the z-direction for a given time 
t (see Experimental Section).

The model described allows to evaluate the wicking perfor-
mance of the rigid capillary material by relying on three param-
eters only, which are related to the average geometry of the 
grooves (i.e., their height hg and tilt angle α) and their surface 
chemistry (through the equilibrium contact angle θe). However, 
the oxidation of the cavities surface and their irregular rough-
ness changed the value of θe with respect to the one meas-
ured on the untreated aluminum surface. Thus, the apparent 
contact angle θe was evaluated by least squares fitting of the 
theoretical position of the water front Ht on the experimental 

data obtained, resulting in θe = (82 ± 3)°. Note that the model 
fitting was performed on the data obtained from the aged 
sample coated by SiO2 (green, yellow, magenta, and cyan data 
in Figure  2B). The reported uncertainty on θe was estimated 
through the fitting procedure by considering the experimental 
uncertainties of hg and α, which led to the shaded blue area in 
Figure 3B.

To assess the applicability of the proposed material, the capil-
lary properties of the aged sample (see Figure  3C, black data) 
were compared with those of three other materials used for pas-
sive applications by means of vertical wicking tests: a polyeth-
ylene-based woven textile engineered for evaporative cooling[4] 
(see Figure 3C, red data) and two nonwoven fabrics employed 
in passive solar desalination devices[13,18] (see Figure 3C, green 
and blue data). The silica-coated aged material presents the 
second-best capillary performance with respect to the reference 
materials tested. The micro-porous structure of these materials 
is extremely different from that of the proposed material: the 
woven textile is composed of arrays of cylindrical fibers and its 
capillary properties can be ascribed to the size and arrangement 
of the fibers, while the nonwoven textiles can be considered as 

Figure 3.  Experimental investigation and theoretical modeling of the obtained wicking performance. A) The crafted grooves were represented as an 
ideal array of identical and smooth V-shaped cavities and their capillary properties were modeled as a function of their height hg, tilt angle α, and 
contact angle θe. The dynamic position of the water front Ht was modeled under the sharp-front approximation. B) The obtained data were used to 
fit the value of θe from the theoretical model by the least-squares method. C,D) The wicking performance, capillary pressure pc, and absolute perme-
ability K of the crafted material (black data) were compared with those of other hydrophilic textiles used in passive applications (green, blue, and red 
data).[4,13,18] E) A novel dynamic model including the effect of evaporation in the wicking transient was used to predict and compare the performance 
of the proposed material (black bar), the reference textiles (green blue and red bars), and ideal V-shaped grooves with different hydrophilicity (pink 
and yellow bars). The theoretical predictions were performed considering a constant evaporation rate me 0.25� =  kg m−2 h−1 on the sample surface 
exposed to the environment.
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a network of connected pores whose sizes can be expressed in 
terms of a probability distribution. The transport of a single-
phase fluid in such different geometries can be modeled by 
the Darcy’s law, where the porous matrix is described in terms 
of its volume-averaged properties: the capillary pressure pc, 
absolute permeability K and effective porosity φ. The Darcy’s 
law and the continuity equation  were combined and solved 
under the sharp-front approximation to derive another ana-
lytical expression of Ht (see Note S4, Supporting Information), 
which was then compared with the one derived for an ideal  
V-shaped groove, obtaining pc  =  γP*(hgA)−1, φ  = hg(δ tan (α))−1 
and (8 )2 1K h Agφ π= ∗ − . The wicking performance is enhanced 
by the increase of the capillary pressure and the absolute 
permeability. However, the geometrical parameters of the  
grooves have competing effects on pc and K: the capillary pres-
sure is promoted by sharp and short grooves, while the oppo-
site holds for the absolute permeability, as wide and tall grooves 
reduce the viscous losses (see Figure S4, Supporting Informa-
tion). Note that the contact angle θe does not have an important 
effect on K, as it only affects the shape of the water meniscus 
modifying Al,g (see Figure  3A), while it changes the values of 
pc by different orders of magnitude. Thus, lower values of θe 
are expected to have a major effect on the wicking performance. 
As the effective porosity and the capillary pressure of the ref-
erence textiles were evaluated experimentally (see Note S5, 
Supporting Information), the model was used to fit their abso-
lute permeability from the vertical wicking data. The values of 
pc and K obtained for the different materials are compared in 
Figure  3D. As it can be observed, while the suction pressure 
due to the grooves geometry exceeds the others, the permea-
bility of the two ordered geometries (namely, the woven textile 
and the V-shaped grooves, red and black bars respectively) is 
approximately one order of magnitude lower. Therefore, being 
able to define an optimal geometry of the porous structure (i.e., 
the grooves) while maximizing the resulting capillary proper-
ties is crucial to increase their range of applicability and per-
form a correct design of the passive devices where they are put 
into use.

