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Abstract: A novel multifunctional material with efficient wicking and evaporative functionalities was
fabricated using hierarchical surface nano-/microstructuring by femtosecond laser micromachining.
The created material exhibits excellent multifunctional performance. Our experiments in a wind
tunnel demonstrate its good wicking and evaporative functionalities under the conditions of high-
temperature airflows. An important finding of this work is the significantly enhanced evaporation
rate of the created material compared with the free water surface. The obtained results provide a
platform for the practical implementation of Maisotsenko-cycle cooling technologies for substan-
tially increasing efficiency in power generation, thermal management, and other evaporation-based
technologies. The developed multifunctional material demonstrates long-lasting wicking and evapo-
rative functionalities that are resistant to degradation under high-temperature airflows, indicating its
suitability for practical applications.

Keywords: femtosecond laser processing; nanostructures; microstructures; evaporative properties

1. Introduction

Burning fossil fuels (coal, oil, and natural gas) for electricity generation provides
about 70% of the world’s electricity production. The combustion of these fuels produces
huge amounts of environmental pollutants, such as CO2, SOx, NOx, and various volatile
organic compounds. As a result of these and other pollutants, the climate on the Earth
is changing, demonstrating a global warming trend. Recent theoretical research has re-
vealed that applying Maisotsenko cycle (M-cycle) indirect evaporative cooling systems
in power plants can increase electricity generation efficiency [1–8], thereby reducing the
amount of environmental pollutants. For example, theoretical studies [7,8] have demon-
strated that the application of M-cycle cooling systems in the classical Rankine power
cycle enhances the efficiency of steam-turbine power generation in coal-fired power plants
due to decreasing the temperature of the water supplied from the cooling tower to the
condenser. Pandelidis [8] performed a numerical study of the M-cycle cooling tower and
demonstrated its capability to cool the water below the inlet air wet-bulb temperature, i.e.,
below the limit of the traditional cooling towers. Fan et al. [9] experimentally investigated
the cooling performance of the M-cycle cooling tower and proved that the M-cycle cooling
can decrease the outlet water temperature below the wet bulb temperature of ambient
air. Furthermore, the application of M-cycle heat and mass exchangers (MC-HMXs) in
gas turbines (Brayton power cycle) substantially enhances the electricity generation effi-
ciency and reduces the pollution emissions generated by power plants [1–6,10–15]. For
example, Saghafifar and Gadalla [2] analyzed the Maisotsenko open gas turbine power
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cycle using a detailed air saturator model and compared it with humid air gas turbine
cycles. Their results have shown that the application of the M-cycle enhances the power
plant’s performance. Chen et al. [3], using finite-time thermodynamics, demonstrated
that the open Maisotsenko–Brayton cycle outperforms the conventional open regenerated
Brayton cycle in terms of power and efficiency performances. Numerical results of the
thermodynamic assessment of applying the Maisotsenko power cycle concept in micro gas
turbines have shown that this power cycle provides the highest waste heat recovery and
highest power efficiency [5]. Zhu et al. [6] analyzed the bio-fueled Maisotsenko combustion
turbine cycle and found an essential improvement in the exergy efficiency. Moreover, a
detailed thermodynamic and economic analysis of utilizing M-cycle cooling technology in
the conventional combined Brayton–Rankine power cycles demonstrated that it enhanced
thermal efficiency by 6% and reduced the electricity cost by 3.8 USD/MWh [16]. Both
high-temperature and low-temperature MC-HMXs are needed for enhancing efficiency in
power generation. Application of the low-temperature MC-HMXs operating in a tempera-
ture range of the conventional air conditioners (<45 ◦C) have been recently reported in [9],
indicating that some MC-HMXs developed in the field of M-cycle air-conditioning can be
used for improving efficiency in power generation. The field of M-cycle air-conditioning
has been in-depth discussed in a number of reviews [1,15,17–19]. However, the practical
implementations of the high-temperature MC-HMXs remain unrealized due to the absence
of multifunctional materials with efficient wicking and evaporative functionalities at high-
temperature airflows, which are needed for the fabrication of wet channels. The creation
of this class of materials is a challenging scientific problem that requires an extremely
strong capillary action to replenish a large amount of evaporated water under hot airflow
conditions. The material should also provide high interfacial evaporation efficiency. In
the past, geometrically structured materials for enhancing water transport and interfacial
evaporation have been actively studied for a large variety of hierarchical nano-/microscale
structural geometries under still ambient air conditions [20–25]. However, a very limited
number of works have studied the issues of interfacial evaporation from geometrically
structured materials and their wicking performance in the presence of airflow [26–28].
At present, these issues remain poorly explored and understood, making the creation of
materials for high-temperature M-cycle technologies a difficult task.

Herein, we created a multifunctional material with efficient wicking and evaporative
functionalities by mimicking biological materials, where these functionalities are provided
through hierarchical surface nano-/microstructures [29,30]. To fabricate the hierarchi-
cal surface nano-/microstructures, we used a femtosecond laser nano-/microstructuring
method that has been demonstrated to be a powerful tool in fabricating a large variety of
hierarchical nano-/microstructures [31–40]. We used this method because several unique
monofunctional superwicking materials have been produced previously using femtosecond
laser processing, demonstrating the great potential of this method [41–45]. The hierarchical
surface nano-/microstructure developed in our work is an array of nanostructured mi-
crogrooves fabricated on the surface of a Ti-6Al-4V alloy substrate. Our choice of Ti-6Al-4V
alloy is based on a previous study that shows the long-term stability of this alloy at high
temperatures [46]. The created hierarchical surface structure demonstrates an extremely
strong wicking action even under airflows with a temperature of 120 ◦C, velocity of 14 m/s,
and humidity of 1%. Our research on evaporative functionality shows that the evapora-
tion rate of the developed material is up to seven times higher than that of a free-water
surface in a pool. The created multifunctional material demonstrates long-lasting wicking
and evaporative functionalities that are resistant to degradation under high-temperature
airflows, indicating its suitability for practical energy-related applications.

