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Abstract

The possibilities of the precise control of wetting properties of a series of laser-induced
graphene (LIG) films consisting of microscale air pockets on top of nano-scale surface
roughness using electrowetting are demonstrated. By application of a marginal DC bias (~2
V), water can efficiently wet as well as can be pumped through the superhydrophobic LIG
substrates. Interestingly, the electrowetting phenomenon is strongly dependent on the applied
voltage polarity and it causes an abrupt wetting transition from superhydrophobic (contact
angle ~152°) Cassie state to superhydrophilic (contact angle ~7°) Wenzel state on the LIG
films. By analyzing the voltage polarity dependent electrowetting results with an equivalent
electrical circuit model at the solid-liquid interface, and considering the hierarchical dual
surface roughness (micro-nano scale), the transition between the “slippy” Cassie state and the
“sticky” Wenzel states is explained. Furthermore, we demonstrate that the unique structural
characteristics of the custom-designed micropatterned LIGs, with precisely tailored surface
energy by simple post-annealing treatment, enable easy preparation of superhydrophobic LIG
films. The approach to prepare stable superhydrophobic LIG with voltage polarity dependent
wetting mode transition is used here to controllably transport of water through 3D porous LIG

surfaces.
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1. Introduction

In recent years, wettability control and capillary transport of water through carbon membranes

have generated considerable interest, especially in the biomedical field where water flows



through biological water channels.[1][2] In general, the wettability of the solid surface is
strongly prejudiced by either altering the surface chemistry or by introducing multiscale
physical roughness.[3] Several experimental or theoretical studies have been adopted to
exploit the surface roughness (both microscale and nanoscale roughness features) to engineer
superhydrophobicity (Cassie state) or superhydrophilicity (Wenzel state).[3] These artificial
synthesized surfaces maintain their wettability characteristics over a period of time but do not
actively regulate their wettability after being prepared. It has been a real challenge to tune the
wettability on demand, which can be solved by mimicking the electrowetting scenario where
an external perturbation in the form of an electric field is accountable for the wettability
variation from superhydrophobic to superhydrophilic state.[4][5] The ability to real-time
droplet actuation on a solid substrate using an electric field makes electrowetting suitable for
many optical, biomedical, and electronics applications that have led to the commercially
available liquid lenses and digital microfluidics diagnostics kits.[6—10] There is, therefore,
renewed interest to synthesize a new material with a single-step process that is not only
accessible for variable wettability but also adequate for electrowetting.

Graphene, the thinnest nanomaterial known so far, where carbon atoms packed into a 2D
honeycomb lattice has gained huge recognition due to its fascinating electrical, thermal, and
mechanical properties.[11-14] An often desired alteration of graphene wettability in the range
of superhydrophobic to superhydrophilic includes specific approaches, such as controlling the
relative proportion of electrolytes in graphene dispersed solvent, preparing graphene/carbon
nanotube hybrids, introducing fluorine groups in the graphene sheet, functionalizing the
graphene nanostructures.[3,15-19] Yet, in all the reported methods, multiple steps are
involved to yield the desired surface functionalities and all the modifications are done in post-
graphene formation. Moreover, the lack of large-scale production methods and translating
these properties into an ordered architecture has been the main hurdle to use it in a practical

application.



Recently the graphene-based 3D porous nanomaterial called laser-induced graphene (LIG),
prepared from flexible polyimide (PI) sheets has been investigated worldwide due to its easy
and scalable synthesis.[20-23] Its physical properties can be controlled by varying
experimental conditions such as laser pulse parameters, laser power, and lasing
atmosphere.[24,25] Applications of LIG for microsupercapacitors, electrochemical sensors,
electrochemical water splitting, electrocatalysis, water treatment have been demonstrated
where wettability control was the prime factor for improved device performances.[20-23] [26]
LIG has now emerged as a smart material in which many commercial applications can be
envisioned. Reports are available demonstrating that the wetting properties of LIG can be
altered by preparing it under a controlled gas atmosphere.[24,25] However the method
requires an additional controlled atmosphere chamber which reducing the advantage of LIG
formation of being a simple and rapid process. Alternatively, a simple and superior
electrowetting approach, by means of an external electric field can modulate the wettability of
carbon-based films from superhydrophobic to superhydrophilic state.[27][28] In general,
electrowetting refers to electrowetting on dielectrics (EWOD) where the electrowetting
phenomenon is independent of the applied voltage polarity and contact angle responses with
voltage are symmetrical in both positive and negative applied bias.[4] However, recently few
studies have described the dielectric-free approach to electrowetting on the basal plane of
conductive graphite surface where specific interactions at the water-graphite interface and
graphite crystallinity are said to be responsible for electrowetting on conductive graphite and
the phenomena is also referred to as electrically driven flow.[29-31] But surprisingly, until
now, single-step synthesis of micropatterned LIG has not been investigated and no reports are
available showing their electrowetting and corresponding wetting properties. Liquid
repellency and electrowetting characteristics of hierarchical structured LIG fibers are still
unexplored. It is well known that the introduction of hierarchical roughness is beneficial to

