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The superhydrophobicity, controllable water adhesion, anisotropic sliding, and 
anisotropic wetting, which are four typical aspects of wettability of solid surfaces, 
have attracted much interest in fundamental researches and practical applications. 
However, how to use a simple and effective method to realize all those properties is 
still a huge challenge. Here, we present a method to realize periodic line-patterned 
polydimethylsiloxane (PDMS) surfaces by a femtosecond laser simply and efficiently. 
By adjusting the period (D) or average distance of adjacent microgrooves, the 
as-prepared surfaces can exhibit superhydrophobicity, controllable water adhesion, 
anisotropic sliding, and anisotropic wetting. We believe that these multifunctional 
surfaces have enormous potential applications in novel microfluidic devices, 
microdroplet manipulation, liquid microdroplet directional transfer, and lab-on-chips. 

 

1. Introduction 
The wettability is a very important property of solid surfaces that is governed by both 
the geometrical microstructure and the chemical composition of the surface.1-9 In 
recent years, the superhydrophobicity,10-14 controllable water adhesion,15-22 anisotropic 
sliding,23-26 and anisotropic wetting,27-33 which are four typical aspects of wettability, 
have attracted much interest because of their importance in fundamental researches, 
practical applications, and the inspired mimetic attempts. Superhydrophobic surface, 
displaying a water contact angle (CA) greater than 150°, is initially observed from 
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natural materials such as lotus leaf.34 The lotus leaf exhibiting superhydrophobicity 
with ultralow water adhesion is demonstrated as the ideal water-repellent surface. 
Water droplets on this surface can easily roll off to remove contaminants from the 
surfaces if the substrate is slightly tilted. This phenomenon is well-known as the 
self-cleaning effect.34 Such superhydrophobic surfaces have been widely used in 
many fields, for instance, in the areas of surface self-cleaning, marine coating, 
preventing the adhesion of snow, fog and raindrops to window surfaces and reducing 
flow resistance in microfluidic channels.35-41 On the contrary, a new kind of sticky 
superhydrophobic surfaces showing ultrahigh water adhesion like rose petal has 
recently been reported.42 On this surface, the CA of the water droplet is usually above 
150°, while the water droplet would be stuck and would not roll off even with the 
surface vertical or upside down. The high-adhesion superhydrophobic surfaces can 
provide some fascinating applications in manipulating liquid at the micrometer 
scale.43-45 Among these two extremely superhydrophobicity (ultralow water adhesion 
and ultrahigh water adhesion), recently, superhydrophobic surfaces with controllable 
adhesion have attracted tremendous scientific interest due to their important 
applications in many fields, such as biochemical separation, transport of 
microdroplets, tissue engineering, and microfluidic chips.15-22 

In nature, it is well known that the sliding angle (SA) values are different for a 
water droplet rolling along two vertical directions on the surface of a rice leaf, namely 
anisotropic sliding.23,46 This unique property is based on the arrangement of the 
microstructures of the rice leaf. The microscale papillas are arranged in 
one-dimensional order parallel to the leaf edge and randomly in the other directions. 
The anisotropic sliding ability is crucial for water droplets to move along the leaf 
veins and finally to the root, helping the plants to survive. As another anisotropic 
phenomenon, anisotropic wetting involves water CA variations along different 
directions, resulting in an elongated droplet.27-33 The anisotropic sliding and 
anisotropic wetting effect can find many applications in liquid manipulation for 
microfluidics and lab-on-chips.47-52 