2. Experimental Techniques

The femtosecond laser setup for processing the Ti-6Al-4V samples is similar to that
described in detail in [46,47]. Briefly, we used a laser system Astrella (Coherent Inc., Santa
Clara, CA, USA) that generates 86 fs pulses with an energy of 7.13 mJ/pulse at a maximum
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repetition rate of 1 kHz and with a central wavelength of 800 nm. The sample is mounted on
a computer-controlled XY translation stage. A lens with a focal distance of 150 mm focuses
the horizontally polarized laser beam onto the sample at a normal angle of incidence. A
half-wave plate and polarizing beam-splitter cube are utilized to vary the laser power. A
non-polarizing beam-splitter and power meter are used to measure the laser power. The
array of the parallel microgrooves is produced by raster scanning the sample across the
laser beam. The Ti-6Al-4V alloy plates were purchased from Goodfellow (Shanghai, China).
Before laser processing, the received plates were cleaned in an ultrasonic cleaner with
distilled water at 40 ◦C. In our study, the array of nanotextured microgrooves is fabricated
using a laser fluence of 5.1 J/cm2. The step between the scanning lines is 80 µm, the pulse
repetition rate is 1000 Hz, and the scanning speed is 0.9 mm/s. The laser processing was
performed in air at a temperature of 23 ◦C and relative humidity of 50%. The dimensions
of the laser-treated area were 20 × 45 mm2. The morphology of the fabricated wicking
structure was studied using a scanning electron microscope (SEM) Sigma 300 (Zeiss, Jena,
Germany) and a 3D laser scanning microscope VK-X1100 (Keyence, Itasca, IL, USA). The
elemental composition of the sample surface before and after laser processing was examined
using energy dispersive X-ray spectroscopy (EDS) using a Brucker XFlash 6/30 detector
(Brucker, Karlsruhe, Germany).

To characterize the wetting properties of the untreated and treated sample surfaces,
we measure their water contact angle using an OSA 200 system (Ningbo NB Scientific
Instruments, Ningbo, China). These measurements show the contact angle of 56◦ and ≈ 0◦

before and after laser processing, respectively. The wicking functionality was studied in
static ambient air and under conditions of airflow. To study the wicking functionality under
static air, we investigated the dynamics of water capillary flow on a vertically positioned
sample using a water supply from a reservoir (Figure 1). Water spreading was captured
with a high-speed VEO 710L Phantom camera (Vision Reserch Inc., Wayne, NJ, USA) at
a speed of 1000 frames per second. The lens used for video recording was a Tokina AT-X
M100 PRO D Macro. The sample was gently brought into contact with the water surface
by translating the water reservoir vertically using a micrometer-driven linear translation
stage. The experiments on the wicking functionality in the static air were performed at
an ambient temperature of 23 ± 0.3 ◦C and relative humidity of 50 ± 2.4%. The wicking
functionality under the conditions of airflow was studied using the wind tunnel setup
shown in Figure 2a,b, where we measured the water rise height at various airflow velocities,
temperatures, and humidities.

Evaporative functionality was studied by measuring the water evaporation rate using
the wind tunnel setup shown in Figure 2. The airflow in the wind tunnel is produced by a
fan. The inner cross-section dimensions of the wind tunnel are 1.25 × 2.5 cm2. A heater is
utilized to produce hot airflows. The airflow velocity and temperature are varied using
controllers. In our experiments, the airflow relative humidity changes with increasing
airflow temperature. Therefore, we monitored the relative humidity (HR) in the wind
tunnel using a sensor. The airflow velocity, temperature, and RH were measured by using
a hot-film anemometer AR866A (SmartSensor Electronic Inc., China), thermocouple 5TC-
TT-K-30-36 (Omega, Norwalk, CT, USA), and humidity sensor HMP7 (Vaisala, Helsinki,
Finland), respectively. The bottom part of the sample was immersed in a water reservoir.
Owing to capillary pumping of the nano-/microstructured surface, the water runs vertically
uphill, wetting the entire structured surface inside the wind tunnel. The surface area of
the wet sample surface exposed to airflow was 5 cm2 (2 × 2.5 cm2). The experiments were
performed for two sample positions (central and side) in the wind tunnel. Figure 2a shows
the central sample position, where both sides of the sample are exposed to airflow. The side
sample position is demonstrated in Figure 2b, where the sample is mounted as a part of a
vertical wall in the wind tunnel. In this sample location, the wet sample surface is inside
the wind tunnel, whereas its back side is in the ambient laboratory air. The evaporation
rate was studied under airflow velocities between 0.5 and 14.1 m/s. The range of the
Reynolds numbers is 500 < Re < 1.8 × 104, covering both laminar (Re < 2300), transitional
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(2300 < Re < 4000), and turbulent (Re > 4000) airflow regimes. The range of studied airflow
temperatures is 23–120 ◦C, and the range of RHs is 1–50%. We find the evaporation rate Rs
using the following equation:

Rs =
∆m
At

(1)

where ∆m is the measured mass change of the water reservoir after running the fan for a
known time t, and A is the wet surface area exposed to the airflow in the wind tunnel. The
measurement of m is performed using an analytical balance AP135W (Shimadzu, Japan)
with an accuracy of 0.01 mg. For comparison, we also measured the evaporation rate Rfs
from a free surface of bulk water in a reservoir using the wind tunnel configuration shown
in Figure 2c. In our wind tunnel experiments, the increase in airflow temperature causes
RH to decrease. The plot of RH as a function of temperature is presented in Figure 2d.
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3. Results and Discussion
3.1. Characterization of Surface Structure