produce stable hydrophobic surfaces and as compared with 2D and 3D carbon geometry,
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carbon fibers with their flexible geometry are more suitable for multifunctional
application.[32,33] Therefore, we believe the development of electrowettable
superhydrophobic micropatterned LIG fibers in terms of the cost-effective simple production
process could be of great significance in the field of surface science and engineering.

Aiming to expand the range of properties for LIG, in particular, to tune the underlying
wettability of LIG surface, and eventually to further broaden the LIGs field of applications
using electrowetting, here we presented polarity dependent low voltage electrowetting for
electrically driven transport of water and precise actuation of droplets on LIG surfaces which
are made of densely packed vertically aligned carbon nanofibers. Moreover, we report here a
method to prepare LIG fiber and patterned LIG (PLIG) fiber under an ambient atmosphere
where superhydrophobic LIG and PLIG fibers are obtained by post-annealing treatment and
superhydrophilic LIG and PLIG fibers are obtained by mimicking the electrowetting scenario.
Here we developed graphene walls where sequential air pockets are regularly distributed on
the PLIG surface. Such a system can be considered as a two-scale structure; the regularly
distributed micron size air pockets represent microscale surface roughness which is coupled
with the nanoscale surface roughness associated with the sharp fiber tips. The influence of
micropatterning, surface chemical functionalities, microstructure on the variable wettability,
and corresponding electrowetting is investigated using scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), and
Raman spectroscopy. Finally, polarity dependent electrowetting characteristics are explained
by analyzing the electrowetting behavior at the electrode/electrolyte interface with an
equivalent circuit model (electrochemical impedance spectroscopy) and by taking into

account the role of interfacial capacitance using cyclic voltammetry method.



2. Experimental Section

LIG fabrication

Unless otherwise indicated, polyimide sheets (PI, 0.005 inches) were used as received. A CO,
laser cutter system (UniversalX-660 laser cutter platform) with a 10.6 pm laser
wavelength was used for laser scribing on polymer sheets. The size of the laser beam is about
100 mm. Laser power at 10 W was maintained constant during laser scribing. The laser
system also offers an option to set the pulses per inch (PPI) with a range of 10-1,000 PPI. We
set the PPI value of 500 in our experiment. All laser experiments were carried out under
environmental conditions. Prior to create air pockets, a crosshatch pattern with dimensions
400 x 200 uM is created using SOLIDWORKS software and then the pattern is printed on the
PI sheet during the laser rastering process. Additionally, prepared LIG and patterned LIG are
further air annealed at 200°C for one hour. The grown samples are designated as LIG (laser-
induced graphene fiber), PLIG (patterned LIG), LIGyg0, and PLIGyg (air annealed LIG and

PLIG at 200°C for one hour).

Material characterization

The surface morphology of the LIG films was characterized using Zeiss Sigma FESEM w/
EDX & EBSD scanning electron microscope (SEM). The height profiles of the graphene
walls are measured using a contact mode profilometer (Bruker, Dektak XT). The chemical
composition of LIG films was investigated using X-ray photoelectron spectroscopy (XPS:
Kratos AXIS 165). The Raman spectra were recorded using a Renishaw Raman spectrometer
(inVia) using a 532 nm laser source, using a nominal power of 25 mW for 60 s, 50x
magnification. The microstructure of the samples was investigated using transmission electron
microscopy (TEM, Joel 2100F). A software-controlled needle dosing system (DSA 100E,

KRUSS GmbH) was used for electrowetting and contact angle measurement purposes.



Electrolyte (1M KCI) drops of 4 pl volume and DC bias was applied for the electrowetting
experiment. All electrochemical measurements were done using an Autolab 302N
potentiostat/galvanostat (Metrohm Autolab BV, Utrecht, The Netherlands) controlled by

NOVA software.

