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A B S T R A C T   

This paper reports the femtosecond (fs) laser and picosecond (ps) laser fabrications to create superhydrophilic 
surfaces. Subsequently, investigations of the surface morphologies and the surface chemistry using EDS, XRD, 
and FTIR-spectroscopy are carried out. Due to significant variations in the formation of micro-nano structure and 
molecular compositions, fs laser and ps laser fabricated surfaces exhibited a noteworthy difference in surface 
wettability by controlling the laser parameters. It is evident from experimental results that ps laser structured 
surfaces show efficient superhydrophilic nature (0◦ contact angle with 300 ± 18 ms spreading time) than the fs 
laser (0◦ contact angle with 400 ± 18 ms spreading time) due to higher surface roughness factor and surface 
energy resulted from laser-induced thermalization. Nevertheless, all fabricated surfaces convert from super-
hydrophilic to superhydrophobic due to chemisorbed hydroxyl (–OH) and C–C(H) functional group contami-
nation. An eco-friendly zeolite (Na-based ZSM-5) coating is used on such ultrafast laser fabricated surfaces to 
maintain the superhydrophilic property for more than 14 months. The proposed investigation provides an 
innovative approach for producing long-term stable superhydrophilic metal surfaces, which are useful for water 
treatment, microfluidics, and heat transfer applications.   

1. Introduction 

Superhydrophilic surface attracts researchers’ attention for several 
years because of its engineering applications such as water treatment, 
water harvesting, water splitting nano/microfluidics, and self-cleaning 
[1–5]. The leaf structures of Ruellia devosiana [6], the wetting surface 
on carnivorous plants [7], spider webs, and water collecting body sur-
face of desert beetles [8] are some naturally existing superhydrophilic 
surfaces. Many researchers fabricated the artificial nano/micro wetting 
surfaces using several conventional techniques such as thermal 
embossing, sol–gel, chemical etching, electrodeposition, and chemical 
vapour deposition [9–13]. However, poor mechanical properties of the 
surface structures, complicated procedures, and high fabrication costs 
make these conventional techniques less suitable for industrial appli-
cations [14]. In contrast, ultrafast laser fabrication of regular nano- 
microstructures under controlled experimental conditions (laser en-
ergy, laser scanning speed, laser pulse duration, and fabricated groove 
distance) has been employed as a more suitable industrial technique that 

allows precise tuning of surface wettability [15,16]. The better versa-
tility of the laser fabrication technique permits it to use on almost all 
metals [17–27]. Earlier researchers fabricated a variety of micro-and 
nanostructures on various materials [28–32]. The fundamental princi-
ple is that material with rough micro-nano structured surfaces followed 
by high surface energy modification exhibits excellent 
superhydrophilicity. 

However, these surfaces’ superhydrophilic property is not stable in 
ambient environment conditions due to chemisorbed organic material 
contamination [33]. For example, it changes the surface from super-
hydrophilicity to superhydrophobicity within a short time, from a few 
weeks to a few months [30,34,35]. Yang et al. reported the wettability 
transition of nanosecond (ns) laser structured surface on Inconel alloy 
[15]. Additionally, Long et al. presented the ps laser structured surface 
on Cu due to the adsorption of atmospheric organic matters [36]. It 
indicates that the long-term stable superhydrophilicity of laser-ablated 
metal surfaces is still a challenging problem [37,38]. 

In this study, we compare the surface morphology and surface 
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chemistry modification of structured superhydrophilic surfaces, which 
are fabricated independently by fs laser and ps laser. Herein, we used 
scanning electron microscopy (SEM), optical microscope analysis, 
energy-dispersive elemental spectroscopy (EDS), X-ray diffraction 
(XRD), infrared (IR) spectroscopy to study morphology and chemical 
composition of various laser fabricated surfaces. Studies confirmed that 
modulation of laser pulse width, power, scanning speed, and distance 
between two adjacent grooves (step sizes) precisely control the surface 
wettability. The effects of the formation of micro-nano structure and 
molecular compositions to achieve better superhydrophilic nature were 
also studied in detail. Finally, to maintain the superhydrophilic property 
for long-term usage, zeolite coating has been used. Interestingly, it keeps 
the superhydrophilic property for more than 14 months. It benefits 
several applications which solely depends on superhydrophilic property 
such as, filtering polluted solutions on sanitation system [1], increasing 
the solar/energy absorption [1], wicking liquids without the effect of 
gravity [39–42], and generating hydrogen energy [43]. As per the best 
of our knowledge, the proposed investigation is the first report 
comparing the fs laser and ps laser ablation for a long-term stable 
superhydrophilic surface with high performances. 

2. Experimental materials and methods 

2.1. Sample preparation 

Aluminum (99.99% Al) sheets of 1.5 cm × 1.5 cm × 0.1 cm were 
used as fabrication samples. The samples were cut by high-speed metal 
cutting to avoid physical bending; subsequently, sandpaper (400 grifts) 
is used to polish the edges. Distilled (DI) water and ethanol were used to 
clean samples ultrasonically before and after the laser fabrication and 
dried with compressed air. 