Most applications concerning capillary media in pas-
sive devices require evaporating the wicked liquid as it flows 
through the porous matrix. Consequently, evaporation affects 
the imbibition transient and, along with gravity, determines the 
maximum height reached by the water front Ht,m. This has a 
direct effect on the maximum size attainable for components 
relying on wicking and evaporation. Hence, the wicking model 
must include an average evaporation rate to correctly model the 
performances of the component. Therefore, a novel numerical 
scheme extending the classic approach based on the Darcy’s 
law was implemented and validated against previous analytical 
solutions,[40] obtaining excellent agreement (see Note S6, Sup-
porting Information). The model ascribes to the specific evapo-
ration rate me� , which is considered constant over the sample 
surface, an extra pressure drop to the water flowing in the 
grooves. The explicit time discretization scheme used is par-
ticularly suited to investigate configurations at the dry-out limit, 
making it adequate to explore the limits of passive components 
for water transport. The model was used to evaluate Ht,m for 
the reference textiles (green, blue, and red bars in Figure  3E) 
when subject to evaporation in laboratory conditions. The 

results were compared with the theoretical predictions for the 
proposed material (black bar in Figure 3E) and for other rigid 
supports with optimal V-shaped grooves with θe = 71.3°, typical 
of nylon[41] (pink bar), and θe  = 0°, characteristic of a super-
hydrophilic surface such as clean glass[42] (yellow bar). Note 
that different contact angles might be achieved by surface treat-
ment, different types of coating or by choosing as rigid support 
a material which is inherently hydrophilic. The performance 
of the proposed material is comparable to the reference ones. 
However, when considering a lower contact angle, the perfor-
mance of the laser-etched support exceeds that of traditional 
materials, which, due to their nonordered structure, have fewer 
degrees of freedom for further optimization. Note that the spe-
cific working condition should be considered in the optimiza-
tion procedure (see the inset in Figure 3E for θe = 0°): different 
evaporation rates affect the optimal value of hg (see Figure S5, 
Supporting Information). The optimization algorithm favors 
extremely sharp angles, ideally up to 89°, which might entail 
processing and operability issues: while a large variety of appli-
cations rely on pure liquids (e.g., electronic cooling), others 
might be subject to crystallization or build-up of contaminants 
dispersed in the working fluid (e.g., water treatment and desali-
nation). Therefore, the design and optimization of the grooves 
geometry should include not only the fluid transport, but also 
the constraints due to specific applications, the device working 
conditions and the chemical–physical interactions at the 
solid–liquid interface.

2.4. Discussion

An emerging and interesting engineering application of porous 
materials is represented by passive solar or thermal desalina-
tion, a viable and large-scale option to address water shortage. 
Several works proposed different novel materials allowing pas-
sive operations such as graphene-based materials,[43–46] carbon-
ized bio-materials,[47,48] carbon-based materials,[49–53] polymers 
or hydrogels,[54,55] nanofluids and/or nanoparticles,[56–60] and 
metal oxides.[61] However, most of the designs proposed often 
include a single-stage evaporator and are constrained by the 
thermodynamic theoretical limit of 1.5 L m−2 h−1, which is far 
below the output of active systems. Multistage passive devices 
offer a solution to the issue: their design allows to recover 
the enthalpy of condensation of one stage to drive the evapo-
ration in the next one, thus triggering a cascade process able 
to go beyond the single-stage limit. Recently, various mul-
tistage prototypes utilizing solar energy and nonstructured 
capillary materials were proposed and experimentally char-
acterized.[13,18,27,28,62–64] Here we investigate the feasibility 
of replacing the traditional porous layer by embedding the 
developed laser-etched component in the device layout pro-
posed by some of the authors[13,18] and successfully used as a 
reference in several following works.[19,63–65] This substitution 
allows to improve the compactness of multistage devices, thus 
increasing the number of stackable stages, and to simplify their 
assembly on an industrial scale. At the same time, it allows to 
increase the stability and repeatability of their performance 
and general quality. A schematic of the device is reported in 
Figure 4A and its layout and working principle can be briefly 
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summarized as follows. The considered device shows a mul-
tistage configuration to recover the latent heat of condensa-
tion, thus enhancing the water productivity. Without losing 
generality, the schematic reported in Figure  4A is referred to 
a two-stages configuration device. Each stage is composed by 
an evaporator, an hydrophobic membrane or an air gap, and a 
condenser (see Figure 4A). The latter is placed in thermal con-
tact with the evaporator of the subsequent stage by means of 
an aluminum plate, enabling latent heat recovery. Evaporators 
supply seawater to the device, while condensers collect and 
channel the freshwater out of the device into an external basin. 
As already anticipated, evaporators, and condensers are usually 
made of capillary porous media, thus being able to overcome 
small hydraulic heads (indicated with H in Figure  4A) and 