3. Results and discussion

Irradiation of CO; laser on a commercial polyimide film in ambient air converted the PI film
into a porous graphene structure. With software controlled laser writing, LIG can be readily
patterned into different morphologies as shown in the SEM images in Figure 1. The
appearance of walls and valley-like structures can be seen where walls are predominantly the
porous 3D graphene and the valleys in-between the walls are the untreated PI film. The cross-
sectional SEM images of LIG film (inset I of Figure 1a) reveal that the height of the walls is
~600 um. A similar kind of surface morphology is observed for the film LIGyy, except the
wall height is reduced to ~480 pum (inset II of Figure 1b). In the case of PLIG and PLIGy,
the patterned architecture (Figure S1, supporting information) produced microvoids on top of
the LIG walls which results in a high porosity (Figure 1¢ and d). These air pockets introduce
micro-scale surface roughness on the graphene walls, which is combined with nanoscale
surface roughness associated with the densely packed vertically aligned graphene fibers. The
dual-scale (nano-micro feature) roughness plays a crucial role to control wettability and
superhydrophobic stability. After being annealed in the air at 200°C, PLIG microvoid
dimensions have slightly reduced as compared to the PLIG (Figure 1f). During the annealing,
the induced capillary force due to the loss of moisture will cause the PLIG walls to shrink
which in turn reduces the microvoids dimension of PLIG;.[34] The SEM image of the PLIG
and PLIG;y, at low magnification is represented in Figure S2. The high magnification SEM

images (Figure S3, supporting information) of these films reveal the fiber-like geometry in



which fibers are crosslinked to each other to form a porous graphene structure. A surface
profilometer is also used to verify the results obtained from SEM image analysis. Surface
variation of LIG, LIGyq, PLIG, and PLIG;q,, measured by vertical stylus displacement is
presented in Figure S4. The wall height of LIG, LIG,¢, PLIG, and PLIG;( films are found to
be ~668, ~520, ~350, and ~236 pum respectively. The height profiles obtained from SEM and
surface profilometry methods are matched closely.

Wettability is highly susceptible to surface morphology and surface chemistry, usually
determined by an evaluation of the water contact angle (WCA) value. We found that as
prepared LIG substrate is hydrophobic (WCA ~111°) and becomes superhydrophobic (WCA
~153°) when LIG is air annealed at 200°C for one hour (Figure S5). When microscale
roughness is introduced in the LIG substrate by creating microvoids on top of LIG walls, its
hydrophobicity is increased (WCA ~128°) as compared to LIG. After being annealed at 200°C
for one hour PLIG becomes superhydrophobic with a WCA value ~151°, similar to that of
LIG;p9. The superhydrophobic substrates (LIG;p and PLIGyo0) are air-stable with no
noticeable changes in the WCA value up to 10 min. The droplet eventually evaporates from
the films without any obvious sinking in the porous structure. Note that in all LIG surfaces
with walls and valley-like structures where suspended drops lie on top of the walls with air
pockets beneath them corresponding to the Cassie-Baxter state.[35] Droplet rolling
experiment is also performed by tilting the sample substrate. The roll-off angle of droplets on
the LIG, LIGyy, PLIG, and PLIG,y substrates are approximately 23°, 19°, 29°, and 16°
respectively. The roll-off characteristics on the air annealed samples are improved as
compared to the pristine LIG and PLIG films. By modulating the surface roughness and
surface chemistry via imprinted topography or through air annealing we can tailor the
wettability of the LIG films over a wide range as illustrated in Figure S5.

The wetting behavior of the conductive graphene thin films under an external applied electric