The 3D optical image in Figure 3a demonstrates the overall view of the produced
array of parallel microgrooves. The average depth and period of the microgrooves are
76 and 80 µm, respectively. A comparison of the elemental composition of the samples
before and after the femtosecond laser treatment demonstrates an essential increase in
the oxygen content after femtosecond laser processing (see Figure 3b) due to the effect
of femtosecond laser-induced oxidation [46,48,49]. This oxidation effect is the result of
laser heating the surface of an irradiated material to a temperature substantially above
the melting point, thereby activating chemical reactions between the material surface and
oxygen in air. Previously, it has been found that femtosecond laser-induced oxidation
of titanium results in the formation of a highly stable surface layer of nanostructured
amorphous titanium dioxide (TiO2) [49]. Furthermore, titanium dioxide is known as a very
good superhydrophilic material [50]. Therefore, the oxidation of our sample during laser
processing is favorable for improving the sample performance in terms of wicking and
its long-term stability. The SEM images in Figure 3c–g show the nano-/microstructural
textures on the surface of the ridges and valleys of the microgrooves. The surface of
the ridges, valleys, and microgroove walls are extensively textured with random fine
microholes and microprotrusions in a wide variety of geometrical shapes and dimensions
in a range of about 2–13 µm (Figure 3c–e). The formation of microholes is the result of the
keyhole effect that usually occurs in multipulse femtosecond laser ablation at moderate
and high laser fluences [41]. The surface texture of the microgrooves also includes areas of
laser-induced periodic surface structures (LIPSS). The LIPSS patches are mostly produced
on the bottom of the valleys and, to a lesser extent, on the ridges (Figure 3c–e). The LIPSS
or surface ripples are induced through a surface plasmon polariton mechanism or some
self-organization process during the laser ablation of the materials [32,40,51]. In our surface
structure, the LIPSS are observed in a large variety of morphologies (see Figure 3c,e,g). The
SEM images in Figure 3f,g show a wide variety of nanostructures of various geometries
and dimensions. The smallest size of the nanostructures is about 9 nm (Figure 3g). Thus,
the produced wicking structure is a highly hierarchical one, where the dimensions of
the surface structures are in a range between 9 nm and 80 µm, covering four orders of
magnitude in length scales.

3.2. Characterization of Wicking Functionality

The wicking dynamics of a liquid in a capillary medium undergo several capillary
flow regimes described by a general scaling law h ∝ tn, where h is the spreading distance of
the liquid, t is the time, and 2 ≥ n ≥ 0.1 [47,52–58]. The most studied regime is the classical
Washburn capillary flow given by the h ∝ t1/2 scaling law [41,42,54,55,59,60], which is
observed in an extremely large variety of capillary media and considered to be a universal
law of capillary flow. The Washburn h ∝ t1/2 dynamics relates to a steady liquid flow when
the capillary force is balanced by a viscous force and the effect of gravity is negligible. The
Washburn capillary flow in smooth V-microgrooves is written as follows [54]:

h2 = K(ϕ, θ)[γH/µ]t (2)

where θ is the contact angle, γ and µ are the surface tension and viscosity of the liq-
uid, H is the groove depth, and K(ϕ,θ) is the geometry term, with ϕ being the groove
angle. After the Washburn stage, the flow regimes follow the h ∝ tn scaling law with
0.5 > n ≥ 0.1 [56,58,61–63], among which the h ∝ t1/3 regime [56,58] is commonly observed
after the termination of the Washburn flow. The h ∝ t1/3 dynamics in an array of V-
microgrooves is given by [56] as follows:

h(t) ≈
(

γ2cos2θ

µρg
t
)1/3

(3)
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where ρ is the density of liquid and g is the gravitational acceleration. Besides the arrays of
microgrooves [56,58], h ∝ t1/3 capillary flow is also observed in micropillar arrays [61] and
corners [64]. The h ∝ t1/3 spreading dynamics occurs when the capillary force is balanced
by viscous and gravitational drags [61]. The time domains of the h ∝ t1/2 and h ∝ t1/3

regimes constitute a significant part of the entire capillary flow. Therefore, we characterize
the wicking performance of our sample with a focus on these capillary flow regimes.
Our data on the wicking performance in static air at room temperature are presented in
Figure 4a–c. As the bottom edge of the microgroove array touches the surface of the water
in the reservoir, water rapidly runs vertically uphill due to capillary pumping. Figure 4a
shows a sequence of water rise snapshots on the vertically positioned sample. It can be
seen that the spreading distance reaches a height of 22.2 mm at 985 ms, demonstrating good
wicking functionality. The spreading distance reaches 44 mm at 11,623 ms. The plot of the
spreading distance as a function of time is presented in Figure 4b, where the time domains
of the h ∝ t1/2 and h ∝ t1/3 capillary flow regimes are indicated. These time domains were
identified by a linear fit of the h(t1/2) and h(t1/3) dependences, as shown in Figure 4c,d,
respectively. The h ∝ t1/2 regime is observed between 478 and 2,214 ms. At the end of the
h ∝ t1/2 regime, the water rises to a height of 28.5 mm. The time domain of the h ∝ t1/3

regime is identified between 3223 and 6862 ms. The water spreading distance at the end of
the h ∝ t1/3 regime reaches 39.6 mm. Thus, there is a transition between the h ∝ t1/2 and
h ∝ t1/3 regimes, which takes place between 2214 and 3223 ms. After the h ∝ t1/3 regime,
water continues to rise and reaches the top edge of the laser-treated area at 12,743 ms
(see Figure 4b). As seen from the presented data, the created material demonstrates good
capillary pumping functionality.

Figure 4e,f shows the results of the wicking functionality obtained from the wind
tunnel experiments under various airflow velocities, temperatures, and humidities. In
these experiments, the height of the laser-treated sample area exposed to the airflow in
the wind tunnel is 25 mm. The distance between the sample’s bottom edge inside the
wind tunnel and the water level in the container is 10 mm. Figure 4e shows the spreading
height of the wet area in the wind tunnel as a function of airflow velocity at various
temperatures and humidities for the central location of the sample, where the wet side
of the sample and its dry back side are both exposed to airflow (see Section 2). It can be
seen that the entire laser-treated area remains wet when the airflow velocity increases from
0.5 m/s to 14 m/s in a temperature range of 23–60 ◦C. Due to evaporation, the spreading
height of the wet area begins to decrease at v = 9.5 m/s and T = 80 ◦C, remaining high
(24.2 mm) even at v = 14.2 m/s. At T = 140 ◦C, the spreading height of the wet area starts
to decrease at v = 3.5 m/s, reducing to 18.8 mm at v = 12.5 m/s. As seen in Figure 4d,
the wicking action is so efficient that half of the laser-treated area remains wet even at
T = 200 ◦C, v = 12.5 m/s, and RH < 1%. At the side location of the sample (Figure 4e), the
laser-treated area remains completely wet when the airflow velocity increases from 0.5 m/s
to 14.1 m/s in a temperature range of 23–120 ◦C. The spreading height begins to descend
at T = 140 ◦C and v ≈ 14 m/s. Figure 4e shows that the sample remains completely wet
even in a velocity range of 0.5–6 m/s at T = 200 ◦C. Thus, our wind tunnel experiments
demonstrate the excellent wicking performance of the created material under the conditions
of high-temperature airflows.
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Figure 4. The overall dynamics of the water capillary rise on the laser-treated sample surface.
(a) Snapshots of water rise on the surface of vertically standing sample. (b) Spreading distance as a
function of time. (c) Spreading distance as a function of t1/2. (d) Spreading distance as a function
of t1/3. (e) Spreading height of the wet area at central location of the sample in the wind tunnel as
a function of airflow velocity at various temperatures and humidities. (f) Spreading height of the
wet area at side location of the sample in the wind tunnel as a function of airflow velocity at various
temperatures and humidities.
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3.3. Characterization of Evaporative Functionality