2.2. Femtosecond and picosecond laser texturing for superhydrophilic 
surfaces 

In this research, two types of laser pulses (fs laser: 40 fs and ps laser: 
200 ps) have a central wavelength of 800 nm and a repetition rate of 1 
kHz employed to fabricate structures. Further, a comparison study has 
been made to find an effect of surface morphology and chemistry on 
surface wettability. The schematic layout of the Al surface ablation using 
fs and ps laser pulse train is illustrated in Fig. 1. The maximum fs laser 
power delivered is 6 W, which was attenuated using neutral density 
filters. Such appropriate laser power focussed on the sample with a 
spherical focal lens (f = 200 mm) along the z-axis. The ps laser pulse 
trained from the uncompressed radiation of Ti: Sapphire laser (Spitfire 
Ace, Spectra-Physics) is used to process the Al samples. The laser- 
fabricated area on the sample surface was controlled into 3 mm × 3 

mm with a programmed 3-D translational stage. The employed laser 
parameters (power, pulse duration, scanning speed) and groove spacing 
for this research are shown in Table 1. After laser processing, all the 
fabricated samples were kept in an ambient atmosphere to check their 
reaction with the actual atmospheric condition. 

2.3. Hydrothermal In-situ crystallization of zeolite for stable 
superhydrophilicity 

The uniform zeolite coating on intricate laser fabricated Al structures 
achieved by in-situ crystallization technique. A hydrothermal Teflon- 
lined autoclave reactor is used as a container for in-situ crystalliza-
tion. The synthesis solution for Zeolite Socony Mobil–5 (ZSM-5) was 
prepared by a method introduced by Cheng et al. [44]. Its molar 
composition is 16TPAOH:0.64NaOH:1TEOS:92H2O:0.0018Al, where 
TPAOH and TEOS stand for tetrapropylammonium hydroxide and tet-
raethylorthosilicate, respectively. Al foil (0.0105 g) was added to the 
NaOH solution (5.36 g of NaOH and 336 mL DI water) and stirred for 10 
h for the complete dissolving. Further, 30 mL of TPAOH and 45 mL of 
TEOS were added dropwise to the prepared solution. Again, the clear 
solution was stirred overnight at room temperature [45]. 

2.4. Measurement and surface characterization 

A contact angle meter (JC2000D3, POWEREACH, China) was used to 
measure the surface wettability. The static contact angles of the DI water 
droplet on sample surfaces were measured by placing the samples on a 
flat, smooth, and clean surface in line with a camera. The camera is 
placed parallel to the grooves for each measurement. Each water droplet 
of 1 µL volume was carefully placed on the sample surface using the 
dispense function in the software. Images were taken after water drop-
lets left on the sample surfaces for a few seconds. Then droplets were 
blown away using a compressed air blower, and the surfaces were dried 
thoroughly for conducting the next test. All these measurements were 
performed at room temperature. The surface morphology and surface 
chemistry of fabricated samples are analyzed by a 3D Laser Scanning 
Microscope (VX-series, Keyence, Japan), an X-ray diffraction measure-
ment (D8, Bruker, Germany), a Scanning electron microscope (S-4800, 
Hitachi, Japan), a Fourier-transform Infrared (Cary 630, Agilent, United 
States) spectroscopy, and an energy-dispersive x-ray spectroscopy 
(ProX-5, Phenom, Netherlands). 

3. Results and discussion 

3.1. Effect of surface roughness factor on wettability 

According to the Wenzel model, the apparent contact angle of a 
water droplet on a rough surface as: 

cosθr = r cosθf (1) 

Where, θr is the apparent contact angle, θf is the contact angle on the 
flat surfaces, r is the surface roughness factor, which is the ratio of actual 
surface area (Aactual) to the geometrical surface area (Ageometric), r = A 
actual / A geometric [46]. As the roughness factor increases, wettability 
changes from hydrophobic to more hydrophobic or from hydrophilic to 
more hydrophilic. Hence, to achieve complete wetting property or 

Fig.1. A schematic illustration of Al surface ablation using (a) fs and (b) ps 
laser pulses and formation of microgroove. 

Table 1 
The experimental conditions used in this study.   

fs laser ps laser 

Pulse width 40 fs 200 ps 
Laser power (mW) 40, 80, 120 
Laser scanning speed (mm/s) 0.1, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.5, 

3.0, 4.0, 5.0 
Groove spacing (µm) 20, 60, 110, 160  
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superhyrophilic property, the surface roughness factor of the Al sample 
is increased by pulsed laser microgroove structuring. Here, the pulse 
duration, laser power, scanning speeds, and step sizes are vital factors to 
control the roughness factor. The contact angle of flat and laser-ablated 
Al surfaces is shown in Fig. S1. 

3.1.1. Effect of laser pulse duration 
In pulsed laser-matter interaction, the pulse duration is one of the 

prime laser parameters that determine the energy transfer from a photon 
to the interacting material. In the case of metal, a large number of free 
electrons will absorb a part of the interacting energy of the laser pulses 
during its interaction time. Hence, by changing the pulse duration, laser 
ablation can be controlled, thus inducing microstructure morphology. In 
this study, we used two lasers of 200 ps and 40 fs for creating micro-
groove capillary channels and compared its surface morphology and 
surface chemistry dependence on wettability. 

