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ARTICLE INFO ABSTRACT

Keywords: We present a facile direct-write approach for patterning fluorine-doped nanocarbons directly on molecularly
Laser-induced graphene engineered polymers for superhydrophobic and parahydrophobic surfaces. We first synthesized two different
Nanocarbons polymer films, non-fluorinated and fluorinated polyimides (PIs), by two-step procedure to create poly(amic acid)
Micropatterning

precursors, followed by thermal curing. Morphology and chemical composition were controlled by adjusting the
programmed scan line pitch from 101.6 to 508 pm during lasing to achieve superhydrophobicity with a water
contact angle (CA) up to 156° in the direction perpendicular to carbonized lines. Droplets exhibited strong
adhesion on our porous graphene micropatterns even when held at vertical and inverted orientations, indicating
a Cassie impregnating state of wetting. Parahydrophobic F-LINC with line pitch of 355.6 pm exhibits high dy-
namic CAs along both perpendicular (0a1 = 165°, 0r . = 127°) and parallel directions (0 = 147°, 0r| = 87°) as
well as highly anisotropic CA hysteresis (A0, = 38°, Af| = 60°). Moreover, we demonstrate strain-induced
switchable adhesion by leveraging substrate curvature control. Further, we show that our micropatterned
polymer films can be used for transferring droplets without any loss or contamination. Hence, our approach
offers new insights into designing interfaces for droplet manipulation, pick-and-place applications, and localized

Fluorinated polyimide
Heteroatom self-doping
Anisotropic wettability
Superhydrophobic surface
Parahydrophobicity
Droplet adhesion

control of reactions.

1. Introduction

Engineered surfaces with tunable wettability have emerged in recent
years, owing to their broad technological implications in the field of
environment, energy, and health [1-3]. Inspired by nature, super-
hydrophobic surfaces with an apparent water contact angle (CA) larger
than 150° have been developed by mimicking the behavior of functional
interfaces found in various plants and animals [4-6]. One of the well-
known biological model systems of superhydrophobic surfaces is the
rose petal, which has strong adhesion to water, i.e. water droplets
cannot move at any tilted angles on the surface while maintaining a high
CA [7]. This behavior, referred to as parahydrophobicity, [8] is ideal for
water collection, microdroplet transportation, ultrafiltration, and
reverse osmosis applications [9-11]. Tailoring the adhesive properties
on superhydrophobic surfaces requires a delicate balance between sur-
face chemistry and hierarchical topography [12]. Engineered super-
hydrophobic surfaces have been fabricated by various lithographic

techniques: photolithography, [13,14] reactive ion etching, [15] capil-
lary lithography, [16,17] micro-molding and others [18]. Nevertheless,
many of these techniques are not suitable for flexible substrates, and are
generally both complex and costly. Hence, new scalable methods for
fabricating superhydrophobic surfaces with controllable adhesion
directly on polymers are needed.

Graphene is an ideal candidate for functional superhydrophobic
surfaces not only due to the non-polar carbon structure itself but also
due to its large specific surface area, tunable surface roughness, low
density, and abrasion resistance [19]. Much effort has been devoted to
the biomimetic artificial fabrication of water-repellent surfaces printed
and patterned with graphene. By tuning its surface wetting properties,
graphene surfaces can be used in the production of aerogels, [20]
heaters, [21] and gas sensors [22]. However, many of the manufacturing
methods for generating these nanotextured graphene surfaces rely on
mask-based patterning [22] or paste-based 3D printing, [20] which are
complex multi-step indirect processes, or are time-consuming and

* Corresponding author at: Department of Industrial Engineering, University of Pittsburgh, 3700 O’Hara Street, Pittsburgh, PA 15261, USA.

E-mail address: mbedewy@pitt.edu (M. Bedewy).

https://doi.org/10.1016/j.apsusc.2021.151339

Received 10 April 2021; Received in revised form 16 September 2021; Accepted 17 September 2021

Available online 27 September 2021
0169-4332/© 2021 Elsevier B.V. All rights reserved.


mailto:mbedewy@pitt.edu
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2021.151339
https://doi.org/10.1016/j.apsusc.2021.151339
https://doi.org/10.1016/j.apsusc.2021.151339
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2021.151339&domain=pdf

K.-H. Nam et al.

expensive. In contrast, direct laser processing does not require pre-
designed and mask fabrication (to be followed by pattern transfer),
and does not require preparation of printable paste.