A challenging problem in the implementation of M-cycle technologies is the creation
of materials that are capable of retaining their efficient evaporative functionalities under
conditions of airflow without the formation of dry-out spots. This issue is especially
important in the development of high-temperature M-cycle heat and mass exchangers
for power generation applications [1–9] where the air/gas flow temperature is above
100 ◦C. Here, we investigated the evaporative functionality under various airflow velocities
(0.5–14.1 m/s) and temperatures (23–120 ◦C) using the experimental setup presented in
Figure 2. The measured evaporation rates Rs as a function of airflow velocity v at various
airflow temperatures T for both the central and side locations of the sample in the wind
tunnel are presented in Figure 5a,b, respectively. These plots show significant enhancements
in the evaporation rate with increasing v and T. The aggregated effect of temperature and
humidity on the evaporation rate is demonstrated in Figure 5c,d, where the plots of Rs, Rfs,
and ξ = Rs/Rfs as a function of temperature at a fixed airflow velocity of 2 m/s are shown.
It is seen in Figure 5c that both Rs and Rfs essentially rise with increasing temperature
and reducing RH. Our important finding is that the evaporation rate of the sample is
higher than that for the free water surface by a factor of about 2–7 in the studied ranges of
temperature and RH at a fixed airflow velocity of 2 m/s (Figure 5d).
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Figure 5. Wind tunnel experiments on wicking and evaporative functionalities under airflow con-
ditions. (a) Evaporation rate Rs of the sample as a function of airflow velocity at various airflow
temperatures for central sample location. (b) Evaporation rate Rs of the sample as a function of
airflow velocity at various airflow temperatures for side sample location. (c) Evaporation rates of
the sample and surface of the water in a container as a function of temperature at airflow velocity of
2 m/s. (d) Evaporation rate ratio ξ = Rs/Rfs as a function of temperature at airflow velocity of 2 m/s.
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The general trends in the observed evaporation rate behaviors can be explained within
the framework of classical thermodynamics. It is known that the evaporation rate Rev from
a water surface is written as follows [65]:

Rev =
(Pvs − Pva)

rBL
(4)

where Pvs is the saturated vapor pressure, Pva is the actual vapor pressure, and rBL is
the resistance of the boundary layer to the vapor flow. The water vapor pressures Pvs
and Pva are related by the equation Pva = RH × Pvs. Therefore, the drier the air, the
higher the evaporation rate. The pressure Pvs exponentially increases with temperature as
follows [65,66]:

Pvs(T) = 0.61e
17.27T

T+237.3 (5)

The resistance of the boundary layer rBL in Equation (4) is expressed as rBL = δ/D, with
δ being the thickness of the boundary layer at the air–water interface and D = 2.23 × 10−5

[(T + 273.15)/273.15] being the vapor diffusion coefficient [65]. Therefore, the evaporation
rate significantly increases with the increase in air temperature through Pvs(T) and D(T)
dependences. The thickness of the boundary layer δ is expressed as δ = ava

−0.5, where
va denotes the wind velocity at the top of the boundary layer, with a = 3.9 and 2.26 for
laminar and turbulent airflows, respectively [64]. The breaking of the bonds between the
water molecules at the air–water interface is driven by the thermal energy of the water.
Therefore, the hot airflow can also enhance evaporation by the heating of water at the
air–water interface. As seen in Figure 5d, the evaporation rate of the created material
essentially exceeds that of the free water surface. This important observation can be
explained by evaporation enhancement due to water confinement within the surface
nano-/microstructures of the sample [67,68]. In our experiments performed at the vertical
orientation of the sample, water spreads within the microgrooves due to the formation of
menisci that curve the water surface, resulting in an increase in the actual water surface
area and, as a consequence, in an enhancement of the evaporation rate. At dry airflows
with a high velocity and temperature, due to intensive evaporation, the water film can
become confined only in the capillary fine micro- and nanostructures on the surface of
the microgrooves, giving rise to other structural effects on evaporation dynamics, such as
modification of interfacial thermal transport, reduction in enthalpy of evaporation, and
others [20–25].

At present, the materials used in M-cycle HMXs include various types of porous
polymers, fabrics, papers, ceramics, metals, and others [69–73]. Recently, these materials
have been reviewed in [69,74]. The basic material parameter studied in the previous works
is the wicking height that was investigated in still ambient air at room temperature. The
study of eight wicking materials for evaporative air coolers by Pandelidis et al. [69] shows
that the wicking height of the studied materials is in a range between 20 and 80 mm after
60 s. Our data in Figure 4a show that the wicking height reaches 44 mm after 11.6 s,
demonstrating a very good wicking performance. Available data on the evaporation rate
from the porous media, which are suitable for the comparison with our results, show that
the evaporation rate of our sample is higher. For example, the evaporation rate of a porous
medium composed of dispersed silica rounded particles with a diameter of 520 µm is
5.2 µg cm2 s (T = 22 ◦C, v = 0.5 m/s, and RH ≈ 10%) [75], while the evaporation rate of our
sample is 13.5 µg cm2 s (T = 23 ◦C, v = 0.5 m/s, and RH ≈ 50%).