deliver the working fluids throughout the system without the 
need of mechanical or electrical active components. The hydro-
phobic membrane avoids contamination between the evapo-
rator and the condenser, as it cannot be crossed by water unless 
a given pressure is applied, which usually is orders of magni-
tude higher than the normal working pressure and depends on 
the membrane surface chemistry and average pores size. The 
first-stage evaporator is heated by an external heat source, usu-
ally solar irradiation, which is harvested by means of a selec-
tive highly-efficient absorber, while the last-stage condenser 
is in thermal contact with a larger heat reservoir–usually the 
saltwater reservoir itself–by means of a heat sink. In this way, 
a temperature gradient is imposed across the device and, 
thus, across the membranes of each stage. The counter-posing 

Figure 4.  Passive solar desalination as a perspective application. A) Stratigraphy of the proposed passive device for solar desalination. The modular 
design allows to stack several stages to improve the overall productivity. For the sake of simplicity, only two stages were represented. B) Modeling 
predictions of the device productivity P, expressed in kg h−1, achievable by employing the proposed grooved aluminum layer in both evaporators and 
condensers, using either a hydrophobic membrane or an air gap. By varying the number of stacked stages, it is possible to identify the optimal con-
figuration to maximize the device performance. The color bar reports the maximum horizontal width achievable L, highlighting how alternative layouts 
imply different operating evaporating surfaces. C) Temperature distribution through the representation of the device by thermal network, where the 
number of simulated stages was highlighted on the horizontal axis. The simulations were performed considering different properties of the substrates 
constituting the evaporators and condensers: a conductive aluminum sheet (blue, green, and red curves); a thermally insulating polymer (black curve); 
different levels of hydrophilicity (blue and green curves θe = 84°, black curve θe = 73.1°, red curve θe = 0°). D) Specific productivity (blue bars) and 
maximum achievable horizontal width (red bars) of the configurations tested in panel C. The configuration reporting the highest specific productivity, 
may not present the highest overall productivity P due to poor capillary performance.
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interplay of the temperature and salinity gradients across the 
hydrophobic membrane imposes a net vapor pressure dif-
ference, thus generating a net vapor flux from the evaporator 
toward the condenser.[13,18] The condensation of water vapor 
leads to the release of enthalpy, therefore heating by conduction 
the evaporator of the adjacent stage driving further evaporation 
of saltwater.