field is highly relevant for some applications.[36] Figure 2a shows the schematic diagram of
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the electrowetting setup, where, a copper wire is inserted into the droplet (1 M KCL) to
establish the electrical contact. First, we analyzed the droplet response with graphene
substrates acting as the anode (+ve voltage) and copper wire as the cathode (-ve voltage). The
droplet shape and the CA response remain unchanged up to 2 V for LIG and PLIG while the
value is increased to 3 V for LIG,g0. Over and above these voltages, an abrupt transition from
superhydrophobic Cassie-Baxter (CB) state to superhydrophilic Wenzel (Wn) state is
underway and the droplet rapidly sinks in between the graphene fibers. This can be visualized
from the snapshots provided in Figure 2c, where droplets sank into the porous structure of
LIG, LIGyg, and PLIG substrate for a small DC bias of 4, 7, and 5 V respectively. The
threshold potential to trigger the droplet transition from CB to Wn state is ~2 V in the case of
LIG and PLIG, and 3 V for LIG;y. Below this threshold voltage, the CA shows no change
with respect to no bias condition and above this, the droplet dynamically penetrates between
the graphene fibers causing the CA to be reduced abruptly. Interestingly, for PLIG,¢ substrate
the droplet form and CA value at an applied bias of 10 V are almost identical to that at 0 V
(Figure 2b). A slow decline in the CA value for PLIG;(, can be seen for above 10 V bias and
the threshold voltage required to activate the sinking of droplets into the air pockets is ~45 V
(Figure S6, supporting information), which is nearly 20 times greater than that of other three
graphene substrates.

Next, the droplet dynamics are observed in reverse polarity, i.e; graphene substrates as a
cathode (-ve voltage) and copper wire as an anode (+ve voltage). The snapshots in Figure 2c
show the droplet profiles with the particular applied potential. It is interesting to see that the
droplet sinking strongly depends on the polarity of the applied DC bias. In terms of no bias
condition, the change in the CA for LIG, LIG;, and PLIG substrate is marginal up to 10 V of
applied bias (Figure 2b). A progressive decrease in CA is observed for voltages greater than
10 V (Figure S7 supporting information). The threshold voltage required to allow droplet

sinking for LIG, LIGygo, and PLIG substrates are 32 V, 44 V, and 33 V respectively, which is
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15 times higher than when these substrates act as the anode. Surprisingly, the CA for the
PLIGy has changed from 146° to 114° with a relatively small-applied bias of 4 V. Therefore,
when LIG, LIG;(, and PLIG substrates serve as an anode the CB to Wn transition takes place
with the onset of threshold voltage below 5 V, whereas it required more than 30 V when these
substrates serve as a cathode. On the other hand, the electrowetting behavior of PLIGyq is
opposite as compared with the other three substrates. Careful observation of these four
electrodes shows there are two separate wetting mode transitions, namely CB to Wn and CB
to CB, and the specifics are outlined in Table 1.

Figure 2c also illustrates an interesting application of this electrowetting phenomenon.
Considering the panel II of Figure 2c, three different contact angle (152°, 19” and 139.5°)
regions are observed for the no bias, 7 V and -15 V applied bias to the LIGyg surface. It is to
note, the droplet is no longer sinks into the LIG( surface and sits stably at a contact angle of
19° and 139.5° after DC biases are switched off. Similar types of electrowetting are also
observed for LIG, PLIG, and PLIG;( surfaces respectively. Polarity dependent electrowetting
is, therefore, can modulate the local wettability of any point on these graphene surfaces. It is
evident from Figure 2c, an extreme wettability gradient from superhydrophobic to
superhydrophilic regions can be engineered on the laser-induced graphene substrates. Such
wettability contrast has a wide range of applications which includes, guided fluid transport,
fog harvesting, biomedical devices, drug release coatings, and lab-on-chip devices.[37-39]
Figure 3 demonstrates another interesting application of this electrowetting phenomenon.
Here we carried out a series of control experiments without the Cu wire to determine whether
the Cu wire plays an influential role in the observed voltage polarity dependent electrowetting
phenomena. The liquid droplets are sandwiched between the two graphene films for these
experiments. In the first series of experiments, the bottom graphene electrodes are acting as an
anode and the top ones are acting as the cathode (Figure 3a-d). For LIG, LIG;q, and PLIG the

droplet is drawn towards the bottom electrode and eventually detached from the cathode
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surface at a small DC bias of 2 V. However, for PLIGyg (Figure 3d) the liquid droplet is
pumped towards the cathode side. During the second series of experiments, the bottom
graphene electrodes serve as cathode and the top electrodes serve as the anode (Figure 3e-h).
Once again, the liquid droplet is pushed towards the anode side (top electrode) and finally
isolated from the bottom electrode at an applied bias of 2 V, 2.5 V, and 4.5 V for LIG, LIG;,
and PLIG respectively. For PLIG;q, the droplet response is opposite to that of the other three
electrodes where the droplet is pumped towards the cathode side (lower electrode). Figure 3
displays the directional controlled transport of liquid where the droplet can either be pumped
up or down or evenly distributed between the top and bottom electrodes just by altering the
applied voltage polarity.