Due to longer pulse duration, ps laser fabrication is associated with a 
significant thermalization process, with surface melting, evaporation, 
and melt expulsion at adequate laser fluences, depending on the mate-
rial properties such as absorption coefficient, thermal conductivity, and 
thermal diffusivity. In this scenario, the thermal diffusion effect de-
mands significant importance for comparing the thermal effect induced 
by fs laser and ps laser. The thermal penetration depth (d) due to 
different laser pulse width can be calculated by d=

̅̅̅̅̅̅̅̅̅̅̅̅
D × τ

√
(where D is 

the thermal diffusivity = K/ρCp and τ is the pulse width of the laser used 
for fabrication). The calculated thermal penetration depth of the ps laser 
(200 ps) was 13.92 µm. The optical penetration depth (1/absorption 
coefficient or λ0/ 4π × k; where λ0 is the central wavelength of the laser 
used for fabrication and k is the extinction coefficient) of 800 nm on an 
aluminum substrate is around 7.58 nm. As the thermal penetration is 
much greater than the optical penetration length, ps laser fabrication is 
dominated by the thermalization process. It led to thermal ablation with 
a large heat-affected zone (HAZ) and resulted in melted microgrooves 
with a large amount of ablation debris and surface protrude recast layer 
(shown in Fig. 2b). 

Nevertheless, this classical explanation of laser-matter interaction 
failed their validity for explaining fs laser ablation. Upon fs laser irra-
diation on a metal surface, part of the laser energy is absorbed by free 
electrons through the inverse Bremsstrahlung [47]. The ultrashort pulse 
width of the fs laser, which is shorter than the electron–phonon/ion 
relaxation time (~1 – 10 ps), causes thermal nonequilibrium between 
the electron and lattice subsystems. Therefore, the energy evolution in 
the metal is explained by the two-temperature model [48]. When the 
energy of the electron subsystem is large enough, a direct solid to vapour 
transition takes place. These mechanisms associated with fs laser abla-
tion led to non-thermal ablation, reducing the HAZ in the ablated ma-
terial [30,47,49]. It resulted in fs laser fabricated microgrooves with 
clean edges and less recast formation (shown in Fig. 2a) compared to ps 

Fig. 2. The pulse width effect of fabricated structure’s SEM image (top row), optical microscopic image (middle row) and its line profile (bottom row) (a) 
femtosecond laser and (b) picosecond laser. 
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laser fabricated microgrooves. Therefore, according to Eq. (1), the water 
droplet placed on the ps laser fabricated sample experienced more 
contact surface area, leading to better superhydrophilicity than the fs 
laser fabricated sample. The contact surface area (or actual surface area) 
and surface roughness factor calculation of fabricated surfaces were 
performed using two simplified 3D models as shown in supporting in-
formation (Fig. S2). 

3.1.2. Effect of laser power 
The laser power determines the aspect ratio (the depth (h) to opening 

width (w) ratio) of fabricated microgrooves. Fig. 3(a, b, c) and Fig. 3(d, 
e, f) show the microgrooves fabricated by different fs laser and ps laser 
powers, respectively. Scanning-speed and step size kept constant at 1.0 
mm/s and 60 µm respectively throughout the experiment. To calculate 
the aspect ratio, h and w of fs and ps laser fabricated microgrooves are 
measured directly from the 2-D surface profile as shown in Fig. 3. Aspect 
ratio of samples are measured by taking the average peak depths and 
widths of around ten different microgrooves. As shown in SEM images, fs 
laser fabricated capillary grooves (marked by dashed rectangular boxes 
in Fig. 3 (b)) are smooth and regular compared to the grooves created 
using ps laser (marked by dashed rectangular boxes in Fig. 3 (e)). It 

resulted in deep capillary channels with less ablated recast deposition 
(above the reference line; marked by solid rectangular boxes in Fig. 3 
(b)). At 40 mW and 80 mW fs laser power, the thickness of such recast 
deposition is measured less than 5 μm, whereas it is around 15 μm at 120 
mW. Besides, when the laser power increase, the ablated groove depth 
(h) also gradually increase, where the microgroove width (w) is almost 
consistent. Consequently, it helps to improve the aspect ratios of fs laser 
fabricated surfaces by increasing h. In the case of ps laser fabricated 
surfaces, due to the pulse width effect, fabricated surfaces were formed 
with more debris and recast deposition on the surface. It creates an 
additional microgroove capillary (with depth, h1, and opening width, 
w1), which can be called secondary capillary made of recast deposition 
from the adjacent microgrooves as the side walls (marked by solid 
rectangular boxes in Fig. 3 (e)). It is evident from ps laser fabricated 
surface’s 2-D surface profile and SEM images, as increase the laser 
power, ablation recast deposition is more, thus h1 increase gradually, 
whereas, due to a large amount of ablation recast deposition, the 
opening width (w1) of secondary microgroove channel reduce. 