A theoretical lumped-parameter model was developed to 
predict the achievable performance and size of the described 
desalination device, considering various materials, layouts, 
and operating conditions (see Experimental Section). First, the 
coupled model was used to evaluate the optimal configuration 
and overall productivity P of the desalination device when the 
proposed grooved material is employed in both condensers 
and evaporators (see Figure  4B). The achievable values of the 
maximum horizontal width L were indicated using the color 
bar. Considering a traditional layout, which requires the use 
of a hydrophobic membrane, the maximum predicted perfor-
mance was obtained by combining six stages with a horizontal 
width of about 12 cm. Note that fewer stacked stages allow for 
larger evaporating surfaces (see the color bar in Figure 4B), as 
capillarity should overcome smaller hydraulic heads. However, 
the proposed rigid porous structure allows to replace the hydro-
phobic membranes with simple and cost-effective air gaps,[18] 
ensuring the planarity of the stack and, therefore, avoiding 
contamination between the two feeds. Since hydrophobic mem-
branes are responsible for most of the cost of passive thermal 
desalination devices,[17] this concept appears to be an effective 
solution to significantly improve economic viability of passive 
thermal desalination devices. Therefore, the modeling pre-
dictions were repeated by substituting the membrane with a  
0.5 mm air gap, allowing the most expensive and fragile com-
ponent of the device to be replaced with an inexpensive and 
robust plastic frame. This configuration resulted in an ≈30% 
wider device, more stackable stages, and ≈10% higher values of 
P. The increase in performance is caused by the counterintui-
tive reduction in specific evaporative flux due to the air gap. As 
it can be seen in Figure  4C, the air gap configuration (green 
curve) results in a lower temperature profile than the mem-
brane layout (blue curve), and, consequently, in a lower specific 
productivity (see the respective blue bars in Figure  4D). How-
ever, the reduced evaporation rate enables higher values of L 
before dry-out occurs, resulting in higher productivity. This 
analysis highlights how P is nonlinearly determined by these 
competing effects, making the proposed model a necessary tool 
to predict the optimal device configuration.

As mentioned above, the achievable specific productivity is 
determined by the temperature distribution within the device, 
which varies according to the environmental conditions (e.g., 
ambient temperature and solar irradiance), the heat transfer 
and mass properties of the materials used in the device (e.g., 
membrane permeability, thermal resistance between the stages, 
heat losses), and the number of stacked stages. Since higher 
temperature profiles are related to increased specific produc-
tivity, minimizing the heat losses toward the water reservoirs 
is crucial to maximize the device performance. Accordingly, the 
model was used to evaluate the effect of the properties of the 
capillary substrate in two additional configurations: an insu-
lating polymer (e.g., nylon, θe  = 73.1°) and an ideally wettable 

aluminum layer (namely, θe = 0°), both provided with optimal 
grooves (whose shape was evaluated via the presented capil-
lary model). Clearly, for equal number of stacked stages, the 
lower thermal conductivity of the configuration comprising 
the polymeric substrate (see Figure  4C, black line) reports a 
higher temperature profile than the one with aluminum (see 
Figure 4C, red line), and also results in higher specific produc-
tivity (see the respective blue columns in Figure 4D). However, 
P is determined by both the specific productivity (see blue bars 
in Figure  4D) and the maximum achievable horizontal width 
L (see blue bars in Figure  4D). Thus, the mediocre capillary 
performance of the polymer substrate limits L (see red bars 
in Figure  4D), and thus also the achievable P (see Figure  S6, 
Supporting Information), emphasizing the reduced impact of 
thermal losses if better capillary properties provide a larger 
evaporating surface.

To enhance the device performance, the horizontal section of 
the evaporators must present high thermal conductivity to min-
imize the thermal losses within the stack. Simultaneously, it is 
also necessary to reduce conductive losses toward the reservoir, 
which, as analyzed above, would hinder the device productivity. 
Consequently, the vertical section of the evaporators must have 
low thermal conductivity. Disengaging from the engineering 
problem, the grooved layers were envisaged as multi-materials 
consisting of a vertical section of glass (hydrophilic and a good 
thermal insulator) and a horizontal section of aluminum, both 
with the same capillary properties (see Experimental Section). 
It is worth noting that this assumption is introduced solely 
on a theoretical level to show the impact of an ideal and ther-
mally-anisotropic capillary layer, able to maximize the device 
performance in this particular application. In this scenario, a 
laser-etched multi-material with similar capillary properties as 
those achieved in this work allows to feed a 20-stages configura-
tion device guaranteeing a productivity equal to 1.5 kg h−1 and 
width L equal to 8 cm (see Figure  5A). The predictions were 
also extended to the other two configurations tested, namely 
the nylon substrate and the ideally wettable aluminum sheet, 
both engraved with optimized grooves and the latter envis-
aged as a multi-material (i.e., with its vertical section made of 
glass). In a 20-stages configuration, the polymer-based material 
resulted in a productivity P = 30.0 kg h−1 and horizontal exten-
sion L  = 1.7 m; similarly, a 20-stages configuration employing 
the ideal multi-material allowed to achieve P = 95.4 kg h−1 and 
L = 5.1 m (see Figure 5A). It is worth noting that the produc-
tivity obtained optimizing the grooves geometry on an ideally 
hydrophilic material is approximately two orders of magnitude 
higher than the case study reported. Therefore, maximizing the 
capillary properties of the porous materials employed is crucial 
to maximize the overall performance of the device.