Indeed, Direct laser writing has recently been shown to uniquely
enable tuning the nano/micro-scale structures on a variety of surfaces
such as wood, [23] paper, [24,25] cork, [26] glass, [27] and engineering
plastics. [28,29] It is a fast and scalable approach to generate functional
surface structures, typically in atmospheric conditions without the need
for low vacuum conditions, or harsh chemical environments. Moreover,
the direct-write nature of laser-based approaches enable a great flexi-
bility in pattern design, as it eliminates the need for costly masks. In
particular, laser-induced graphene (LIG) formation by local carboniza-
tion of polyimide (PI) is a powerful technique for creating patterns of
high surface area three-dimensional graphene. [28,30-32] Hence, it is an
ideal candidate for scalable manufacturing of flexible surfaces with
tunable wetting behavior. [33-36] Various hierarchical morphologies
ranging from porous to fibrous and complex 3D structures can be
spatially controlled by modulating the lasing parameters such as laser
power, raster speed, beam defocus, and pulsing density. [30,31,34] Also,
adjusting the oxygen content in different gas atmospheres during lasing
was found to control the wetting properties of LIG on commercial PI
(Kapton®) achieving both superhydrophilic and superhydrophobic
surfaces.[37] Additionally, F-doping of the LIG surface was demon-
strated under sulfur hexafluoride (SFe) gas atmosphere, where an even
higher CA above 160° could be reached due to the low surface energy of
the C—F bonds.[37] However, gas atmosphere control complicates LIG
manufacturing and necessitates the use of complex environmental
chambers that limit scalability and increase the negative environmental
impact of the process if toxic gases are used/released. Alternatively,
antiwettingsurfaces were fabricated from LIG by impregnating the
porous graphene with hydrophobic polymers, [38] which also compli-
cates the fabrication process and may render it less sustainable. On the
other hand, creating engineered LIG micropatterns in atmospheric
conditions to tune hydrophobicity, [34-36] is most promising for single-
step scalable and green manufacturing of superhydrophobic wetting on
polyimide.

Importantly, all the above-mentioned reports on LIG for tailoring
surface superhydrophobicity relied on commercial PI films (e.g. Kap-
ton®), which limits the ability to control the surface chemistry and
atomic structure of the produced graphene material. Thus, a facile
strategy to precisely modulate both LIG chemical functionalization and
hierarchical morphology based on molecular control of PI is needed for
manufacturing artificial superhydrophobic surfaces with controllable
adhesion. Herein, we show a process for directly creating super-
hydrophobic graphene-based micropatterned surfaces from fluorinated
PI as the newly designed precursor for localized laser carbonization.
Lasing fluorinated PI uniquely enables the efficient photothermal F-
doping and produces desirable nano/micro-scale hierarchical porous
structures, which are critical for tuning antiwetting and adhesion.
Moreover, combined with directional patterning of parallel periodic
lines, anisotropic wetting properties are also demonstrated. In our
approach, both the geometry and hierarchical morphology of carbon-
ized structures are tailored by spatial modulation of laser scanning to
leverage proximity effect and create desired profiles of cumulative laser
fluence. We systematically investigated the anisotropic wetting behavior
along the directions parallel and perpendicular to line patterns. Our F-
doped graphene micropatterning approach created well-ordered hier-
archical surfaces that remained superhydrophobic but were found to be
strongly adhesive to water droplets. Further, we demonstrate the use of
our engineered surfaces for transport of water droplets without any loss
or contamination by utilizing curvature-driven switching of droplet
adhesion, which is promising for various applications including anti-
biofouling, [39,40] air-filtration, [41] water-treatment membranes,
[42] fuel cells, [43] and energy storage. [44] In particular, our proposed
droplet manipulation and pick-and-place strategies are promising for
integration with microfluidics systems, [34] lab-on-a-chip devices, [45]
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and point-of-care diagnostics [46].
2. Experimental section
2.1. Materials

Pyromellitic dianhydride (PMDA), 4,4'-(hexafluoroisopropylidene)
diphthalic anhydride (6FDA), and 2,2'-bis(trifluoromethyl)benzidine
(TFMB)were purchased from Tokyo Chemical Industry, Co., Ltd.
(Japan). 1-Methyl-2-pyrrolidinone (NMP) was purchased from Sigma-
Aldrich (USA). All chemicals were used without further purification.

2.2. Polyaddition, Imidization, and film preparation

The synthesis routes of PIs are given in Fig. 1(a). The detailed pro-
cedure is as follows: The polymerization was carried out by reaction of
equimolar amounts of TFMB diamine with 6FDA tetracarboxylic dia-
nhydride at a concentration of 16 wt% solid in anhydrous NMP. Poly-
condensation was performed at 23 °C for 24 h and yielded viscous poly
(amic acid) (PAA) intermediate solution. The PAA solution was coated
onto a clean glass substrate using a high precision adjustable film
coating applicator with a blade gap of 1000 pm. The PAA was subse-
quently converted into PI film via cyclodehydration under sequential
temperature programming (90 °C/2h, 150 °C/1h, 200 °C/1h, 250 °C/
30 min, and 300 °C/30 min). Finally, the PI film was stripped off the
glass substrate after being soaked in deionized water and further dried in
a convection oven at 70 °C for 6 h.