The superhydrophobicity and anisotropic wetting are static characteristics, whereas 
the controllable water adhesion and anisotropic sliding indicate dynamic features. So 
far, many techniques have been reported to achieve those four properties, including 
self-assembly, electrospinning, polymer imprinting, plasma-treated surfaces, 
lithography, colloidal template technique, laser micromachining, and so on.1-9,53-55 For 
instance, Mazur et al. and Stratakis et al., respectively, obtained excellent 
superhydrophobic Si surface by femtosecond laser irradiation under reactive gas (SF6) 
atmosphere.12,56 These surfaces were composed of microscale conical features with 
nanoscale protrusion decoration, which could quantitatively mimic both the structure 
and the water-repellent characteristic of a natural lotus leaf. Jiang et al. prepared a 
superhydrophobic aligned polystyrene nanotube layer, and obtained a controllable 
transition between low adhesive rolling and high adhesive pinning states.15,45 Sun et al. 
achieved a kind of artificial rice leaves by combing micro/nanostructures and 
macrogrooves produced by photolithography, polydimethylsiloxane (PDMS) imprint 
lithography, and micro/nanostructure coating.23 The reproduced three-level 
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hierarchical surface successfully mimicked the anisotropic sliding ability of the rice 
leaf. Chen et al. realized anisotropic wetting property by restricting a droplet on an 
unstructured Si hydrophobic domain between two superhydrophobic strips fabricated 
by femtosecond laser.32 Although the above mentioned methods can realize various 
wettability, one or two typical aspects of wettability can be just achieved. For 
obtaining multifunctional applications, a simple way to simultaneously achieve 
superhydrophobicity, controllable water adhesion, anisotropic sliding, and anisotropic 
wetting only by adjusting a single parameter has not been reported until now. 

In this paper, we report a simple one-step method to generate a line-patterned 
structure on PDMS surface by a femtosecond laser. The microstructure can be tuned 
by adjusting the period (D) of the microgroove arrays which are generated by a 
line-by-line femtosecond laser scanning process. We systematically investigated the 
relations of the CAs and SAs along the directions parallel to and perpendicular to the 
microgrooves vs the D. The results show that the superhydrophobicity, controllable 
water adhesion, anisotropic sliding, and anisotropic wetting can be achieved by the 
femtosecond-laser-induced line-patterned surfaces with different D. Besides the 
classical principle, some new viewpoints are introduced to explain our experimental 
results, such as the point contact for self-cleaning effect, and the capillary effect in 
open microgrooves for anisotropic wetting. 
 
 

2. Experimental Section 
PDMS has many advantages to realize various wettability, such as intrinsic 
hydrophobicity, flexibility, biocompatibility, optical transparency, thermal stability 
and nontoxicity. In this experiment, the PDMS thin films were prepared from 
solidifying a 10:1 mixture (by weight) of prepolymer (DC-184A, Dow Corning 
Corporation) and curing agent (DC-184B, Dow Corning Corporation) in an oven at 
100 °C for 2 h. The thickness of the PDMS samples was about 1 mm. The microscale 
line-patterned structures were achieved by femtosecond laser scanning in air 
atmosphere on flat PDMS surfaces. The details of experimental setup and the 
scanning method were represented by our previous work.17,19,32,33,57 The PDMS 
samples were line-by-line scanned by a 50 fs regenerative amplified Ti:sapphire laser 
system (Coherent Libra-usp-he) at the center wavelength of 800 nm with a repetition 
rate of 1 kHz. The laser beam was focused with an objective lens (10×, NA = 0.30, 
Nikon) on the samples. Each sample was fabricated with a constant average power of 
30 mW (energy/pulse of 30 µJ) at a scanning speed of 4 mm/s. The period or average 
distance (D) of the adjacent microgrooves was tuned by the interval of the adjacent 
scanning lines. After laser irradiation, the as-prepared samples were cleaned by 
acetone, alcohol and deionized water in an ultrasonic bath for 10 min, respectively. 

The morphology of the as-prepared surfaces was characterized by a JEM-7000F 
scanning electron microscopy (SEM, JEOL, Japan). The 3D and cross-sectional 
profiles of the line-patterned surfaces were investigated by a LEXT-OLS4000 laser 
confocal microscope (Olympus, Japan). The contact angle and the sliding angle of a 7 
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µl water droplet on the surface were measured by a JC2000D contact-angle system 
(POWEREACH, China), using a sessile drop method. The average CA and SA values 
were obtained by measuring the same samples at least in five different positions. The 
CAs (SAs) measured perpendicular to and parallel to the direction of the 
microgrooves, respectively, defined as CA⊥ and CA∥ (SA⊥ and SA∥). The 
self-cleaning experiment was performed by placing a water droplet to roll across a 
slightly tilted structured surface (D =10 µm) which was equably strewed with graphite 
powder. The droplet transfer ability was investigated by the contact-angle system and 
a charge-coupled device (CCD) camera system to take photographs at 25 frames per 
second. 
 