Hence, the aspect ratio of secondary microgrooves also increases 
gradually with respect to different laser powers. It increases the total 
aspect ratio of ps laser fabricated microgrooves, which is calculated by 

Fig. 3. SEM images (top) and its surface line profile (bottom) for ablated grooves at different laser powers. For fs laser ((a) 40 mW (b) 80 mW and (c) 120 mW) and ps 
laser ((d) 40 mW (e) 80 mW and (f) 120 mW), respectively. 
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summing up the individual aspect ratios of the directly fabricated mi-
crogrooves and secondary microgrooves. Hence, according to the 
Wenzel model, actual surface area as well as overall surface roughness 
increased. In the case of fs laser fabrication, secondary microgrooves are 
absent due to smaller surface protrude recast deposition at considered 
laser powers. Therefore, as shown in Fig. 4 (a), the overall aspect ratio of 
ps laser fabricated surface is higher than that of the fs laser fabricated 
surfaces. 

The water wicking effect of the secondary microcapillaries plays an 
essential role in determining the overall superhydrophilicity of fabri-
cated surfaces, and a similar observation is made by Chengyun Zhang et. 
al. with high energy fs laser processing [50]. Fig. 4(b) shows the contact 
angle variation of fabricated surfaces measured at different fs and ps 
laser powers. Due to the combined effect of higher surface roughness 
factor and the wicking action of both secondary capillaries (formed 
through recast deposition) as well as the directly fabricated capillaries, 
water droplets on ps laser fabricated surfaces exhibit lower contact an-
gles than those on fs laser fabricated surfaces. 

3.1.3. Effect of scanning speed 
In this section, we analyze the morphology and wettability of sam-

ples with respect to different scanning speeds (0.1, 0.25, 0.5, 0.75,1.0, 
1.25,1.5,1.75, 2.0, 2.5, 3.0, 4.0, and 5.0 mm/s) at fixed laser power (120 

mW) and stepsize (60 µm). Scanning speed determines the number of 
pulse accumulation or the pulse overlapping on the sample. The per-
centage of pulse overlapping in the direction of scanning is estimated by 
(1-S/spot size) × 100, where S is the spacing between two adjacent laser 
spots equals the ratio of scanning speed to the laser frequency. The laser 
spot size was calculated as 51 μm for both fs laser and ps laser beams at 
the focal spot. The percentage of pulse overlapping for various scanning 
speed used in this study (for 1 kHz laser repetition rate) are as follows: 
0.1 (99.8%), 0.25 (99.5%), 0.5 (99.01%), 0.75 (98.5%), 1.0 (98.03%), 
1.25 (97.54%), 1.5 (97.05%), 1.75 (96.56%), 2.0 (96.07%), 2.5 
(95.09%), 3.0 (94.11%), 4.0 (92.15%) and 5.0 mm/s (90.19%). 

Fig. 5 shows fs laser and ps laser ablated Al surfaces with different 
scanning speeds 0.1, 0.25, 1.0, and 5.0 mm/s. The lower scanning speed 
(0.1 to 0.5 mm/s) results in excessive laser exposure at one particular 
point on the surface, resulting in an increased thermal effect because of 
its large initial incident fluence. Such large fluence leads to improved 
material ablation process and consequently paybacks deeper but nar-
rowed micro-groove capillary channel. However, the sub-micron struc-
ture formation due to the material re-condensation [51] makes the 
capillary channels in non-uniform shape (showed in Fig. 5 (a, b, e, and f). 
At lower scanning speeds with a high repetition rate, the incubation 
effect also plays an essential role in forming many sub-micron ripple 
structures and nano-capillary channels throughout the microgrooves 

Fig. 4. The relation between laser power and: (a) aspect ratio and (b) contact angle.  

Fig. 5. fs laser (a-d)and ps laser (e-h) ablated microgrooves with different scanning speed: (a,e) 0.1 mm/s (b,f) 0.25 mm/s (c,g) 1.0 mm/s (d,h) 5.0 mm/s.  
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[52]. Such complex structures reduced the overall aspect ratio and 
surface roughness factor of those fabricated grooves (Fig. 6 (a,b)). Ac-
cording to previous studies, it significantly limits the capillary flow rate 
and the spreading factor across the surface than the uniform channels, 
similar results were reported as the slowing down spreading and liquid 
drop progression in non-uniform capillary channels [53–55]. 

The wetting nature of the fabricated surfaces at various scanning 
speeds (0.1 mm/s, 1.0 mm/s, and 5.0 mm/s) is evaluated by measuring 

water droplet contact angles. The contact angle information (Fig. 6(c,d)) 
on the surfaces shows that irregularly microstructured surfaces fabri-
cated with 0.1 mm/s to 0.5 mm/s laser scanning speed results in a 
comparatively higher contact angle than the regular counterparts. 
Furthermore, at the higher laser scanning speed (i.e., 1.5 to 5.0 mm/s), 
the amount of laser exposure at a particular point is reduced, thus 
reducing the material ablation, resulting in a considerably reduced 
micro groove depth. As a result, the roughness factor of the whole 

Fig.6. Effect of laser scanning speed on the surface roughness factor and contact angle for different laser power; (a and c) fs laser fabrication results (b and d) ps laser 
fabrication results. 