Finally, for the sake of completeness, a comparison between 
the performance of state-of-the-art devices and that of the pro-
posed multistage device operating with the envisaged laser-
etched multi-material component with the same capillary prop-
erties achieved in this work, evaluated via model extrapolation, 
is reported in Figure 5B. In detail, light blue and blue bars are 
referred to multistage and single-stage devices, respectively, 
able to perform a complete distillation cycle (namely, including 
both the evaporation and condensation processes). Instead, red 
bars are referred to devices able to perform a partial distillation 
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cycle, where only evaporation takes place. The black dashed 
lines report the produced modeling predictions, which, for 
a fair comparison, were limited to 10-stage configurations. 
Interestingly, the use of the air gap alone allows the device to 
achieve a 165% increase in specific productivity with respect to 
the hydrophobic membrane configuration, and a 58% increase 
over the higher performing device[64] (see Figure  5B). Note 
that all the state-of-the-art devices considered were manufac-
tured on a laboratory scale, with a maximum size of the order 
of centimeters, whereas the device envisaged here might be 
easily scaled to the order of meters. This highlights how disre-
garding the capillary properties of the materials selected when 
designing a passive device involving wicking and evaporation 
might significantly limit its performance and the scalability 
of the proposed technology. Furthermore, the rigid structure 
of the grooves allows easier and more precise assembly of the 
multistage device, compared to soft materials such as fabrics 
or hydrogels.

3. Conclusions

This work presents rigid and micro-structured capillary mate-
rials for passive energy-conversion devices based on water 
absorption and evaporation. A comprehensive theoretical 
framework of the mass transfer in open capillaries was devel-
oped and used to propose general design guidelines for compo-
nents operating close to their dry-out limit.

V-shaped grooves were engraved on rigid aluminum sheets 
by femtosecond laser processing. As process-activated surfaces 
progressively lose their acquired hydrophilicity during opera-
tion due to the change of their surface chemistry, our samples 
were coated by SiO2 or functionalized with oxygen plasma. 
The samples were aged by continuous exposure to distilled 
or saltwater and presented stable hydrophilicity and capillary 
properties for the whole duration of the test (more than 250 h).  
Then, we demonstrated that salt clogging could be easily 
removed with a short and gentle rinse. Note that testing the 
durability and a worst-case application scenario of a novel mate-
rial was essential to evaluate the critical aspects of the proposed 

concept and derive guidelines for the development of novel, 
efficient and real-scale passive devices.

Finally, the obtained wicking performance of the silica-coated 
grooved sample was compared with that of three other mate-
rials used in well-established passive applications, showing 
the second best performance in short-term vertical imbibi-
tion tests. The experimental results were then interpreted by 
a novel time-discretized analytical model coupling the effect of 
the grooves geometry, hydrophilicity, and evaporation rate. The 
model was then used to predict the optimal values of the geo-
metrical parameters of the grooves maximizing their transport 
properties. The results obtained from the characterization and 
the wicking tests proved the great potential of application and 
viability of the proposed concept.

The model was then coupled with a lumped-parameters 
heat and mass transfer model, envisioning the use of the pro-
posed material in a passive multistage device for solar desali-
nation. The combined models were essential to estimate the 
overall productivity of the assembly by predicting the max-
imum achievable length to avoid dry-out when operating under 
average mid-day conditions. The rigid capillary substrate allows 
the hydrophobic membranes to be replaced by air gaps: the 
proposed laser-etched aluminum could be used to assemble 
a eight-stages membrane-less device with a predicted specific 
productivity of 1.6 kg h−1 m−2. Then, envisaging the fabrication 
of a multi-material substrate with the same capillary proper-
ties obtained in this work, a 10-stages device could achieve a 
58% higher specific productivity than the best-performing 
passive thermal device reported in the literature, for the same 
number of stages used and without relying on membranes. 
Note that the model extrapolations presented should be consid-
ered solely as a discussion of a relevant case study and guide 
the reader toward a more rational design of passive devices for 
energy conversion.