There are many factors, such as surface morphology and roughness, degree of oxidation of the
graphene substrates, presence of dangling bonds, induced defects on the graphene surfaces
during the lasing process, etc. which can influence the surface energy, and in turn the
wettability of the graphene substrates. The voltage polarity dependent electrowetting is
another aspect that requires further analysis in terms of identifying the changes in the
chemical composition along with the physical changes of these films. Therefore, various
spectroscopic, microscopic, and electrochemical tools are used to analyze the material
properties to explain the factors responsible for the observed changes in wettability and the
subsequent electrowetting performance.

The quality of the graphene films is first evaluated using Raman spectroscopy. From the
Raman spectra of Figure 4a, all graphene samples are observed to exhibit the first order
fundamental G peak (~1573 cm™), the D peak (~1340 cm™) induced by defects on sp>-bonded
carbon, and a 2D peak at around 2670 cm™ induced by 2" order zone boundary phonons.[40]
All Raman spectra analytical processing parameters are summarized in Table S1 (supporting
information). The 2D peaks are fitted with only one Lorentzian peak centered ~2675 cm™,

~2678 cm’', ~2672 cm™, ~2665 cm™ with a full width at half maximum (FWHM) value of 80
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cm'l, 70 cm'l, 77 cm'l, and 86 cm™ for LIG, LIGy¢, PLIG, and PLIG;( respectively. This
type of 2D band profile is the same as observed in a few layers of graphene stacked along the
¢ axis.[41-43] The presence of the D band is an indicator of disorder or defects in the
graphene layers and the intensity ratio between D and G band (Ip/lg) is often used to estimate
the amount of defects in graphene-based materials.[44] The Ip/Ig ratio of LIG is calculated as
0.55. Upon annealing at 200°C, the most apparent feature that can be seen is the decrease in
the D-band intensity. As a result, the intensity ratio between D and G band (Ip/Ig = 0.47) for
LIG; is therefore reduced i.e.; LIGyoo has low defect concentration relative to the pristine
LIG. After being created air pockets on the LIG walls (PLIG), and further annealed at 200°C
(PLIG,p9) the D peak intensity increased whereas 2D peak intensity is decreased in
comparison with LIG indicating significant structural disorder and defect formation.[45]
These induced defects in the graphene substrates could be due to the charge doping or
strain.[44] In our findings, however, only a small fluctuation of G band FWHM can be found
and there is no 2D band blueshift after annealing or producing microvoids, which suggests
that the effect of charge doping can be ignored.[44] The observed Raman outcomes are
therefore caused mainly by strain. The effect of compressive strain on the PI sheet due to laser
irradiation contributes to a wrinkle-shaped structural disorder, which further increases through
the creation of microvoids. Another interesting observation is that the intensity ratio of the 2D
to G band is also significantly reduced for PLIG and PLIG;q, in comparison to LIG and
LIG;( i.e. the number of ordered graphene layers is reduced too.[46] Further evidence of the
formation of wrinkles and the reduction of graphene layers in the case of PLIG and PLIG;q is
gathered by high-resolution TEM (HRTEM) analysis.

The standard HRTEM images of the graphene films are shown in Figure 4b, which shows the
characteristic wrinkles of the graphitized polyimide sheet as reported previously.[41] The
signature of the few-layer graphene structure can be seen on the LIG surface (Figure 4b (I))

where disordered fringes are found on the center and ordered graphene fringes are located
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near the edge of the fiber respectively. The formation of these wrinkled structures happens
due to thermal expansion during laser irradiation.[41] The interlayer spacing of LIG is about
0.37 nm (inset of Figure 4b(I)) which is slightly larger than that of (002) plane of graphite
(0.34 nm). This large interlayer spacing of LIG is caused by the presence of the oxygen
functional groups or water molecules.[47] For LIG,¢, substrates, both the number of graphene
layers near the fiber edges and the interlayer distance (dgp, = 0.345 nm) are reduced as
compared to LIG (Figure 4b(Il)). The post-annealing treatment eliminates maximum oxygen
functional groups from the LIG surface which results in a reduction of dy, value. However,
abundant wrinkles are also present on the LIG;yy surface. On the other hand, HRTEM images
of both PLIG and PLIGyq, also display few-layer features, with an interlayer distance of
approximately 0.33 nm (Figure 4b (III) and (IV)). In contrast with LIG and LIGyq, the
number of ordered PLIG and PLIG;( layers is however further decreased. The observed
disordered structure in the HRTEM images of PLIG and PLIG;y, agrees well with the high
Ip/IG ratio seen in their Raman spectra. The systematic decrease in dgo, because of the removal
of oxygen-containing groups and observed disordered structures in the HRTEM images are
further verified with the XPS analysis.