 

3. Results and Discussion 
3.1 Morphology of Structured Surfaces. 
Figure 1a-c show the typical SEM images of the femtosecond laser scanned PDMS 
surfaces, which are composed of periodic microgrooves. As shown in Figure 2a, the 
width and depth of the femtosecond-laser-induced microgrooves are about 12.17 µm 
and 8.57 µm, respectively. The magnified SEM images show that the inside wall and 
out rim of the microgrooves are randomly decorated with many irregular particles 
with the size of several nanometers to nearly micrometer (inset of Figure 1a-c). The 
micro/nanoscale hierarchical rough structure was produced during femtosecond laser 
ablation. With a line-by-line scanning process, the periodic microgrooves were rapidly 
generated, forming a line-patterned structure. As the D decreases, the 
femtosecond-laser-induced microgrooves get close to each other (Figure 1a-c). When 
D is equal to or smaller than 10 µm, the basic line-patterned structure will be 
destroyed and a new kind of homogeneous rough surface will be formed due to the 
adjacent microgrooves with a strong overlap (Figure 1d). The three-dimensional (3D) 
and cross-sectional profiles of the femtosecond-laser-induced line-patterned surfaces 
were also investigated by a laser confocal scanning microscope and the results are 
shown in Figure 2. The SEM images and the 3D profiles all indicate that the 
as-prepared line-patterned surfaces are uniform and well-patterned. 
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Figure 1. SEM images of various femtosecond-laser-induced line-patterned surfaces with different period (D): (a) 

D = 40 µm; (b) D = 30 µm; (c) D = 20 µm; (d) D = 10 µm. The insets are corresponding magnified SEM images. 

 

 
Figure 2. 3D and cross-sectional profiles of the femtosecond-laser-induced line-patterned surfaces. (a) A single 

microgroove fabricated by femtosecond laser scanning at laser power of 30 mW and speed of 4 mm/s. (b-e) the 

as-prepared line-patterned surfaces with different period (D): (b) D = 40 µm; (c) D = 30 µm; (d) D = 20 µm; (e) D 

= 10 µm. 
 
3.2 Superhydrophobicity. 
The period of the line-patterned PDMS surfaces, which is the most crucial structure 
parameter, has an important effect on the water CA/SA of the as-prepared surfaces. In 
order to evaluate the relationship between the D and the surface wettability, PDMS 
surfaces with different D were selected and compared, as shown in Figure 3. When D 
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is no more than 10 µm, the femtosecond laser scanning process will produce an 
entirely uniform micro/nano hierarchical structure (Figure 1d). The value of static CA 
on this entire laser-induced surface is as high as 157.5° ± 1° (Figure 4a), even without 
any modification by materials of low surface energy. In this case, the 
superhydrophobicity can be explained by Cassie’s theory.58 The water droplet is 
suspended by the gas layer trapped at the micro- and nanoscale structures, and only 
contacts the peak of the micro/nanoscale hierarchical surface. The contact area 
between the surface and the droplet is so small that the droplet almost has no wetting 
of the space between the rough structures. When the D is larger than 10 µm, the 
as-prepared surface is an anisotropic structure, resulting in different CA values 
measured parallel to or perpendicular to the microgroove arrays. With perpendicular 
direction, for example, the CA⊥ slowly decreases from 157.5° ± 1° to 157° ± 1°, 
156.1° ± 1°, 152° ± 1°, 152° ± 2°, 151.4° ± 2° and then to 150° ± 2.5° as the D 
increases from 10 µm to 40 µm, as shown in Figure 3 and Figure 4. The decline of 
CA⊥ is caused by the decrease of the surface roughness because the fraction of flat 
non-structured domain rises with D increasing. It can be clearly seen that the 
as-prepared surfaces show superhydrophobicity with CA⊥ stabilizing above 150° 
when D is no more than 40 µm in the perpendicular direction. Similarly, the 
superhydrophobicity also can be obtained with D less than 25 µm in the parallel 
direction (Figure 3 and Figure 4(a-c)). 

 
Figure 3. Relationships between the period of the line-patterned surfaces and the CA (left)/SA (right), respectively. 
 

 
Figure 4. Images of water droplet shape in two views (perpendicular (CA⊥) to and parallel (CA∥) to the direction 
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of the microgrooves) on the surfaces with period (D) from 10 µm to 40 µm. 