To summarize, the created material demonstrates unique wicking and enhanced
evaporative functionalities under a wide range of airflow temperatures, velocities, and
humidities. Furthermore, our water spreading and evaporation rate measurements re-
peated 6 months after laser processing of the sample exhibited negligible performance
degradation of the created material, demonstrating its practical applicability. It is important
to note, that advanced industrial laser systems provide currently processing rates up to
1 m2 s−1, thus enabling mass production of multifunctional metal, semiconductors, glasses,
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and polymer materials [32]. Although there is a general consensus that femtosecond
lasers outperform other lasers in terms of nanostructuring capability and controllabil-
ity [31,39,40,76], less expensive picosecond and nanosecond lasers can be also used for sur-
face nano/microstructuring [77–79]. Low-cost mass production of nano/microstructured
polymer and other soft materials for low-temperature HMXs can be also implemented
using nanoimprinting technology, where a femtosecond laser is utilized for producing a
mold and then the nano/microstructures fabricated on the mold are replicated on a soft
material [80,81].

4. Conclusions

In this work, a multifunctional material with efficient wicking and evaporative func-
tionalities was developed by using hierarchical surface nano-/microstructuring using a
femtosecond laser. The created hierarchical nano-/microstructure spans four orders of
magnitude in length scales. Due to this feature, the created material exhibits unique mul-
tifunctional performance. Our experiments in the wind tunnel demonstrated the good
wicking and evaporative functionalities of the sample under conditions of airflows with
high temperatures and velocities. The important finding of our work is the significantly
enhanced evaporation rate of the created material compared to the free water surface. The
obtained results provide a platform for the practical implementation of M-cycle technolo-
gies for increasing power generation efficiency [1–9], thermal management [21,23,24], and
other evaporation-based technologies [82,83]. The developed multifunctional material
demonstrates long-lasting wicking and evaporative functionalities that are resistant to
degradation under high-temperature airflows, making it suitable for practical applications.

Author Contributions: Conceptualization, R.F. and A.Y.V.; preparation of samples, R.F., Z.P. and J.Z.;
data analysis, Z.P., J.Z., X.W., C.Y. and L.D.; funding acquisition, R.F. and R.L.; writing—original draft
preparation, R.F. and A.Y.V.; writing—review and editing, R.F., A.Y.V., X.W. and R.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Key Project of Science and Technology Research Program
of Chongqing Municipal Education Commission of China (KJZD-K202100605), by the Chongqing
Natural Science Foundation (cstc2021jcyj-msxmX0915, cstc2019jcyj-msxmX0737), by the High-end
Foreign Experts Recruitment Program (G2021035003L), by the National Natural Science Foundation
of China (52075063), by the Cooperation Project between Universities in Chongqing and Institutes
affiliated with the Chinese Academy of Sciences (HZ2021018), and by the Innovation Research Group
of Universities in Chongqing (CXQT20016).

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mahmood, M.H.; Sultan, M.; Miyazaki, T.; Koyama, S.; Maisotsenko, V.S. Overview of the Maisotsenko cycle–A way towards

dew point evaporative cooling. Renew. Sustain. Energy Rev. 2016, 66, 537–555. [CrossRef]
2. Saghafifar, M.; Gadalla, M. Analysis of Maisotsenko open gas turbine power cycle with a detailed air saturator model. Appl.

Energy 2015, 149, 338–353. [CrossRef]
3. Chen, L.; Shen, J.; Ge, Y.; Wu, Z.; Wang, W.; Zhu, F.; Feng, H. Power and efficiency optimization of open Maisotsenko-Brayton

cycle and performance comparison with traditional open regenerated Brayton cycle. Energy Convers. Manag. 2020, 217, 113001.
[CrossRef]

4. Tariq, R.; Sheikh, N.A. Numerical heat transfer analysis of Maisotsenko humid air bottoming cycle–A study towards the
optimization of the air-water mixture at bottoming turbine inlet. Appl. Therm. Eng. 2018, 133, 49–60. [CrossRef]

5. De Paepe, W.; Pappa, A.; Carrero, M.M.; Bricteux, L.; Contino, F. Reducing waste heat to the minimum: Thermodynamic
assessment of the M-power cycle concept applied to micro gas turbines. Appl. Energy 2020, 279, 115898. [CrossRef]

6. Zhu, G.; Chow, T.T.; Lee, C.K. Performance analysis of biogas-fueled Maisotsenko combustion turbine cycle. Appl. Therm. Eng.
2021, 195, 117247. [CrossRef]

7. Ma, X.; Zhao, X.; Zhang, Y.; Liu, K.; Yang, H.; Li, J.; Akhlaghi, Y.G.; Liu, H.; Han, Z.; Liu, Z. Combined Rankine cycle and dew
point cooler for energy efficient power generation of the power plants-A review and perspective study. Energy 2022, 238, 121688.
[CrossRef]

http://doi.org/10.1016/j.rser.2016.08.022
http://doi.org/10.1016/j.apenergy.2015.03.099
http://doi.org/10.1016/j.enconman.2020.113001
http://doi.org/10.1016/j.applthermaleng.2018.01.024
http://doi.org/10.1016/j.apenergy.2020.115898
http://doi.org/10.1016/j.applthermaleng.2021.117247
http://doi.org/10.1016/j.energy.2021.121688


Nanomaterials 2023, 13, 218 12 of 14

8. Pandelidis, D. Numerical study and performance evaluation of the Maisotsenko cycle cooling tower. Energy Convers. Manag.
2020, 210, 112735. [CrossRef]

9. Fan, X.; Lu, X.; Nie, H.; Zhu, H.; Wang, Q.; Kang, Y.; Liu, S.; Zheng, X.; Liu, Z.; Zhang, Y.; et al. An experimental study of a novel
dew point evaporative cooling tower based on M-cycle. Appl. Therm. Eng. 2021, 190, 116839. [CrossRef]

10. Saghafifar, M.; Gadalla, M. A critical assessment of thermo-economic analyses of different air bottoming cycles for waste heat
recovery. Int. J. Energy Res. 2019, 43, 1315–1341. [CrossRef]