2.3. Laser driven large area nanocarbon micropatterning

Large area (1.27 cm x 1.27 cm) micropattern arrays of LINC were
generated on PI substrates (average thickness of 70 pm) using a 10.6 pm
CO2 IR continuous-wave laser(Full Spectrum Laser Pro-Series 20x12
platform, 1.5 in. focus lens). A single LINC array is formed by controlled
laser rastering at vertically fixed sample stage (sample fixed at beam
waist) under ambient conditions. Lasing proceeds along the positive X-
direction for a certain distance (Lx) at raster speed (v), then shifting by
an increment (p) in the Y-direction, followed by lasing in the negative X-
direction for the same distance (Ly), as illustrated schematically in Fig. 4
(a). This sequence is rapidly repeated during rastering until the array of
lines is completed. RentinaEngrave 3D software is used to programe the
parameters on the laser machine, and a MATLAB script was written to
generate the input design files with lines and a certain number of pixels
for gap between lines in a single array. The laser texturing was operated
at 12.5 W of laser power with X-direction raster speed of 491 mm s .
Programmed line spacing has been adjusted between 1 and 9 pixels
(with increments of 3), where one pixel represents a shift of 50.8 pm.
These translate to line pitch values of 101.6, 203.2, 355.6, and 508 pm.
The chemical composition-driven laser-written lines are denoted as N-
LINC for PMDA — ODA and F-LINC for 6FDA — TFMB, respectively.

2.4. Beam proximity effect model

To understand the effect of changing the lasing line pitch (p) on the
fluence and cumulative fluence delivered to the PI films, we developed
an elliptical Gaussian beam model (assuming single mode operation and
full surface absorption). The laser beam profile and power were previ-
ously estimated experimentally using the knife-edge technique. [30] The
laser beam flux (I) is expressed at a point (x, y) at the laser beam focus
and time (t) using scanning in the x-direction with speed (v) according to
the following expression:
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Fig. 1. Laser direct texturing of heteroatom-doped LINC micropatterns on PI films. (a) Synthetic route and chemical structures of PIs: PMDA-ODA to produce N-
LINC, and 6FDA-TFMB to produce F-LINC. (b) Fabrication schematics of freestanding PI films with LINC micropatterns. (¢) SEM image of F-LINC micropatterns
obtained at laser fluence of 16 J cm™~2 with line pitch of 355.6 pm. Inset shows cross-sectional SEM image. (d) SEM image of the close-up micropattern surface area of
F-LINC with swollen porous microstructural hierarchies. (e) Deomistration of the mehcnaical flexibility of the PI films, and the robustness of the laser-produced F-

LINC micropatterns on 6FDA — TFMB.

where P is the laser beam power, wox and wyy is the beam waist size, v
is the beam velocity and Ly is the lasing length in the x-direction.

To estimate the fluence at a point, the x and y-values are fixed at a
point (X,,y,) and the flux is integrated over time using the following
expression:

Fl) = / 1(oryor 1t
0

If this value is estimated at different y-values perpendicular to the
laser path, the fluence (F) delivered across the sample can be estimated
due to a single laser path. When the laser rasters across the sample, this
fluence distribution shifts, and depending on the line pitch, overlapping
between the successive laser passes can occur. A superposition of the
fluence of the different passes during rastering is used to estimate the
cumulative fluence (F.) at differeent locations.

2.5. Measurements

Attenuated total reflection — Fourier transform-infrared (ATR-FTIR)
spectra were obtained with a Bruker VERTEX-70LS. Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were con-
ducted with a simultaneous thermal analyzer STA 6000 under N, flow at
a heating rate of 10 °C min~'. Scanning electron microscopy (SEM)
images were obtained with a Zeiss SIGMA VP high resolution field
emission instrument at an acceleration voltage of 2 kV. X-ray photo-
electron spectroscopy (XPS) measurements were performed using a Ka-
spectrometer equipped with an Al — Ka micro-focused monochromator.
Raman spectra were recorded on a Renishaw Raman microscope using a
633 nm laser excitation at room temperature with a laser power of 5

mW. X-ray diffraction (XRD) was conducted on a Bruker D8 Discover
SRD X-ray diffractometer with Cu Ka radiation (A = 1.54 A). Surface
wettability was analyzed by measuring the Young-Laplace’s CA using
the sessile drop method at ambient temperature (~23 °C) in air by Biolin
Scientific Attention Theta optical tensiometer. The CAs were recorded
with a droplet volume of 5 pL after 3 s from droplet deposition. The
sliding behaviors were evaluated by using automated tilting control of
the goniometer stage at a rate of 1°/s. Calculating the number of repli-
cates for CA values were at least 10. For each reported value, all the
measurements taken from different surface locations were averaged and
the standard deviation was calculated. These replicates ensured that any
small batch differences did not influence the reported results. The sur-
face roughness parameters and surface energy of micropatterns were
characterized by using an Attention 3D topography module combined
with optical tensiometer. The scanning area was 3.2 x 2.8 mm.