Fig. 7. Surface morphology of fs (a- d) and ps (e- h) laser fabricated surfaces with different step sizes (a, e: 20 µm, b, f: 60 µm, c, g: 110 µm and d, h:160 µm).  
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fabricated area and overall surface wettability was reduced. However, 
the moderate laser scanning speeds (0.75, 1.0, and 1.25 mm/s) showed 
less formation of sub-micron structures across the fabricated grooves 
and formed smooth and uniform capillary channels with a higher aspect 
ratio (shown in Fig. S3) and increase the surface roughness factor. Thus, 
these scanning speed ranges confirm that regular, uniform, and high- 
aspect-ratio microgroove capillaries show better superhydrophilicity 
than the irregular and non-uniform capillary channels fabricated with fs 
laser and ps laser ablation techniques. 

3.1.4. Effect of step size 
This section has chosen the optimum laser scanning speed of 1 mm/s 

and studied three different laser powers (40 mW, 80 mW, and 120 mW) 
by varying the groove spacing (step size) to study its effect on the surface 
roughness and wettability. Fig. 7 shows the fs and ps laser fabricated 
surface morphology at 40 mW, with different step sizes. 

The roughness factor of the laser fabricated surfaces is measured 
using the Wenzel model mentioned before. Fig. 8 shows the surface 
roughness factor and surface wettability (contact angle) of laser fabri-
cated samples at a fixed scanning speed of 1 mm/s with laser powers of 
40, 80, and 120 mW concerning different step sizes. Typically, the sur-
face roughness factor increased with smaller grove spacing for both fs 
laser and ps laser fabricated surfaces. Nevertheless, the large thermali-
zation associated with the ps laser fabrication (results in large HAZ) 
cause overlapping of adjacent grooves with the laser ablated recast 
debris and leads to a decrease in the aspect ratio (shown in Fig. S4 (a)) as 
well as surface roughness factor at 20 µm step size (shown in Fig. 8 (b)). 
It was similar in the case of high power fs laser (120 mW) fabricated 
surfaces at smaller step sizes (shown in Fig. S5 (b)). However, smaller 
thermalization and more minor ablated debris associated with low 
power fs (40 mW and 80 mW) laser fabrication (results in smaller HAZ) 
give distinct and overlap-free microgrooves, as shown in Fig. S5 (a). 
Therefore, 40 mW and 80 mW fs laser fabricated surfaces show a higher 
roughness factor than the 120 mW. As shown in Fig. 7 (b-d and f-h), 
when step sizes are at 60 µm or more, adjacent microgrooves are not 

overlapping each other due to less recasting debris, notably in the case of 
ps laser fabricated surfaces recast debris deposit sideways of micro-
grooves and form a secondary microgroove capillary as discussed in 
Section 3.1.2. It increased the surface roughness factor of ps laser 
fabricated surfaces dramatically (marked with a dotted line in Fig. 8 
(b)). After that, as we increased the step size, the secondary microgroove 
aspect ratio and the actual surface area or surface roughness factor de-
creases gradually. 

Even though the roughness factor is a little lower at 20 µm step size, 
ps laser fabrication samples possess better superhydrophilicity due to 
increased amount of uneven nano-particles and micro-cracks (see, 
Fig. S4) with strong micro-capillary force, which is sufficient enough to 

Fig. 8. Effect of different step size on the fabricated surface roughness factor and contact angle for different laser power for (a,c) fs laser fabrication and (b,d) ps laser 
fabrication. 

Fig. 9. Spreading time of water droplet on fs and ps laser fabricated surfaces 
with 20 µm step size (captured with high frame rate camera). Inset shows the 
droplet just before touching the surface and after forming thin film with their 
respective spreading time (top: on fs laser fabricated surfaces, bottom: on ps 
laser fabricated surfaces). 
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spread a water droplet all over the surface quicker [56]. The wetting 
differences in terms of spreading time of these nano-particles and micro- 
crack rich surfaces and others are calculated using a droplet size of 1 µL 
water (shown in Fig. 9). The result shows that ps laser-ablated Al surface 
with 120 mW and 20 µm step size spread the water droplet to achieve 
0◦ contact angle and formed a thin layer in around 300 ms with ± 18 ms 
error bar, it confirmed by repeating the measurement at five different 
positions on the sample. The result is 1.66 times and 2.66 times faster 
than the surfaces fabricated with 80 mW and 40 mW laser power, 
respectively, and 1.33 times faster than the fs laser fabricated surfaces at 
120 mW laser power and at 20 µm step size. It confirms that laser 
structured surfaces containing nano-particles and micro-cracks increase 
the fast-spreading, implying efficient superhydrophilic surfaces. 

Overall, the studies for different laser powers, scanning speeds, and 
groove spacing provide the optimum parameters to fabricate the effi-
cient superhydrophilic surfaces: 120 mW laser power, 0.75 to 1.25 mm/ 
s scanning speed 20 µm- 60 µm groove spacing. 