XPS is employed to correlate the effect of creating micropattern and post-annealing treatment
on the oxygen functionalities and to monitor the structural changes in the graphene substrates.
Comparing the carbon/oxygen ratio (C/O) between the four graphene substrates provides an
effective way to measure the level of disorder that occurs during patterning or annealing. The
atomic C/O ratio is determined (summarized in Table S2, supporting information) by dividing
the area under Cls with that of the Ols and multiplying by the photoionization cross-
section.[48] A significant disparity of the C/O ratio between LIG and LIGyq film is calculated
from the XPS survey scan graph (Figure S8, supporting information). The C/O ratio of the
pristine LIG is about 16.69, corresponding to 94.35% carbon and 5.65% oxygen content. The

C/O ratio increases from 16.69% for LIG to 22.5% and 29.47% for PLIG and LIGyqg
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respectively. This point to an efficient deoxygenation process results in a reduction in dog;
value for PLIG and LIG;y as compared to LIG and these results are consistent with the
HRTEM and Raman analysis. However, the air annealed PLIG; i.e., PLIG,op has lowered
carbon content (94.19%) and improved oxygen content (5.22%) as compared to PLIG giving
an overall C/O ratio of ~18. In addition to carbon and oxygen, a small fraction of nitrogen
(~0.6%) is also found in PLIG and PLIG; films. The high-resolution C1s XPS spectra of the
graphene films showing the dominant C-C peak (~284.3 e¢V) which indicates that LIG films
mainly consist of sp® carbon (Figure 4c). In addition to the graphitic carbon, other carbon
components (~285.1 eV) corresponds to the diamond-like carbon structure and a residual C-O
bond contribution (~286.4 eV) are also present in all graphene films.[49] The extracted
binding energy and the contribution of sp” carbon and disorder carbon bonding are charted in
Table S2. The degree of the defect (i.e.; disordered graphitic carbon or sp’ carbon) is
maximum for the PLIG,y surface, whereas LIG;y shows the lowest fraction of oxygen-
containing groups and the highest fraction of ordered sp® carbon. These results are in good
agreement with the HRTEM analysis as well.

We also measured the sheet resistance of all graphene substrates using a four-point probe
resistivity measurement system (Figure S9, supporting information). These results are similar
to that of another recent study on laser-induced graphene fibers.[S0] The low sheet resistance
confirms there is no dielectric or insulating layer present on the laser-induced graphene fibers.
Apart from all these physical characterizations, we have carried out some electrochemical
characterizations (EC impedance spectroscopy, and cyclic voltammetry) in the presence of an
electrolyte (1 M KCI) to investigate the charge transfer kinetics and to measure the interfacial
capacitance at the electrode-electrolyte interface.

A frequency response analysis of the impedance spectra within the frequency range from 0.1
Hz to 100 kHz yields the Nyquist plot as shown in Figure 5 (a-d). An equivalent electrical

circuit was modeled to simulate the capacitive and resistive elements and is represented in the
15



inset of Figure 5d. These circuit parameters include the solution resistance (R;: takes care of
solution resistance), charge transfer resistance (R arises due to the fast-faradic reaction at
the electrode-electrolyte interface), interfacial capacitances (Cgpr, and C,;), and constant
phase elements (CPE) which comes due to the nonlinearity and inhomogeneity in the
system.[51,52] The fitting results are shown in Table 2. In accordance with the
microstructural and surface chemical evolution of graphene samples due to micropatterning
and annealing, the charge transfer resistance (R.) of LIGyq is the lowest (20 Q) as compared
to LIG, PLIG, and PLIGyy respectively. This is due to the increased density of the
delocalized electrons, stimulated from the sp” conjugated carbon lattice, which is significantly
increased during the annealing process (validated from XPS analysis as well). These increased
sp’° domains provide a low resistant channel for charge transfer within the electrode-
electrolyte interface.[53] On the other hand, the contribution of the interfacial capacitance C is
composed of two parts, namely, Cgpr. and C,;;, which are the electrical double layer (EDL)
contribution and the capacitance due to trapped air respectively. Here C,;; depends on the
geometry of the graphene samples whereas, Cgpy is strongly affected by the surface chemistry
and the applied potential.[51] In our case, the Cgpr. value is lowest for PLIG; and highest for
LIG;¢o. The Cgpy, value of LIG is however comparable to that of LIG;n. Note that, due to the
construction of air pockets, the trapped air occupies a large portion of the interfacial area in
case of PLIG and PLIG;y and contributed significantly to the interfacial capacitance.
Interestingly for PLIG;y the interfacial capacitance is dominated by the C,;. The interfacial
capacitance plays a substantial role in the electrowetting behavior of all graphene samples.
Therefore, to quantify the value of interfacial capacitance cyclic voltammetry (CV) is
performed further.