3. Results and discussion

We use the term laser-induced nanocarbon (LINC) to collectively
refer to all the types of morphologies produced by laser carbonization of
polymer precursors, including our well-ordered micropatterns consist-
ing of hierarchical graphene-based networks in this work. Moreover, we
use the acronym F-LINC to refer to the flourine-doped LINC produced by
direct laser irradition of fourinated aromatic PI films of 6FDA — TFMB
(more details in the experimental section and in Fig. 1) in air without
any external doping sources or post-processing steps (either through
controlling gas atmosphere or using additive chemicals). Similarly, we
refer to LINC obtained by carbonization of PMDA-ODA as N-LINC,
owing to the observed nitrogen doping (more details below). A series of
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PIs with different molecular building blocks were synthesized by the
conventional two-step procedure of ring-opening polyaddition and
subsequent thermal cyclic dehydration (Fig. 1(a)). [47] To create the
micropatterns (Fig. 1(b)), poly(amic acid) (PAA) intermediate solution
was cast on a glass substrate and cured by stepwise thermal imidization
procedure at 300 °C (see Supplementary Fig. S1(a)—(b)). The PI coated
on glass substrate was irradiated by a moving CO laser beam (10.6 pm
wavelength) under ambient conditions. Using computer-aided control of
parameters during laser scaning and rastering, large area LINC micro-
patterns are precisely controlled in terms of both geometry (line shape,
size and spacing) and morphology.

To understand the process-strucutre relationship, we created maps
correlating laser parameters like power and speed to the morphology
and quality of the carbonized lines on PI films (see Supplementary
Fig. S2). Each cell of the map corresponds to a certain combination of
laser power and raster speed, and the color of the cell identifies the
morphology/phase observed. In the map, we distinguish five different
morphologies/phases and the determine the values of power and speed
neccessary to transition between them: (i) non-graphitization (yellow
region), where laser fluence is too low to adequately carbonize the PI;
(ii) uniform and continuous porous line (green region), where adequate
carbonization of PI; (iii) wooly nanofibers (red region), where a fluffy
disconuous line is less well-defined; (iv) serpentine line or delamination
(gray region), where the fluence is high enough to caues delmaination,
but not ablation of the carboized line; and (v) complete line cut (black
region), where laser fluence is high enough to cause ablation. In general,
an increase in laser fluence achieved high graphitization, but the pattern
became increasingly more brittle. Hence, there is a trade-off between
graphitization and mechanical stability, and we optimized the laser
parameters accordingly. SEM imaging in Fig. 1(c) and (d) clearly shows
the period patrerning induced by laser scribing the PI film using a
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programmed line pitch. Fig. 1(d) also shows a magnified SEM image of
the local area of F-LINC with uniformly swollen porous microstructural
hierarchies. Importantly, the F-LINC micropatterns produced on
6FDA — TFMB films were mechanically stable and showned no signs of
delamination of cracking upon severe bending and twisting, i.e. F-LINC
micropatterns could retain their original shape and structural integrity
even after releasing the applied bending and twisting loads (Fig. 1(e)).

Precise tuning of the directional surface patterns was achieved by
adjusting the programmed scan line pitch (p) between lines within each
periodic array, while maintaining a constant line width (w). This is
acheived by programing the number of pixels for line width and spac-
ings, condiering that one pixel represents a shift of 50.8 pm in our setup.
Hence, the micro-scale striped patterns are formed rapidly in a single
step as the laser is rastered along the main axis and shifted in the di-
rection perpedicular to the main axis of lasing. Schematic images of
surface geometry are shown in Fig. 2(a) along with detailed geometric
parameters of the striped micropatterns.

The morphological difference in the striped LINC surfaces area
observed depending on the programmed line pitch, as shown in the SEM
images. Individual LINC lines were created down to a minimum width of
175 pm by scribing with a laser beam spot with a nominal diameter of
168 pm. Small differences between the nominal beam size and the actual
size of the scribed LINC lines is ascribed to the fact that the actual area
affected by the carbonizing temperatures during laser pyrolysis differs
based on the dynamics and spatial distirbution of optical energy density
(or fluence), as well as on the thermal degradation behavior of the
polymer. From SEM images shown in Fig. 2(b)—(i), we measured LINC
line height of < 150 pm. As expected, the experimental values for pitch
and line spacing dimensions increased with increasing programmed
scan line pitch (p), while the effective average line width has been
constant for each type of PI (i.e. LINC line width is independent of line