3.2. Effect of surface chemistry on wettability 

In addition to micro-nano surface structures and surface roughness 
factors, a local change in surface chemistry is also an essential factor 
determining the superhydrophilicity of the surface. In this section, the 
difference in surface chemistry of fabricated samples with various laser 
parameters and its effect on superhydrophilicity was analyzed. The 
water drop will preferably spread on the high surface energy areas. 
Hence, highly oxidized laser fabricated surfaces with high surface en-
ergy could probably be complete wetting surfaces [33,57]. 

A detailed comparison of surfaces fabricated with different laser 
power, step size, and scanning speed has been made with the EDS 
analysis. The ratio of Al to O (Al/O) content measured on the laser 
fabricated surface was considered as the prime factor to determine the 
amount of oxidation. For instance, the lower the Al/O ratio, the higher 
the amount of oxidation leads to more elevated surface free energy, 
which results in better superhydrophilic behavior [33,57]. The Al/O 
ratio on the bare surface was measured as 10.68. For both fs laser and ps 
laser fabrication, the oxidation percentage was gradually increasing 
with an increase in laser power, smaller step sizes, and low scanning 
speeds (the corresponding weight percentage of Al, O, and Al/O ratio of 
fabricated surfaces are provided in table S1, S2, and S3 of supplementary 
file). The high oxygen content leads to an excellent polar aluminum 
oxide layer on fabricated surfaces, predominant in ps laser than fs laser. 

Also, the formation of the Al2O3 layer is confirmed by XRD 

measurements. Fig. 10 (a), (b), and (c) shows the XRD data for fabricated 
samples at 120 mW, 1.0 mm/s, and 60 µm for fs laser, ps laser as well as 
bare Al surface, respectively. The diffraction peaks corresponding to 
Al2O3 at (40.99◦ and 58.35◦) on laser fabricated surfaces were marked 
[58]. However, not much difference was observed from XRD analysis on 
the surface chemical composition between the two laser fabricated 
surfaces. 

The fabricated surfaces could easily change their surface chemistry 
due to the airborne hydrocarbon depositions. The absorption capability 
of organic matters from the ambient air to the Al2O3 surface was 
enhanced due to abundant hydroxyl (–OH) functional groups [28,35]. It 
is observed that fabricated surface consists abundant of hydrocarbon 
molecular bonds. IR response of various molecular bonding in each fs 
laser fabricated surfaces (shown in Fig. 11 (a)) and ps laser fabricated 
surfaces (shown in Fig. 11 (b)) with laser power of 40 and 80 mW, and 
the step sizes of 20, 60, 110 and 160 µm were measured. In the case of 
bare Al, various strong C-H bending bonds (755 cm− 1) and weak –CH3 
groups (1355 cm− 1) are present [59]. However, after laser fabrication, 
these lines are absent (region (I)). It might be due to the decomposition 
of various organic elements due to high intense laser fabrication. 
Moreover, the medium C-H stretching of alkane group between 2840 
cm− 1-3000 cm− 1 range (region (IV)) [60] was observed on bare Al 
surface. In contrast, the high intense fs laser fabrication dissipates it and 
leads to the formation of stretching bonds of –CH2- (2928 cm− 1), –CH3 
(2961 cm− 1), and C-H (2856 cm− 1) [58]. In contrast, instead of new 
bond formation, ps laser fabricated surfaces detected with the less 
intense peak of medium C-H stretching alkane functional groups 
centered around 2880 cm− 1. This difference due to the longer pulse 

Fig. 10. XRD peak analysis; (a) fs laser fabricated surface and (b) ps laser 
fabricated surface with 120 mW laser power and 60 µm step size. 

Fig. 11. FTIR spectrum of laser fabricated surfaces with different laser power 
and step sizes; (a) FS LASER fabricated surfaces, (b) PS LASER fabri-
cated surfaces. 
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duration of the ps laser, as discussed in Section 3.1. Also, in the case of 
laser fabricated surfaces, additional weak C-H bending (1985 cm− 1) 
[61] and weak C≡C stretching of alkyne functional groups (2093 cm− 1) 
[62] are observed (region (II) in Fig. 11). These functional groups are 
more intense for fs laser fabricated surfaces at 40 mW, 20 µm and 80 
mW, 60 µm. However, in ps laser fabricated surfaces, the same func-
tional groups are high intensity at step size 60 µm (at 40 and 80 W). As 
we discussed in Section 3.1.3 and 3.1.4, these laser parameter combi-
nations had a larger laser exposed area and higher surface roughness 
factor. Hence, it is clear that the fabricated surfaces with more elevated 
roughness factors contain a significant amount of hydrocarbon chains 
(C-C(H)). Such C-C(H) functional groups exhibit excellent non-polar 
bonds, consequently reducing the surface free energy and increasing 
superhydrophobicity. Besides, region (III) in Fig. 11 shows that fabri-
cated samples have a strong O = C = O stretching bond (2349 cm− 1), 
which is evidence of the trapping of CO2 inside the microgrooves [63]. 
This bond’s stretching was higher for 80 mW surfaces than the 40 mW 
surfaces in both fs laser and ps laser fabrication. Due to the higher aspect 
ratio of microgrooves at high laser power (as discussed with Fig. 5 (a) in 
Section 3.1.2.). As time progresses, such higher aspect ratio grooves will 
be modified as air pockets. As a result, the fabricated surface’s wetta-
bility transforms from superhydrophilic to superhydrophobic. It shows 
the inevitability of maintaining clean and higher surface energy laser 
fabricated surfaces to obtain better superhydrophilicity. Nevertheless, 
the contamination of laser fabricated surfaces employed in the open-air 
application is unavoidable. The following section shows the wettability 
transition of such contaminated laser fabricated surfaces in a few weeks 
and the necessity of an efficient chemical coating to keep its super 
wetting nature for a long time. 