11. Sadighi Dizaji, H.; Hu, E.J.; Chen, L.; Pourhedayat, S. Using novel integrated Maisotsenko cooler and absorption chiller for
cooling of gas turbine inlet air. Energy Convers. Manag. 2019, 195, 1067–1078. [CrossRef]

12. Sohani, A.; Farasati, Y.; Sayyaadi, H. A systematic approach to find the best road map for enhancement of a power plant with
dew point inlet air pre-cooling of the air compressor. Energy Convers. Manag. 2017, 150, 463–484. [CrossRef]

13. Zhu, G.; Chow, T.T.; Fong, K.F.; Lee, C.K.; Luo, X.J. Design optimisation and performance appraisal of a combined cooling, heating
and power system primed with Maisotsenko combustion turbine cycle. Energy Convers. Manag. 2018, 177, 91–106. [CrossRef]

14. Pandelidis, D.; Pacak, A.; Anisimov, S. Energy saving potential by using Maisotsenko-cycle in different applications. Int. J. Earth
Environ Sci. 2018, 3, 159. [CrossRef]

15. Taler, J.; Jagiela, B.; Jaremkiewicz, M. Overview of the M-cycle technology for air conditioning and cooling applications. Energies
2022, 15, 1814. [CrossRef]

16. Omar, A.; Saghafifar, M.; Gadalla, M. Thermo-economic analysis of air saturator integration in conventional combined power
cycles. Appl. Therm. Eng. 2016, 107, 1104–1122. [CrossRef]

17. Pacak, A.; Worek, W. Review of dew point evaporative cooling technology for air conditioning applications. Appl. Sci. 2021,
11, 934. [CrossRef]

18. Duan, Z.; Zhan, C.; Zhang, X.; Mustafa, M.; Zhao, X.; Alimohammadisagvand, B.; Hasan, A. Indirect evaporative cooling: Past,
present and future potentials. Renew. Sustain. Energy Rev. 2012, 16, 6823–6850. [CrossRef]

19. Zhan, C.; Duan, Z.; Zhao, X.; Smith, S.; Jin, H.; Riffat, S. Comparative study of the performance of the M-cycle counter-flow and
cross-flow heat exchangers for indirect evaporative cooling–Paving the path toward sustainable cooling of buildings. Energy 2011,
36, 6790–6805. [CrossRef]

20. Davoodabadi, A.; Ghasemi, H. Evaporation in nano/molecular materials. Adv. Colloid Interface Sci. 2021, 290, 102385. [CrossRef]
21. Farokhnia, N.; Irajizad, P.; Sajadi, S.M.; Ghasemi, H. Rational micro/nanostructuring for thin-film evaporation. J. Phys. Chem. C

2016, 120, 8742–8750. [CrossRef]
22. Li, Y.; Alibakhshi, M.; Zhao, Y.; Duan, C. Exploring ultimate water capillary evaporation in nanoscale conduits. Nano Lett. 2017,

17, 4813–4819. [CrossRef] [PubMed]
23. Nahar, M.M.; Ma, B.; Guye, K.; Chau, Q.H.; Padilla, J.; Iyengar, M.; Agonafer, D. Review article: Microscale evaporative cooling

technologies for high heat flux microelectronics devices: Background and recent advances. Appl. Therm. Eng. 2021, 194, 117109.
[CrossRef]

24. Wilke, K.L.; Barabadi, B.; Lu, Z.; Zhang, T.; Wang, E.N. Parametric study of thin film evaporation from nanoporous membranes.
Appl. Phys. Lett. 2017, 111, 171603. [CrossRef]

25. Xu, Z.; Li, Z.; Jiang, Y.; Xu, G.; Zhu, M.; Law, W.-C.; Yong, K.-T.; Wang, Y.; Yang, C.; Dong, B.; et al. Recent advances in solar-driven
evaporation systems. J. Mater. Chem. A 2020, 8, 25571–25600. [CrossRef]

26. Han, D.-D.; Chen, Z.-D.; Li, J.-C.; Mao, J.-W.; Jiao, Z.-Z.; Wang, W.; Zhang, W.; Zhang, Y.-L.; Sun, H.-B. Airflow enhanced
solar evaporation based on janus graphene membranes with stable interfacial floatability. ACS Appl. Mater. Interfaces 2020, 12,
25435–25443. [CrossRef]

27. Liu, F.; Zhao, B.; Wu, W.; Yang, H.; Ning, Y.; Lai, Y.; Bradley, R. Low cost, robust, environmentally friendly geopolymer–
mesoporous carbon composites for efficient solar powered steam generation. Adv. Funct. Mater. 2018, 28, 1803266. [CrossRef]

28. Zhong, J.; Huang, C.; Wu, D.; Lin, Z. Influence factors of the evaporation rate of a solar steam generation system: A numerical
study. Int. J. Heat Mass Transfer. 2019, 128, 860–864. [CrossRef]

29. Koch, K.; Barthlott, W. Superhydrophobic and superhydrophilic plant surfaces: An inspiration for biomimetic materials. Phil.
Trans. R. Soc. A 2009, 367, 1487–1509. [CrossRef]

30. Koch, K.; Bhushan, B.; Barthlott, W. Multifunctional surface structures of plants: An inspiration for biomimetics. Prog. Mater. Sci.
2009, 54, 137–178. [CrossRef]

31. Ahmmed, K.M.; Grambow, C.; Kietzig, A.M. Fabrication of micro/nano structures on metals by femtosecond laser micromachin-
ing. Micromachines 2014, 5, 1219–1253. [CrossRef]

32. Bonse, J.; Gräf, S. Maxwell meets marangoni—A review of theories on laser-induced periodic surface structures. Laser Photonics
Rev. 2020, 14, 2000215. [CrossRef]

33. Cheng, J.; Liu, C.S.; Shang, S.; Liu, D.; Perrie, W.; Dearden, G.; Watkins, K. A review of ultrafast laser materials micromachining.
Opt. Laser Technol. 2013, 46, 88–102. [CrossRef]

34. Fang, R.; Vorobyev, A.; Guo, C. Direct visualization of the complete evolution of femtosecond laser-induced surface structural
dynamics of metals. Light Sci. Appl. 2017, 6, e16256. [CrossRef]