N-LINC F-LINC
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Fig. 2. Development of heteroatom-doped LINC having different micropattern geometry. (a) Schematic diagrams of LINC micropatterns showing geometric pa-
rameters. Surface morphology and carbon line dimensions of (b)—(e) N-LINC and (f)—(i) F-LINC micropatterns as represented by the SEM images and bar graphs,
with blue representing the line spacing (s); red, line width (w); black, the center to center pitch (p); and gray, height of line (h).
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pitch). We also observed that F-LINC exhibits larger line width
of ~ 251 pm, compared to corresponding average line width
of ~ 172 pm for N-LINC obtained at the same laser fluence. This dif-
ference between line widths of N-LINC and F-LINC highlights the dif-
ferences in inherent thermal degradation behavior of the different PI
films, which was confimed from thermogravimetric analysis (see Sup-
plementary Fig. S1(c) and Table S1). The cross-sectional SEM images
(see Supplementary Fig. S3) show LINC micropatterns of an ordered
hierarchical porous morphology composed of continuous cellular net-
works. F-LINC lines are more textured than N-LINC, because the laser
carbonization of 6FDA — TFMB is concomitant with thermal expansion
and the liberation of various gaseous decomposition products (—CF,
—CF3 — CHF,, —CHyF, and — COF5) during the transient local photo-
thermal reactions, [48,49] which is also supported by the lower per-
centage of carbonized residue at 800 °C (chargpg) of 6FDA — TFMB
(53.5%) compared to PMDA-ODA (59.6%) (see Supplementary Fig. S1
(c) and Table S1).

The dependence of the surface roughness of LINC micropatterns on
the line pitch is presented in Fig. S4(a)—(b). The measurements were
carried out using an optical tensiometer with 3D topography module
(see Supplementary Fig. S4(c)—(d)). Both the arithmetic average
roughness (S,) and root-mean-square roughness (Sq) were largely con-
tant for nonoverlaping lines (i.e. when the line width was smaller than
the line pitch). On the other hand, due to the overlapping lines (i.e. line
width larger than line pitch) in the case of p = 101.6 pm for both N-LINC
and F-LINC (as well as in the case of p = 203.2 pm for F-LINC only), both
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S, and S are less than half the values for micropatterns with non-
overlaping lines (line-to-line pitch larger than line width). Thus, the
degree of overlapping between adjacent lasing lines strongly affects
surface topography, and these proximity effect also depend on the
chemical structure of PI films (i.e comparing the less thermally stable
6FDA-TFMB to the more thermally stable PMDA-ODA).

To further understand how such proximity effects control the PI-to-
LINC chemical transformation, we utlized X-ray phoroelectron spec-
troscopy (XPS) to systemically interrogate LINC micropatterns. Fig. 3
(a)—(b) (plotted from Supplementary Table S2) compare the XPS
elemental compositions of both N-LINC and F-LINC micropatterns
originated from PIs having different chemical structure. From XPS sur-
vey scans, for which the spectrums are plotted in Fig. S5, peaks located
at binding energies of 283.5 eV, 398.9 eV, 531.4 eV, and 687.1 eV
correspond to the C, N, O, and F atoms, respectively. [48,50] Our results
show that the degree of graphitization and heteroatom doping level of
LINC micropatterns can be readily controlled by changing the pitch of
periodic patterns. For LINC micropatterns with different line pitches
(101.6, 203.2, 355.6, and 508 pm) lased at the fixed laser fluence of
16 J cm 2, the percentage of C sharply increased with smaller line pitch,
while the atomic percentages of heteroatoms (N, O, or F) decreased
precipitously. As line pitch increases, the high resolution F1s spectrum
of the F-LINC clearly reveals C—F bonds with neighboring C atoms at
686.6 eV and 687.6 eV, which were associated with semi-ionic C—F and
covalent C—F bonds (see Supplementary Fig. S5). The deconvolution of
the Cls spectrum also reveals multiple carbon bonds in our F-LINC,
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Fig. 4. (a) Schematic illustrating the rastering of the laser beam having spot size of 2w,y and 2w,,. Here, the beam moves a distance (L) with speed v along the main
lasing direction(X-direction), then the beam laterally shifts by a distance (p) along the Y-direction. This sequence is repeated until the designed micropattern is
completed. Plots showing the fluence (F) and cumulative fluence after adding the effect of line overlap (F.) for pitch values of (b) p = 101.6 pm, (c) p = 203.20 pm,

(d) p = 355.6 pm, (e) p = 508 pm.

namely, the graphitic C—C at 284.6 eV, C—N at 285.6 eV, C—O at
286.1 eV, semi-ionic C—F at 287.5 eV, covalent C—F at 289.1 eV,
O—C—O at 290.7 eV, and covalent C—F5 at 292.5 eV, respectively.
[51,52] Moreover, deconvolution of the characteristic C1s peaks of F-
LINC with line pitch of 355.6 pm revealed that C—C bonds constituted
more than 63% of the chemical bonds (see Supplementary Fig. S5).
These results confirm that the F atoms are doped within the carbon
frameworks without destroying or significantly weakening their
aromaticity, and the remaining atoms are liberated in the form of
gaseous decomposition products.