Concluding, the proposed modeling framework proved to be 
essential in the perspective of scale-up of passive components, 
as it relates the capillary properties of a specific material—
whether structured or not—and the target working conditions 
to the maximum evaporating surface exploitable. Moreover, the 
perspective evaluation of different materials would allow the 

Figure 5.  Performance extrapolation employing perspective multi-material substrates. A) Modeling predictions of productivity, maximum horizontal 
width L, and optimal number of stages for the passive desalination device. The dynamic capillary rise model and a lumped-parameters thermal model 
were coupled and used to evaluate the maximum length L achievable with a wicking material of known capillary properties, while avoiding dry-out. 
The predictions are referred to the air gap configuration. B) Comparison between the experimental performance of different passive solar desalination 
devices reported in the literature (colored bars) with those predicted by the proposed model (black dashed line), including or excluding the contribution 
of commercial hydrophobic membranes. The values reported above the multistage references refer to the number of modular stages tested.
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exploration of processing techniques other than femtosecond 
laser etching, such as molding or forming, achieving high-
quality geometric features while at the same time lowering 
costs and increasing the scalabilty of this novel class of mate-
rials. Thus, a combination of the adopted design approach and 
the structured rigid capillary materials paves the way for the 
transition from laboratory-scale prototypes, as those recently 
proposed in the field of desalination[28,64] and sustainable 
cooling,[17] to real-scale devices.

4. Experimental Section
Crafting and Characterization of the Rigid Capillary Material: Selective 

ablation treatment was carried out using a femtosecond laser with 
a wavelength of 515 nm and pulse length of 214 fs. The samples were 
attached to a bi-axial motorized air-bearing handling system by means 
of a special laboratory adhesive tape. The laser radiation exiting the 
femtosecond source was guided, by means of dielectric mirrors, toward 
a plane-convex focusing lens with a focal length of 150 mm. Thus, 
a Gaussian laser spot with a diameter of about 50 μm was generated 
and kept in a fixed position. The linear grooves were generated by the 
unidirectional translation of the sample below the laser spot, which was 
focused at a depth of 100 μm from the top surface of the sample. The 
movement speed of the linear axis was between 0.25 and 0.35 mm s−1. 
The laser was operated at a frequency of 3 kHz, with pulse energy equal 
to 100 μJ. The machining was performed with a constant flow of 
compressed air coaxial with the laser.

The preparations of the samples for the SEM imaging comprised 
a preliminary cleaning treatment by ultrasonic sonication in 
dichloromethane (CH2Cl2) for 4 min and ultrasonication in 
methylbenzene for 4 min; the samples were rinsed with ethanol and 
dried for 15 min. The cleansing was followed by a 15 min oxygen-plasma 
treatment (100 W) and metallization with platinum by radio frequency 
sputtering. The cross-sectional images were obtained by cutting a 5 mm 
portion from the cleaned sample, which was mounted on a spring, 
cemented in epoxy resin and polished with abrasive paper (4000 grit). 
The cross-sectional images were obtained with a InLens detector with 
a 30 μm opening at an accelerating voltage of 4, 5, and 7.5 kV, while 
the surface morphology was observed applying a 50° tilt angle and 
an accelerating voltage of 8.5 kV. The EDS analysis was performed on 
uncleaned samples directly after the engraving process.

Measurement of the Aluminum–Water Contact Angle on the Aluminum 
Sheets: The contact angle between distilled water and a pristine 
aluminum sheet (Goodfellow, 5 cm × 5 cm sheets, 200 μm thick, purity 
>99%) was measured by the sessile drop method. Both surfaces of the 
pristine aluminum sheet were tested after being cleaned with isopropyl 
alcohol, dried, and then washed with de-ionized water and dried in 
open air. The drops were placed on the sample surface with a micro 
syringe and photographed by an optical microscope (RS PRO, 5M pixel 
of resolution). A ruler (RS PRO, 0.5 mm of resolution) was used to 
calibrate the images. The contact angle was evaluated by measuring the 
height hd and half-width Ld of the droplets (see Figure  S7, Supporting 
Information), under the assumption of negligible effect of gravity, 
namely L gd /( )� γ ρ ,[66] which was experimentally verified for each 
droplet. See Note S7, Supporting Information for further details.