 
The self-cleaning phenomenon of superhydrophobic surfaces has been the subject 

of considerable scientific interest over the past two decades.1-9 The self-cleaning 
performance of the highly superhydrophobic surface (D =10 µm) was investigated, as 
shown in Figure 5. Firstly, graphite powder as pollutant or dirt was deliberately spread 
on the slightly tilted superhydrophobic surface (Figure 5a). And then a water droplet 
was placed on the contaminated surface to roll off freely. During the sliding process, 
the contaminant powder was immediately picked up and carried away by the water 
droplet, leaving behind a clear path (Figure 5b). This experiment indicates that the 
superhydrophobic surface fabricated by a femtosecond laser has a similar 
self-cleaning effect of the lotus leaf. The generation mechanism of self-cleaning effect 
is revealed in Figure 5c. As compared with a general surface, the water droplet on a 
superhydrophobic surface shows a quasi-spherical shape. When the surface is tilted to 
a certain angle, the water droplet rolls off the surface easily and picks up foreign dirt 
particles at the same time, this is considering the fact that most dust shows relatively 
strong adherence to water in comparison to a solid surface.34 On the other hand, the 
pollutant only contacts with the peak of the micro/nanoscale hierarchical surface, 
resulting in a smaller van der Waals force between pollutant and superhydrophobic 
surface than general surface because it is a point contact, not a surface contact (Figure 
5c). The former reason is well-know, but the latter reason has been neglected. 
Moreover, such self-cleaning ability could be repeated a large number of times for the 
stability and intrinsic hydrophobicity of PDMS. 

 
Figure 5. Self-cleaning effect of the as-prepared superhydrophobic surface with D of 10 µm. (a) Graphite power 

spreading on the surface. (b) A water droplet rolling through the surface. (c) Schematic depicting the motion of a 

liquid droplet on an inclined superhydrophobic substratum covered with “dirt”. 

 

3.3 Controllable Water Adhesion. 
The water adhesion, which is an important property of a solid surface, can be 
accurately assessed by the sliding behavior of a water droplet. In the case of 
perpendicular direction, the SA⊥ increases slowly at first and the water droplet can 
move very easily with the surfaces being only slightly tilted or shaken when D is no 
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more than 10 µm. However, with the D increasing from 10 µm to 30 µm, the SA⊥ 
gradually increases from 1° ± 0° to 29.5° ± 1.5°, 48° ± 3°, 76° ± 4° and then to 90° 
that the water droplet does not slide down even when the as-prepared surface is 
vertical or turned upside down, showing a controllable water adhesion (Figure 3 and 
Movies 1~5 of the ESI). Finally, the water droplet is firmly pinned on the as-prepared 
surfaces without any movement at any tilted angles when D is greater than 30 µm. For 
the parallel direction, this controllability of water adhesion is equally valid (red 
hollow triangle in Figure 3). 

The modulation of the adhesion of these surfaces can be ascribed to the change in 
the area fraction of laser structured and non-structured domains. Based on the above, 
the femtosecond laser structured domain shows superhydrophobicity with ultralow 
water adhesion for its hierarchical rough structure. On the contrary, the droplet will 
completely wet the non-irradiated flat surface according to Young contact model.9 As 
a result, the non-structured flat PDMS shows ordinary hydrophobicity with ultrahigh 
water adhesion because large contact area results in more Van der Waals force. With 
the D increasing, the area fraction of the non-structured flat domain increases as well 
as the water adhesion or SA. 

The as-prepared surfaces with controllable adhesion have important potential 
application in the manipulation of water microdroplets/fluid. As an example, Figure 6 
shows the process of transferring a 7 µl water droplet (Movie 6 of the ESI). A water 
droplet was initially placed on a superhydrophobic surface (surface of A) with 
ultralow water adhesion (Step 1). Next, an ultrahigh adhesive superhydrophobic 
surface (surface of B) was lowered down until it contacted the water droplet (Step 2). 
By lifting the B-surface up, the water droplet was completely adhered to the B-surface 
due to the stronger water adhesive force and transferred from A-surface to B-surface 
(Step 3). Then, the B-surface was moved to another location above the C-surface 
which had higher water adhesion than A-surface (Step 4). And the B-surface was 
lowered down again until the hanging droplet contacted with the C-surface (Step 5). 
Finally, lifting the B-surface up, the water droplet was detached from B-surface and 
transferred to the C-surface (Step 6) because the adhesive force between droplet and 
B-surface was less than the resultant force of gravity of droplet and adhesive force 
between droplet and C-surface. In this way, the water droplet was moved from 
A-surface to C-surface using the B-surface. The droplet transfer ability has some 
wider applications such as drug delivery and component site-oriented release.22,59 
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Figure 6. Transfer process of a 7 µl water droplet from the A-surface to C-surface using the B-surface. Surfaces of 

A, B, and C were as-prepared line-patterned surfaces with D of 10 µm, 30 µm, and 20 µm, respectively. 