The Raman spectra displayed in Fig. 3(c)—(d) show three prominent
bands: disorder-related D (~1350 cm’l), first-order G (~1580 cm’l),
and second-order 2D (~2650 cm’l) bands, which are characteristic
peaks of sp? carbons. [53] Hence, the Raman spectra of all samples
clearly demonstrate the presence of graphitic carbon. With decreasing
the line pitch from 508 pm to 101.6 pm, the intensity of the 2D band
increased monotonically, suggesting higher quality graphene with fewer
defects. On the other hand, the significant broadening of the D and G
bands and absence of a 2D band for N-LINC with large line pitches of
355.6 pm and 508 pm indicate a lower degree of graphitization and
more structural defects in the cases of nonoverlapping N-LINC micro-
patterns. Fig. 3(e)—(f) show the quantified results of the D to G intensity
ratio (Ip/Ig) and the 2D to G intensity ratio (I2p/Ig) as metrics to eval-
uate the quality of sp> carbon in LINC. Since the intensity of the 2D band
depends to a great extent on the electron/hole scattering rate, [54]
which is affected by lattice defects as well as by charge carriers (which
are boosted by heteroatom doping), the relatively high I>p/Ig ratio for F-
LINC compared to N-LNC despite the higher Ip/Ig ratio (especially for
nonoverlapping line pitch values of 355.6 pm and 508 pm) is consistent
with the effect of the charge carriers from F-doping, even if lattice de-
fects and structural disorder are high (as indicated by the higher Ip/Ig).
[55] It is worth noting here that the intensity of the D peak in F-LINC is
generally stronger compared to that of N-LINC. This is explained by the
greater disruption to the hexagonally ordered graphene lattice caused by
the presence of F dopants compared to N dopants, owing to the larger
mismatch of atomic size. Since the presence of defects, vacancies, edges,
and other forms of lattice disorder in the sp? bonded carbon domain
contribute to the D peak intensity, [56] our F-LINC exhibit an increases
D-peak intensity. The F-containing groups in molecular backbones of
6FDA — TFMB are incorporated into the graphenic structure and excess
F-derivatives (—CF, —CF3—CHF,, —CHJF, and —COF,) are released

into the air during local laser irradiation. Therefore, the change in
Raman intensity of D peak is associated with the sp>-type defects caused
by the occurrence of doping of F dopants into the hexagonal carbon
framework. [57] These derived CF defects have the effect of buckling the
carbon lattice. [58,59] In addition, the doping of F atoms in LINC leads
to the formation of an energy band near the Fermi level, i.e., lead to a
change in interatomic distances and consequent redistribution of elec-
tronic charge [59].

To elucidate the mechanism of the observed dependence of LINC
surface chemistry and structure on line pitch, we model the proximity
effects that result in excessive local heating in the vicinity of adjacent
carbon lines when the lines overlap. Fig. 4(a) schematically illustrates
the overlap of successive scans when the the laser beam is rastered back
and forth during LINC micropattern fabrication. The spatial profiles of
fluence calculated for each single laser pass are plotted as a function of
the laterial Y-direction for different values of line pitch p in Fig. 4(b — e).
Moreover, the cumulative fluence is also plotted by taking into consid-
eration the superposition resulting from line overlaps, i.e. fluence values
are added when lines overlap. Therefore, the spatial map of cumulative
fluence over the lased area is representative of the local laser-induced
heating, which drives graphitization during LINC formation. At the
smallest line pitch (p = 101.6 pm), significant overlap is observed be-
tween the fluence (F) delivered by each adjacent lasing line, which
boosts the cumulative fluence (F.) significantly as shown in Fig. 4(b). It
is also noted that the cumulative fluence is more homogeneous (with
lower variations across the lateral Y-direction perpendicular to the main
lasing direction) in this case of maximum line overlap. At a higher value
of line pitch (p = 203.2 pm), there is still some overlap between the
fluence delivered for the separate lasing lines (which is also reflected on
the cumulative fluence), assuming the nominal beam size of 168 pm that
translates into different line thickness depending of the PI chemistry as
explained above. On the other hand, for the cases of nonoverlapping
lines at higher line pitch values (p = 355.6 pm and p = 508 pm), the
fluence and cummulative fleince profiles coinside, as there is no
supersition, as shown in Fig. 4(d and e). Hence, these fluence calcula-
tions based on Gaussian beam modeling provide insights into the
fluence-dependence of line proximity in periodic micropatterns, which
manifests in the surface chemistry and morphology of the produced
LINC.

We now quantitatively characterize the surface wettability of our
well-ordered hierarchically porous LINC micropatterns by measuring



K.-H. Nam et al.

the CA formed by a water droplet at the three-phase boundary of
solid — liquid — air. Water droplets wet the PMDA — ODA film surface
owing to the relatively large surface free energy (see Supplementary
Fig. S1(d) and Table S1), [60] while the fluorinated molecular building
blocks in 6FDA — TFMB increased the CA of pristine PI film from 65° to
85°. When these PIfilm surfaces are textured with LINC micropatterns,
the observed wetting behavior is influenced by the complexity of the
anisotropic (and periodic) line features, as well as by hierarchical LINC
morphology and chemical composition.