Vertical Wicking Tests: The experimental setup used to perform the 
vertical wicking measurements (see Figure S8, Supporting Information) 
included a 1 cm × 5 cm sample of the laser-etched aluminum sheet, a 
mechanical vertical stage, a metal bar fixed on an adjustable support, 
an optical microscope (RS PRO, 5M pixel of resolution), a ruler (RS 
PRO, 0.5 mm of resolution), and a basin filled with distilled water. The 
sample was suspended from the metal bar by a clip, while the water 
basin was placed on the adjustable vertical stage beneath the hanged 
sample. Before the beginning of the wicking test, the video resolution 
was calibrated by taking a snapshot of the metal ruler placed next to 

the hanged sample. The vertical stage was moved to dip ≈2 mm of the 
sample, while the position of the advancing water front was recorded by 
the optical microscope. The images acquired were post-processed via 
a MATLAB script to measure the time-dependent position of the water 
front Ht (see Figure S8, Supporting Information). At the end of the test, 
the sample was removed from the clip and dried in open air for more 
than 3 h before the test was repeated.

Surface Coating and Functionalization: For the functionalization by oxygen 
plasma, first, the samples were sonicated in ethanol (3 min) and MilliQ 
water (3 min) and dried with N2 flux. Subsequently a plasma treatment was 
performed in a reactive ion etching system (RIE, SAMCO 10-NR) for 10 min 
at a pressure of 50 Pa, applying a power of 50 W and O2 flux of 50 standard 
cubic centimeters per minute. Finally, the obtained samples were stored in 
a vacuum bag after insufflating nitrogen for about 1 min.

Similarly, for the SiO2 coating, the samples were sonicated in ethanol  
(3 min) and MilliQ water (3 min) and dried with N2 flux. Subsequently a 
plasma treatment was performed in a RIE system (SAMCO 10-NR) for 10 min  
at a pressure of 50 Pa, applying a power of 50 W and O2 flux of 50 sscm. 
Then, a conformal layer of ≈50 nm of silica was deposited by RF sputtering 
(Moorfield) at a pressure of 3 Pa and applying a power of 75 W for 3300 s.

Theoretical Model of Water Transport in a V-Shaped Groove: The 
capillary force Fc in micro-porous media was determined by the interplay 
of the physicochemical properties of the three phases present in the 
system: the solid porous matrix; a first fluid, generally gaseous (i.e., 
air); a second fluid, generally liquid (i.e., water). The balance of forces 
at the contact line between the three phases produced a curvature of the  
fluid–fluid interface, which generated a pressure difference across the 
interface itself according to the Laplace’s equation:[66] the shape of  
the interface, thus its curvatures, determined which fluid wets the porous 
matrix, filling its pores. Neglecting the effect of gravity and considering 
the groove entirely filled by water in the y-direction (see proofs in  
Notes S1 and S2, Supporting Information), the Laplace’s pressure can 
be expressed as a function of a single, constant radius of curvature R 
(see Figure 3A). Thus, the Laplace’s equation was integrated to obtain 
R = hg/[tan (α)sin (α − θe)] (see Note S2, Supporting Information), which 
relates the meniscus shape, thus the capillary pressure, solely to the 
grooves geometry and surface chemistry. In this simplified approach, 
the capillary force Fc can be evaluated from the 1D space derivative 
of the free energy per unit length, namely Fc  =  −dE/dz. In particular, 
the free energy per unit length E can be evaluated considering the 
solid–liquid and liquid–gas contact areas per unit length, As,l and Al,g 
respectively (see Figure  3A), which can be easily evaluated with the 
analytical expression for R derived above; thus, Fc  = hgγP*, where P* 
is a function of α and θe (see Note S8, Supporting Information). The 
gravitational force was evaluated as F gzh Ag g

2ρ= ∗ , where ρ and g are 
the water density and gravitational acceleration respectively, h Ag

2 ∗  is the 
cross section of the groove occupied by water (see Figure 3A) and A* is 
a function of α and θe. The viscous force Fμ was expressed considering a 
Poiseuille flow, assuming that the viscous losses are determined by the 
cross section  h Ag

2 ∗  rather than by the meniscus shape (see Note S8, 
Supporting Information). Thus, the 1D force balance can be rewritten 
as a nonlinear first order differential equation, which can be solved to 
obtain an analytical expression for the water front position: Ht = B−1A[1 
+ W0(− exp (− 1 − B2t(8πμA)−1))], where A = hgP*γ, B h A gg

2 ρ= ∗  and W0 
is the main branch of the Lambert function (see Note S8, Supporting 
Information for a detailed proof).