35. Gattass, R.R.; Mazur, E. Femtosecond laser micromachining in transparent materials. Nat. Photonics 2008, 2, 219–225. [CrossRef]
36. Povarnitsyn, M.E.; Fokin, V.B.; Levashov, P.R.; Itina, T.E. Molecular dynamics simulation of subpicosecond double-pulse laser

ablation of metals. Phys. Rev. B 2015, 92, 174104. [CrossRef]

http://doi.org/10.1016/j.enconman.2020.112735
http://doi.org/10.1016/j.applthermaleng.2021.116839
http://doi.org/10.1002/er.4243
http://doi.org/10.1016/j.enconman.2019.05.064
http://doi.org/10.1016/j.enconman.2017.08.028
http://doi.org/10.1016/j.enconman.2018.09.048
http://doi.org/10.15344/2456-351X/2018/159
http://doi.org/10.3390/en15051814
http://doi.org/10.1016/j.applthermaleng.2016.06.181
http://doi.org/10.3390/app11030934
http://doi.org/10.1016/j.rser.2012.07.007
http://doi.org/10.1016/j.energy.2011.10.019
http://doi.org/10.1016/j.cis.2021.102385
http://doi.org/10.1021/acs.jpcc.6b01362
http://doi.org/10.1021/acs.nanolett.7b01620
http://www.ncbi.nlm.nih.gov/pubmed/28719216
http://doi.org/10.1016/j.applthermaleng.2021.117109
http://doi.org/10.1063/1.4997945
http://doi.org/10.1039/D0TA08869B
http://doi.org/10.1021/acsami.0c05401
http://doi.org/10.1002/adfm.201803266
http://doi.org/10.1016/j.ijheatmasstransfer.2018.09.079
http://doi.org/10.1098/rsta.2009.0022
http://doi.org/10.1016/j.pmatsci.2008.07.003
http://doi.org/10.3390/mi5041219
http://doi.org/10.1002/lpor.202000215
http://doi.org/10.1016/j.optlastec.2012.06.037
http://doi.org/10.1038/lsa.2016.256
http://doi.org/10.1038/nphoton.2008.47
http://doi.org/10.1103/PhysRevB.92.174104


Nanomaterials 2023, 13, 218 13 of 14

37. Sedao, X.; Shugaev, M.V.; Wu, C.; Douillard, T.; Esnouf, C.; Maurice, C.; Reynaud, S.; Pigeon, F.; Garrelie, F.; Zhigilei, L.V.; et al.
Growth twinning and generation of high-frequency surface nanostructures in ultrafast laser-induced transient melting and
resolidification. ACS Nano 2016, 10, 6995–7007. [CrossRef]

38. Shugaev, M.V.; Wu, C.; Armbruster, O.; Naghilou, A.; Brouwer, N.; Ivanov, D.S.; Derrien, T.J.Y.; Bulgakova, N.M.; Kautek, W.;
Rethfeld, B.; et al. Fundamentals of ultrafast laser–material interaction. MRS Bull. 2016, 41, 960–968. [CrossRef]

39. Sugioka, K.; Cheng, Y. Ultrafast lasers—Reliable tools for advanced materials processing. Light Sci. Appl. 2014, 3, e149. [CrossRef]
40. Vorobyev, A.Y.; Guo, C. Direct femtosecond laser surface nano/microstructuring and its applications. Laser Photonics Rev. 2013, 7,

385–407. [CrossRef]
41. Fang, R.; Zhang, X.; Zheng, J.; Pan, Z.; Yang, C.; Deng, L.; Li, R.; Lai, C.; Yan, W.; Maisotsenko, V.S.; et al. Superwicking

functionality of femtosecond laser textured aluminum at high temperatures. Nanomaterials 2021, 11, 2964. [CrossRef] [PubMed]
42. Vorobyev, A.Y.; Guo, C. Laser turns silicon superwicking. Opt. Express 2010, 18, 6455–6460. [CrossRef] [PubMed]
43. Xie, F.; Yang, J.; Ngo, C.-V. The effect of femtosecond laser fluence and pitches between v-shaped microgrooves on the dynamics

of capillary flow. Results Phys. 2020, 19, 103606. [CrossRef] [PubMed]
44. Yin, K.; Duan, J.A.; Sun, X.; Wang, C.; Luo, Z. Formation of superwetting surface with line-patterned nanostructure on sapphire

induced by femtosecond laser. Appl. Phys. A 2015, 119, 69–74. [CrossRef]
45. Zhang, C.; Cheng, L.; Tan, B.; Chen, Z.; Zhang, W.; Liu, Z.; Peng, J. Directional liquid spreading on laser textured aluminum

surface. Microsyst. Technol. 2020, 26, 2767–2776. [CrossRef]
46. Fang, R.; Li, Z.; Zhang, X.; Zhu, X.; Zhang, H.; Li, J.; Pan, Z.; Huang, Z.; Yang, C.; Zheng, J.; et al. Spreading and drying dynamics

of water drop on hot surface of superwicking Ti-6Al-4V alloy material fabricated by femtosecond laser. Nanomaterials 2021,
11, 899. [CrossRef]

47. Fang, R.; Zhu, H.; Li, Z.; Zhu, X.; Zhang, X.; Huang, Z.; Li, K.; Yan, W.; Huang, Y.; Maisotsenko, V.S.; et al. Temperature effect on
capillary flow dynamics in 1D array of open nanotextured microchannels produced by femtosecond laser on silicon. Nanomaterials
2020, 10, 796. [CrossRef]

48. Vorobyev, A.Y.; Guo, C. Nanochemical effects in femtosecond laser ablation of metals. Appl. Phys. Lett. 2013, 102, 074107.
[CrossRef]

49. Landis, E.C.; Phillips, K.C.; Mazur, E.; Friend, C.M. Formation of nanostructured TiO2 by femtosecond laser irradiation of
titanium in O2. J. Appl. Phys. 2012, 112, 063108. [CrossRef]

50. Drelich, J.; Chibowski, E. Superhydrophilic and superwetting surfaces: Definition and mechanisms of control. Langmuir 2010, 26,
18621–18623. [CrossRef]