Fig. 5 and Table S3 show the results of static CAs of LINC micro-
patterns from different viewing directions in order to measrure the
parallel CA (6)) and the perpendicular CA (¢,) to the direction of the
lased lines (Fig. 5(a)). Although static #, and 6 follow a similar trend as
a function of programmed line pitch, values for 6, are consistently larger
than values for 6. The difference in the wetting behavior in the two
orthogonal directions arises from the anisotropic and highly directional
nature of the pattern of periodic parallel lines. The water droplets, which
adhered to the LINC surface, can spread in the parallel direction more
freely than in the perpendicular direction. On the other hand, the
droplets are pinned to the LINC lines and hence exhibit periodic
stick-slip behavior along the perpendicular direction, along which that
the spreading is suppressed by the contact line, [61,62] (resulting in a
larger 6, than 6)).

Another important finding is that for highly overlapping lines at
small line pitch (p = 101.6 pm), all LINC micropatterns exhibited
hydrophillic wetting behavior that was less anisotropic than in the cases
with nonoverlapping lines (p = 355.6 pm and p = 508 pm). This is
explained by the more homogeneous LINC topography (smaller overall
surface roughness and periodicity) and prorosity allowing water to
impregnate the surface (Wenzel state). [63] Further increasing surface
roughness enhances hydrophobicity of the LINC micropatterned surface.

It should be noted that the measured CAs in all F-LINC samples
(Fig. 5(c)) were larger than that for N-LINC samples (Fig. 5(b)) at the
same line pitch. Interestingly, by increasing line pitch to 355.6 pm, a
superhydrophobic surface of F-LINC with a CA 0, of 156° is obtained,
and trapped air pockets between the ridges are clearly observed (inset
image in Fig. 5(c)). This significant increase in droplet CA is ascribed to
the low surface free energy created by the C—F bonds. Moreover, the
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inherent nano/micro-scale roughness of the hierarchically structured
porous F-LINC micropatterns can lead to large increase in the Laplace
pressure at the gas — liquid interface. [64] When the pixel pitch was
greater than 355.6 pm however, the both CAs 6, and 6 of F-LINC
decreased from 156° to 141° and from 135° to 91°, respectively, indi-
cating that the liquid — air interface collapsed due to sufficiently large
line spacing and liquid pressure.

To shed more light on the adhesion of water droplets to our LINC
micropatterns, we chracterize the dynamic CAs of water droplets on
tilted samples. Fig. 6 and Table S4 — S5 illustrate the variations of
advancing angle (6p), receding angle (0g), and CA hysteresis
(AOQ = 05 — 0R) corresponding to different values of line pitch. The CA
hysteresis, generally caused by surface roughness and anisotropy, refers
to the energy dissipated during the physical movement of the droplet
along a surface. [65,66] Typically, a surface is considered to be water-
repellent when it exhibits high CA with low CA hysteresis for a con-
tacting droplet. [67] In contrast to such water-repellent surfaces, the
“sticky non-wetting surface” exhibits high CA and high CA hysteresis,
exhibiting parahydrophobic behavior, known as “rose petal effect”
[68,69].

The work of adhesion to water droplet for the LINC micropatterned
surfaces is governed by the CA hysteresis caused by the kinetic barrier
difference in the advancing and receding modes. [62] Fig. 6(b) and (d)
show that 0, 0r, and CA hysteresis are generally proportional to the
surface roughness, especially for 6. Similar to the results of static CAs
shown in Fig. 5, the results of dynamic CAs on vertical samples show that
0, is larger than 6|, for both advancing and receding angles of each
orientation. The shapes of different water droplets on tilted samples
(90°) is shown in Fig. 6(a) and (c). While there are differences in the
values of hysteresis of contact angle as a function of line pitch, which
indicate differences in adhesion, the droplets placed on all our LINC
micropatterned surfaces maintain adhesion against gravityeven if when
the surface is tilted 90° (vertical) or 180° (updide down). When tilting in
the direction to view 6, the contact area of the droplet becomes larger,
indicating that the droplet spreads on the surface along the 65 direction,
compared to the static CA ¢). This unidirectional spreading of droplets
occurs prominently in N-LINC, which is ascribed to the generally higher
water affinity and higher surface energy of N-LINC compared to F-LINC.
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Fig. 5. Anisotropic wetting behavior of heteroatom-doped LINC micropatterns. (a) Schematic of viewing directions for measuring both the parallel CA (¢) and the
perpendicular CA (0,) to the direction of the lased lines. Plots of CAs of (b) N-LINC and (c) F-LINC micropatterns corresponding to different values of line pitch. Insets
shows optical tensiometer images of water droplets, from which each measurement is obtained. Horizontal dashed lines represent the isotropic CA for the pristine PI

film before laser carbonization.
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Fig. 6. Dynamic wetting behavior of heteroatom-doped LINC micropatterns. (a) Optical tensiometer images of water droplets on N-LINC tilted by 90°, and (b) plots
of dynamic CAs and hysteresis values of N-LINC from different viewing directions. (c) Optical tensiometer images of water droplets on F-LINC tilted by 90°, and (d)
plots of dynamic CAs and hysteresis values of F-LINC from different viewing directions. The notation 6, and 6 represent the advancing and receding angles.