Performance Predictions of the Desalination Device: The Maxwell–
Stefan and Dusty–Gas models were implemented to consider the 
molecule–molecule and molecule–matrix interactions (see Note S9, 
Supporting Information) and coupled with the time-discretized wicking 
model described (see Note S6, Supporting Information). The resulting 
comprehensive theoretical framework allowed estimating the maximum 
size achievable by the desalination device while avoiding dry-out, while 
simultaneously accounting for incident solar irradiation, ambient 
temperature, and number of phases. The performance predictions were 
obtained considering seawater with NaCl concentration equal to 35 g L−1 
and incident solar irradiation of 1000 W m−2. The considered selective 
solar absorber had a solar absorbance equal to 0.95 and a limited 
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infrared emissivity equal to 0.04. A transparent insulator reducing the 
natural convection (three layers, each consisting of an ABS frame used 
to maintain two films of polypropylene 2 mm apart) was considered as 
placed on top of the selective absorber and was included in the model 
with an heat transfer coefficient of 5 W m−2 K−1. On the other hand, 
the aluminum heat sink placed at the bottom of the full stack led to an 
enhanced heat transfer coefficient equal to 150 W m−2 K−1, improving the 
heat dissipation and thus the temperature gradient across the device. 
Salt and distilled water were considered as separated by hydrophobic 
membranes (150 μm thick, porosity of 0.8, and average pore size of  
1 μm) or by air gaps 0.5 mm thick and with unitary porosity. The total 
size of the device, and thus the related evaporating area, is equal to 
W  × L (see the schematics reported in Figure  4A), where W was kept 
constant for all the considered case studies and equal to 1 m, whilst 
L was the design parameter evaluated by the coupled model. Note 
that W does not affect the modeling predictions. Then, based on the 
thermal properties of the materials, the micro-structure of the porous 
layers, and the solar irradiation, the model estimated the maximum 
horizontal size (namely, Lhz,m) that the multistage device could not 
exceed in order to avoid dry-out phenomena. Note that the conservative 
criterion L ⩽ 0.9 × Lhz, m was applied. The modeling predictions shown 
in Figure  4 were performed considering several configurations of the 
capillary substrates constituting the evaporators and condensers: the 
proposed laser-etched material, namely a grooved aluminum sheet with 
the same capillary properties shown in Figure 3D; a polymer substrate 
with θe = 73.1° and optimized grooves (resulting in K = 8.23 × 10−11 m2 
and pc = 4.26 kPa); an ideally wettable aluminum sheet with θe= 0° and 
optimized grooves (resulting in K = 1.59 × 10−10 m2 and pc = 12.16 kPa). 
The multi-material envisaged were supposed to be composed by glass 
(with thermal conductivity 0.8 W m−1 K−1) and aluminum (with thermal 
conductivity 290 W m−1 K−1) on the vertical and horizontal sections, 
respectively. The materials were assumed to have homogeneous 
capillary properties, equal to those of the two aluminum substrates 
(namely, the one tested and the ideally wettable one) reported above, 
and were used to obtain the modeling predictions shown in Figure  5. 
Therefore, the thermal conductivity of the saturated vertical section was 
determined by averaging the thermophysical properties of water and 
glass, while that of the horizontal section was evaluated as the average 
of the thermophysical properties of water and aluminum. Both averages 
were weighted by the porosity of the considered substrate φ.

Statistical Analysis: The combined uncertainties of experimental 
measurements were estimated as:[67] U k u uA B

2 2= + , where uA are 
the uncertainty components estimated from the statistical analysis of 
the measured values, uB are the uncertainty components estimated 
from a priori information (i.e., calibration, resolution, and accuracy of 
each measuring instrument employed), k  = 2 is the coverage factor. If 
the sample size was larger than 30 measurements, the uncertainty 
components uA were estimated as the standard deviation of the data set; 
otherwise, they were estimated as uA = 0.5|xmax − xmin|. All the error bars 
reported in the figures show a ±U interval.
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