3.3. Zeolite coating for stable superhydrophilicity 

The surface transition of laser fabricated surfaces from super-
hydrophilic to superhydrophobic in a short period (5 weeks) has been 
considered an unavoidable phenomenon. Fig. S6 (b, d) shows the 
fabricated samples’ non-wetting properties after five weeks. This state is 
widely known as Cassie state [64]. The chemisorbed organic molecules 
and decomposition of CO2 into carbon and its components on the surface 
could be the critical factor for this wettability transition [25,65,66]. As 
shown in Fig. S6, the significant amount of carbon detected on the 
fabricated surface, which gives the primary evidence of surface 
contamination. Both fs laser and ps laser fabricated surfaces show the 
contact angle transition from 7.5◦ to 140.63◦ and from 4.5◦ to 150◦, 

respectively, with a 2◦ error bar. 
Such wettability transition was solved by coating Na-based ZSM-5 on 

the fabricated surfaces. It is an aluminosilicate of crystalline structure 
with uniformly distributed molecular-sized pores based on a 3-D 
network of O ions responsible for its water imbibition [67,68]. The 
molecular formula of the zeolite compound is Na2O⋅Al2O⋅xSiO2⋅yH2O. 
The constituent particle NaOH was responsible for the presence of Na. 
Similarly, to achieve strong adhesion on substrates and reduce the inter- 
crystal porosity structural direct agent TPAOH (tetrapropylammonium 
hydroxide) was used [45]. 

The structural properties of zeolite coating have been characterized 
using infrared spectroscopy and XRD analysis. IR spectra of bare and 
laser fabricated surfaces with and without zeolite coatings plotted in 
Fig. 12(a). The IR spectra of bare, fs laser and ps laser fabricated surface 
coated with zeolite (denoted as; Al + ZSM-5, Al + ZSM-5-fs, and Al +
ZSM-5-ps, respectively) shows almost the same absorption peaks 
centered at 1100 cm− 1, 760 cm− 1, and 500 cm− 1. They are similar to the 
skeletal vibrations of MFI zeolite structures (of ZSM-5) due to the 
addition of TPAOH [69]. Due to the highly porous structure of ZSM-5, a 
weak broad IR band was observed at 960 cm− 1, which confirms the ZSM- 

Fig. 12. (a) IR spectra and (b) EDS spectra of ZSM-5 (on bare sample).  

Fig. 13. XRD characteristic peaks of Na based ZSM-5 coating; (a) on fs laser 
fabricated surface and (b) on ps laser fabricated surface. 
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5 is highly hydroxylated. This absorption indicates the localized Si-OH 
stretching mode in SiO3 –OH group [70]. The presence of asymmetric 
stretching bands at 950 cm− 1 to 1250 cm− 1, stretching bands at 700 
cm− 1 to 1100 cm− 1, and the medium narrow peaks at 500 to 650 cm− 1 

correspond to the double ring pentasyl framework composed with the 
MFI type zeolite [71]. The EDS data presented in Fig. 12 (b) confirmed 
the formation of zeolite compound ZSM-5 on bare Al sample with higher 
silicon to an Al ratio (Si/Al) of 4.24, a fundamental property to these 
compounds. 

Fig. 13 shows the characteristic XRD peaks and diffraction planes of 
Na-ZSM-5 on laser fabricated surfaces in the 2θ range of 20◦- 80◦. Some 
strong peaks from the Al substrate were also present due to the high 
penetration of X-rays. However, major characteristic peaks of zeolite 
compound coating were detected at 21.3◦- (531), 23.0◦ - (600), 25.71◦- 
(640), 27.7◦- (642), 29.8◦- (644), 32.05◦- (840), 35.3◦- (884), 41.5◦- 
(880) [72–74]. XRD study confirms the formation of appropriate crys-
talline Na-based ZSM-5. The average crystalline size was calculated 
using the Scherrer equation by considering the most dominant peak 
detected at 2θ = 23.0◦ associated with lattice plane (600), and it is 

around 44.85 nm. However, there was not much difference detected 
with the XRD peaks of zeolite-coated fs laser and ps laser fabricated 
surfaces. 