Interestingly, the F-LINC sample with line pitch of 355.6 pmexhibits
parahydrophobic surface, where the dynamic CAs along both perpen-
dicular (0a; = 165°, 6ry = 127°) and parallel (65| = 147°, Or = 87°)
directions as well as the calculated CA hysteresis (A8, = 38°, Ag| = 60°)
are high. This phenomenon manifests as an unusually high water droplet

adhesion to the surface, despite the superhydrophobic state. Therefore,
the droplets never roll-off the surface even when tilted by 90° or more.
This parahydrophobic wetting behavior of F-LINC can be explained by a
metastable Cassie — Baxter and Wenzel state referred to as the Cassie
impregnating wetting state. [70,71] This wetting transition is ascribed
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to the presence of both large features (the lines in our micropatterns), as
well as nano/micro-scale hierarchical porous morphology of F-LINC in
each line. The unique F-doped nanotexture of F-LINC results in the high
static CA, whereas the larger scale lines that are sparce and low in height
allow water to partially penetrate into the micropattern, resulting in
high water adhesion [72,73].

Leveraging this unique rose-petal effect with surface adhesion and
superhydrophobic properties of F-LINC micropatterns at line pitch of
355.6 pm, we proposed the use of these flexible samples for water
droplet transportation without any loss or contamination. As shown in
Fig. 7(c, (1)—(5)), a water droplet on a low adhesive superhydrophobic
Teflon film could be easily picked up by flat F-LINC miropatterned
sample, owing to the strong water adhesion force of the pinned super-
hydrophobic state. Upon bending the flexible sample, curvature-driven
air injection into the micropattern arrays contributes to decreasing the
water adhesion, enabling the release of the droplet (Fig. 7(a)).
Increasing the curvature, which is enabled by the excellent flexibility of
the PI film, reduces adhesion by transitioning toward the Cassie super-
hydrophobic state.[74,75] As shown in Fig. 7(c, (6)—(10)), the water
droplet on the curved F-LINC surface (Fig. 7(b)) can be completely
transferred to high adhesion surface, such as another flat F-LINC
micropatterned PI films. This pick-and-place process is possible because
the adhesion between the droplet and the curved sample is less than the
adhesion between the droplet and the flat F-LINC. In situ manipulation of
droplets using the strain-induced swithcing of adhesion is promising for
various application in microfluidics, biomedical devices, and other site-
specific release chemicals.

As a result, the impact of this study on scalable patterning of fluo-
rinated graphene for functional anisotropic surfaces directly on flexible
polyimide is remarkable in comparison with the results reported in the
literature, as shown in Table S6. [34,35,37,76-79] Based on different
surface characteristics including parahydrophobicity, mechanical-
strain-induced switchable wettability, and droplet pick-and-place
demonstration, it should be emphasized that the newly designed
responsive F-LINC micropattern surface is potentially useful for lab-on-
a-chip devices, especially for molecular detection, diagnostics, and cell
biology applications.
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4. Conclusion

We demonstrate a direct-write laser-based method to fabricate
micropatterns of fluorine-doped graphene directly on flexible polymer
films. Such textured surfaces exhibit superhydrophobicity, controllable
water adhesion, and anisotropic wetting. In particular, we prepared
periodic arrays of LINC lines by laser-induced graphene using an
infrared continuous-wave laser on molecularly designed polyimide
films. Compared with the N-LINC derived from PMDA — ODA, the large
quantity of F-containing functional groups in 6FDA — TFMB resulted in
abundant release of gaseous decomposition products during a transient
local photothermal reaction, resulting in the formation of highly hier-
archical nano/micro-structures with varying levels of F-doping up to
10.4% in F-LINC. The static CAs of water droplets on F-LINC micro-
patterned surfaces are consistently higher than those for N-LINC and
exhibit superhydrophobicity (up to 156°) at programmed line pitch of
355.6 pm in the direction perpendicular to patterns. Additionally, F-
LINC micropatterned PI samples also exhibit a “rose petal effect” man-
ifests as strong adhesion between the water droplet and the textured
surface, although the contact angle is above 150°, i.e., dynamic CAs in
perpendicular (05, = 165°, g, = 127°) and parallel (05 = 147°, Og| =
87°) direction, and anisotropic CA hysteresis (A0, = 38°, Af| = 60°).
These sticky parahydrophobic surfaces can be used as smart “mechani-
cal hand” for droplet transportation by modulation of adhesion through
strain-induced curvature control. Hence, our approach provides a facile
and scalable surface engineering approach, applicable to flexible device
manufacturing with tunability of surface wetting and adhesion and
suitable for various droplet manipulation needs.
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