 
3.4 Anisotropic Sliding. 
To investigate the directional control of the water-sliding ability, we measured the 
perpendicular and parallel sliding angles of the line-patterned surfaces. Figure 7 
shows the time sequences of snapshots of a water droplet rolling on the as-prepared 
surface with D of 25 µm along the parallel and perpendicular directions. The 
measured SA∥ and SA⊥ are 31° ± 3° and 76° ± 5°, respectively (Movie 7 and Movie 
4 of the ESI). The sliding anisotropy (SA△ = SA⊥ − SA∥) is about 45°, which is 
greater than that of a natural rice leaf (6°). The relationship between the anisotropic 
sliding and the D of the microgrooves was systematically investigated, as shown in 
Figure 3. The measurement shows that SAs in the parallel direction were consistently 
smaller than those in the perpendicular direction in a wide range of D between 10 µm 
and 35 µm, indicating that the droplet is easier to roll along the microgrooves. 
Moreover, the obtained anisotropic sliding is controllable and the anisotropy can be 
tuned from 0° to 45° by adjusting the parameter D because the perpendicular and 
parallel SAs depend on the D. 

The anisotropic structure of microgroove arrays is the determining factor in 
anisotropic sliding ability.23-26 The sliding of a water droplet on a solid surface is 
known to be governed by the movement of the three-phase (solid-water-air) contact 
line (TCL) toward the sliding direction.21,60 For groove-like structures, the sliding 
behavior of water droplets depends on the length and continuity of the TCL on the 
surface. A continuous short TCL is preferable for a surface with an excellent 
water-shedding property.60 Figure 8 shows the shape and length of the TCL for the 
line-patterned structures. It is clearly shown that the TCL is continuous along the 
parallel direction of the surface with aligned microgrooves. However, for the 
perpendicular direction, the TCL is discontinuous, and the length of the TCL is longer 
than that along parallel direction, giving rise to more pronounced hysteresis effects. 
Therefore, the SA∥ is smaller than SA⊥, corresponding to that of the energy gap for 
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the movement of the TCL in the sliding direction. 

 
Figure 7. Time sequences of snapshots of a water droplet rolling on the as-prepared surface with D of 25 µm along 

the parallel and perpendicular directions. The as-prepared surface in (a) and (b) is tilted 31° and 76°, respectively. 

 

 
Figure 8. Schematic illustration of the three-phase contact line from the top view (cyan, flat PDMS parts; white, 

microgroove parts; circle, contact part of water and solid surface). 
 
3.5 Anisotropic Wetting. 
The contact angles along various directions are different on anisotropic 
microstructures, and the droplet shape is strongly affected by the presence of the 
oriented microfeatures.27-33 Generally, the perpendicular and parallel CAs were 
measured to characterize the anisotropy degree of the groove-like surfaces. Figure 9a 
shows the aerial view photograph of a water droplet on the as-prepared surface. The 
droplet is elongated and the contact line deviates from an ideal circle and becomes 
stretched along the microgrooves. The superficial morphology therefore induces a 
preferential liquid imbibition along the microgrooves and liquid pinning in the 
perpendicular direction. Figure 9b,c reveal the shapes of a water droplet on the 
as-prepared surface with D = 150 µm along the parallel and perpendicular directions, 
respectively. The CA∥ is 116.5° ± 2.5°, whereas the CA⊥ is 134.8° ± 2.5°. The 
measured degree of wetting anisotropy, defined as the difference of the CA values for 
the two directions CA△ = CA⊥ − CA∥, is about 18.3°. Furthermore, to explore the 
underlying mechanism of anisotropic wetting behavior, we systematically investigated 
the water droplet shapes and CAs in the perpendicular and parallel views on the 
laser-induced line-patterned surfaces with different D from 10 ~ 350 µm, as shown in 
Figure 3. Although the CA⊥ and CA∥ have similar change trends, the CA⊥ is 
consistently larger than the CA∥. Figure 9d shows the function of wetting anisotropy, 
CA△, against the period of line-patterned surfaces, D. With the D increasing, the 
CA△ initially increases because the anisotropic structure becomes more and more 
obvious. After reaching the largest value (about 18.3°), the CA△ decreases gradually 
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for flat PDMS domain becoming larger. 
From the comparison and analysis, we can deduce some main factors of forming 