The morphology of zeolite-coated bare and laser fabricated surfaces 
is shown in Fig. S7. After the zeolite coating, the fabricated surfaces 
possess uniform depth. The submicron roughness allows zeolite to attach 
to the surface efficiently. The wetting behaviours of the zeolite-coated 
bare and laser fabricated surfaces are evaluated using contact angle 
measurements. The measured contact angle on the coated bare sample 
(5.50 ± 1.25 ms) exhibits ~ 91% − 95% reduction from that of a bare 
sample without coating (shown in Fig. 14 (a, b)), which is not a complete 
wicking surface. However, it demonstrated the ability of the zeolite 
coating to absorb water molecules, which is consistent with the reported 
studies of zeolite coating (by McDonnell et. al.) on similar metal surfaces 
such as Al alloy and stainless steel [67]. Interestingly as shown in Fig. 14 
(c-f), the zeolite coated laser fabricated surface clearly shows complete 
wicking of a water droplet and quickly formed a thin film with almost 0o 

contact angle and spreading time of 370 ms and 300 ms for fs and ps 
laser fabricated surfaces respectively with ± 10 ms error bar (spreading 

Fig. 14. Surface wettability transformation happened to the bare and laser fabricated surface after ZSM-5 coating: (a, b) Bare sample before after coating (c, d) fs 
laser fabricated surface before and after coating, and (e, f) ps laser fabricated surface before and after coating. (Inset figure shows the spreading time on the surfaces). 
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time measured on five different positions on the surface and averaged). 
A schematic illustration of water adsorption by the zeolite-coated 

laser fabricated surface is shown in Fig. 15 (a). Various studies carried 
out on the water adsorption by Na-based ZSM-5 show that initially, 
water molecules are adsorbed by the Na+ cations and Al atoms present in 
the zeolite framework surface superhydrophilic [68,74–77]. Besides, the 
laser fabricated micro-capillary channels and their intense wicking ac-
tion makes the surface super-wicking. Thus, the real wetting property of 
the laser fabricated superhydrophilic surface is reversed. This wetting 
transition from non-wetting to wetting is called Cassie to Wenzel state 
transition [78]. Fig. 15 (b) depicts the long-term superhydrophilic sta-
bility of the zeolite-coated samples for more than 14 months. When time 
progresses, the contact angle of zeolite coated fs laser fabricated surface 
slowly increasing. However, the ps laser fabricated surface shown 
excellent long-term wetting stability (contact angle less than 10◦). It 
reveals the importance of zeolite coating on ps laser fabricated surfaces 
with optimum laser parameters (120 mW laser power, 20 µm step size, 
and 0.75 mm/s to 1.25 mm/s scanning speed) for long-term stable 
superhydrophilic behaviour. 

4. Conclusion 

A comparison of fs laser and ps laser fabricated hierarchical super-
hydrophilic surface structures on Al was investigated in this work. 
Combinations of extensive laser parameter variations such as laser 
power (40 mW, 80 mW, and 120 mW), scanning velocity (0.1 mm/s to 

5.0 mm/s), and step sizes (20 μm, 60 μm, 110 μm, and 160 μm) were 
used to guarantee a wide range of experimental results. The results sub- 
divided into two parts; the first section discussed these laser parameters’ 
effect on resultant surface roughness factors related to micro-nano 
structures and their role in surface wettability. The second part exam-
ined the variation of surface chemistry related to molecular composi-
tions on structured surfaces. 

In the first section, SEM analysis was used to investigate the 
morphology of sample surfaces in detail. It showed high power- 
structured surfaces with high aspect ratio capillary grooves, nano- 
particles, and micro-cracks give rise to highly efficient super-
hydrophilic surfaces that demonstrated 0◦ contact angle and fast- 
spreading of 300 ms. Besides, regular and uniform microcapillary 
grooves fabricated with the optimum step sizes and laser scanning 
speeds and ps laser pulses also exhibited superior wetting behaviour 
than other surfaces. 

A comprehensive investigation of surface chemistry was carried out 
with EDS, XRD, and FTIR analysis in the second part. EDS and XRD 
analysis investigated the amount of Al2O3 formation for various laser 
parameters. It confirmed that better superhydrophilic surfaces (0◦ of 
contact angle with 300 ms of spreading time) were fabricated by higher 
ps laser power (120 mW) combined with lower step size (20 µm) and 
optimum scanning speed (0.75 mm/s- 1.25 mm/s). 

Nevertheless, the significant FTIR analysis studied the amount of 
chemisorbed organic, hydroxyl (–OH), and C-C(H) functional group 
contamination on fabricated surfaces over time. It indicated that the 

Fig. 15. (a) Schematic illustration shows the wettability transition happened to the bare Al surface after 35 days of laser fabrication and after subsequent zeolite 
coating (water imbibition mechanism of ZSM-5 also shown). (b) Shows the surface wettability evolution of the studied samples in around 60 weeks of time. 
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laser fabricated superwiking capillary grooves with a high aspect ratio 
transferred into strong air pockets and preventing the surface from 
wetting in around five weeks. In addition, we coated the Na-based ZSM- 
5 on fabricated surfaces to maintain the superhydrophilic property for 
more than 14 months. The findings propose an approach to manufacture 
long-term stable superhydrophilic metal surfaces for microfluidics de-
vices, water splitting surfaces, and anti-corrosive wetting surfaces. 
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