51. Vorobyev, A.Y.; Makin, V.S.; Guo, C. Periodic ordering of random surface nanostructures induced by femtosecond laser pulses on
metals. J. Appl. Phys. 2007, 101, 034903. [CrossRef]

52. Stange, M.; Dreyer, M.E.; Rath, H.J. Capillary driven flow in circular cylindrical tubes. Phys. Fluids 2003, 15, 2587–2601. [CrossRef]
53. Quéré, D. Inertial capillarity. Europhys. Lett. 1997, 39, 533–538. [CrossRef]
54. Rye, R.R.; Mann, J.A.; Yost, F.G. The flow of liquids in surface grooves. Langmuir 1996, 12, 555–565. [CrossRef]
55. Romero, L.A.; Yost, F.G. Flow in an open channel capillary. J. Fluid Mech. 1996, 322, 109–129. [CrossRef]
56. Deng, D.; Tang, Y.; Zeng, J.; Yang, S.; Shao, H. Characterization of capillary rise dynamics in parallel micro V-grooves. Int. J. Heat

Mass Transfer. 2014, 77, 311–320. [CrossRef]
57. Lade, R.K.; Hippchen, E.J.; Macosko, C.W.; Francis, L.F. Dynamics of capillary-driven flow in 3D printed open microchannels.

Langmuir 2017, 33, 2949–2964. [CrossRef]
58. Fang, R.; Zhu, H.; Li, Z.; Yan, W.; Zhang, X.; Zhu, X.; Maisotsenko, V.S.; Vorobyev, A.Y. Capillary Nylon 6 polymer material

produced by femtosecond laser processing. Opt. Express 2019, 27, 36066–36074. [CrossRef]
59. Washburn, E.W. The dynamics of capillary flow. Phys. Rev. 1921, 17, 273–283. [CrossRef]
60. Mai, T.T.; Lai, C.Q.; Zheng, H.; Balasubramanian, K.; Leong, K.C.; Lee, P.S.; Lee, C.; Choi, W.K. Dynamics of wicking in silicon

nanopillars fabricated with interference lithography and metal-assisted chemical etching. Langmuir 2012, 28, 11465–11471.
[CrossRef]

61. Obara, N.; Okumura, K. Imbibition of a textured surface decorated by short pillars with rounded edges. Phys. Rev. E 2012,
86, 020601. [CrossRef] [PubMed]

62. Tani, M.; Kawano, R.; Kamiya, K.; Okumura, K. Towards combinatorial mixing devices without any pumps by open-capillary
channels: Fundamentals and applications. Sci. Rep. 2015, 5, 10263. [CrossRef] [PubMed]

63. Huang, W.; Liu, Q.; Li, Y. Capillary filling flows inside patterned-surface microchannels. Chem. Eng. Technol. 2006, 29, 716–723.
[CrossRef]

64. Ponomarenko, A.; QuÉRÉ, D.; Clanet, C. A universal law for capillary rise in corners. J. Fluid Mech. 2011, 666, 146–154. [CrossRef]
65. Ben Neriah, A.; Assouline, S.; Shavit, U.; Weisbrod, N. Impact of ambient conditions on evaporation from porous media. Water

Resour. Res. 2014, 50, 6696–6712. [CrossRef]
66. Shokri-Kuehni, S.M.S.; Norouzi Rad, M.; Webb, C.; Shokri, N. Impact of type of salt and ambient conditions on saline water

evaporation from porous media. Adv. Water Resour. 2017, 105, 154–161. [CrossRef]
67. Li, Y.; Jin, X.; Li, W.; Niu, J.; Han, X.; Yang, X.; Wang, W.; Lin, T.; Zhu, Z. Biomimetic hydrophilic foam with micro/nano-scale

porous hydrophobic surface for highly efficient solar-driven vapor generation. Sci. China Mater. 2022, 65, 1057–1067. [CrossRef]

http://doi.org/10.1021/acsnano.6b02970
http://doi.org/10.1557/mrs.2016.274
http://doi.org/10.1038/lsa.2014.30
http://doi.org/10.1002/lpor.201200017
http://doi.org/10.3390/nano11112964
http://www.ncbi.nlm.nih.gov/pubmed/34835727
http://doi.org/10.1364/OE.18.006455
http://www.ncbi.nlm.nih.gov/pubmed/20389669
http://doi.org/10.1016/j.rinp.2020.103606
http://www.ncbi.nlm.nih.gov/pubmed/33381391
http://doi.org/10.1007/s00339-014-8957-3
http://doi.org/10.1007/s00542-020-04914-6
http://doi.org/10.3390/nano11040899
http://doi.org/10.3390/nano10040796
http://doi.org/10.1063/1.4793521
http://doi.org/10.1063/1.4752276
http://doi.org/10.1021/la1039893
http://doi.org/10.1063/1.2432288
http://doi.org/10.1063/1.1596913
http://doi.org/10.1209/epl/i1997-00389-2
http://doi.org/10.1021/la9500989
http://doi.org/10.1017/S0022112096002728
http://doi.org/10.1016/j.ijheatmasstransfer.2014.05.003
http://doi.org/10.1021/acs.langmuir.6b04506
http://doi.org/10.1364/OE.27.036066
http://doi.org/10.1103/PhysRev.17.273
http://doi.org/10.1021/la302262g
http://doi.org/10.1103/PhysRevE.86.020601
http://www.ncbi.nlm.nih.gov/pubmed/23005710
http://doi.org/10.1038/srep10263
http://www.ncbi.nlm.nih.gov/pubmed/26103562
http://doi.org/10.1002/ceat.200500332
http://doi.org/10.1017/S0022112010005276
http://doi.org/10.1002/2014WR015523
http://doi.org/10.1016/j.advwatres.2017.05.004
http://doi.org/10.1007/s40843-021-1840-3


Nanomaterials 2023, 13, 218 14 of 14

68. Choi, J.; Lee, H.; Sohn, B.; Song, M.; Jeon, S. Highly efficient evaporative cooling by all-day water evaporation using hierarchically
porous biomass. Sci. Rep. 2021, 11, 16811. [CrossRef]
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