anisotropic wetting phenomenon. First, many recent researches have demonstrated 
that the capillary effect in open microgrooves plays a dominant role in directional 
guiding the liquid.61-68 The water droplet may partly dive into the laser-induced 
microgrooves, and enhances the directional spreading of the water droplet along the 
grooves for the capillary action (Figure 10a). This process can be direct observed, as 
shown in Figure 10b and Movie 8 of the ESI. When the droplet contacted with the 
line-patterned surface, some air bubbles would appear between the surface and water. 
The air bubbles mainly came from the air in the microgrooves which was pushed out 
during water droplet diving into. The centre of the droplet went dark as a function of 
time, which means that the droplet became gradually thicker along parallel direction, 
that is, the droplet was elongated along the microgrooves. Second, an energy barrier 
can form between adjacent different chemical domains or morphology with different 
apparent surface free energy.29,30,32 A droplet on the laser irradiated domain is in 
unstable state, the droplet can easily roll to other place as the surface is disturbed 
slightly. On the other hand, the droplet can stick on the flat PDMS without any 
movement at any tilted angles, representing a steady state. In general, the unstable 
state means that the object is in the highest energy, whereas the steady state stands for 
a lower energy. Therefore, according to Gibbs’ criterion, the droplet needs to 
overcome the energy barrier between the flat PDMS domain (non-irradiated area 
between microgrooves) and laser-induced microgroove when it spread from the flat 
PDMS domain to laser-induced microgroove. The flat PDMS domain first contacts 
with the droplet and generates a strong attraction, inducing the droplet to extend along 
the microgrooves, while the higher hydrophobic microgrooves prevent water from 
spreading in the perpendicular direction. Moreover, the droplet has a continuous TCL 
along the microgrooves and can also facilitate the spreading and moving of the 
droplet.60 As a result, the contact angles in the perpendicular direction are higher than 
those in the parallel direction. 
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Figure 9. Anisotropic wetting of the line-patterned surfaces. (a) Optical micrograph of a blue-colored water 

droplet on the patterned as-prepared surface, revealing an elongated shape. (b,c) Images of water droplet shape for 

the parallel (b) and perpendicular (c) directions. (d) The wetting anisotropy as a function against the period (D) of 

microgroove arrays. 

 

 
Figure 10. The underlying reasons for anisotropic wetting. (a) Schematic illustration of water droplet partly diving 
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into the laser-induced microgrooves. (b) Time sequences of snapshots of a water droplet contacting with the 

as-prepared surface along the parallel direction. (c,d) Side and top views of schematic illustration of a water 

droplet being restrained by an energy barrier between laser-induced microgrooves (black parts) and non-structured 

flat domains (grey parts). 

 
 

4. Conclusions 
In conclusion, a method to realize the superhydrophobicity, controllable water 
adhesion, anisotropic sliding, and anisotropic wetting by a femtosecond-laser-induced 
line-patterned PDMS surface is demonstrated. By varying the period (D) of the 
microgroove arrays, both the static and dynamic wettability can be tuned. The 
as-prepared surfaces show superhydrophobicity with D being no more than 40 µm in 
the perpendicular direction or less than 25 µm in the parallel direction. Comparing 
with a traditional superhydrophobic surface, the adhesion of the as-prepared surfaces 
can be controlled from ultralow to ultrahigh by adjusting the D from 10 µm to 35 µm 
along perpendicular direction (or 10 µm to 30 µm along parallel direction). In 
addition, the anisotropic sliding and anisotropic wetting also can be achieved, and the 
maximum values of anisotropy are about 45° and 18.3°, respectively. The method is 
too simple, but we believe that the developed approach will have important potential 
applications in droplets/fluid manipulation, microfluidics, fluid microreactors, 
biomedicine, chemical and biological sensing, fuel cells, and catalysts. 
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