Figure 5e represents the typical CV behavior of all graphene samples in 1 M KCI at a scan
rate of 50 mV s within the potential range of 0 to 5 V and the calculated interfacial

capacitance values are inserted in the inset of Figure Se. As shown in Figure Se(I), LIG
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exhibits the maximum current under the CV curve, which corresponds to the maximum
interfacial capacitance of 49 mF cm™. A decrement in the interfacial capacitances is observed
for the PLIG, LIGyp, and PLIGyo0 samples respectively. It is known that the oxygen-
containing groups are capable of providing pseudocapacitance (PC) in the graphene
substrates.[54] In our case LIG has the maximum percentage of oxygen-containing groups
(responsible for PC), which ultimately maximizes interfacial capacitance of LIG. For LIGyg
most of the PC part is eliminated due to the removal of PC-active oxygen functional groups at
200°C and the result is consistent with the XPS analysis.

Based on the above experimental results we can say that LIG surface hydrophobicity is
modulated by both surface morphology and surface chemistry. Both of these considerations
need to take into account when analyzing the graphene specimens as changes in surface
chemistry are often associated with the changes in the surface morphology.[24] First consider
the effect of morphology, porosity, and roughness on the wettability properties of graphene
substrates. Note that for the LIG surface, the suspended drops lie on the top of the walls with
air beneath them which corresponding to the Cassie-Baxter state.[35] The traditional concept
of roughness dependent wettability models (Wenzel and Cassie-Baxter) leads to the fact that a
hydrophilic surface becomes more hydrophilic and a hydrophobic surface becomes more
hydrophobic with the increase in the surface roughness.[35,55] The SEM results indicate that
building microvoids on the LIG walls (PLIG) creates sufficient hierarchical surface roughness
which causes a large volume of trapped air between the miro-nanoscale surface cavities,
resulting in a composite solid-air-liquid interface. This hierarchical dual scale (micro-nano)
roughness improves the PLIG hydrophobicity (WCA ~128°) as compared to LIG (WCA
~110°).[27] However, the superhydrophobicity of LIGoy (WCA ~152°) cannot be clarified by
considering the CB model only, as surface topography of LIG;q is similar to that of LIG (see
Figure 1). Now, let's consider the changes in their surface chemical states. It is well known

that sp® rich surfaces minimize the surface energy and raising the carbon film
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hydrophobicity.[28] XPS analysis confirmed that LIG;y possesses a maximum percentage of
sp2 hybridized carbon, which is responsible for the enhancement in the hydrophobic nature of
the LIG;o substrate. Literature also suggests that graphene samples with low oxygen content
or less oxygen functionalities (C-O, C=0) always have a higher CA. This relation is
simplified by the fact that the bonds between C-O and C=0 are more polar than the bonds of
C-C or C-H so that more oxygen content at the graphene edges are more likely to interact with
water, thus more hydrophilic.[24] The outcome of XPS shows that oxygen levels are nearly
halved in air-annealed LIG relative to pristine LIG and thus we observe a higher CA for
LIGy0 (~152°). The superhydrophobicity of LIGyy is therefore supported by the fact of the
high fraction of sp” carbon and a low percentage of oxygen functional groups. Surprisingly,
despite a slight increase in oxygen content and a decrease in sp” carbon compared to PLIG, air
annealed PLIG (PLIGy) results in a superhydrophobic surface(~151°). It has been noted that
graphene hydrophobicity is also appeared due to the basal planes, whereas edge planes
contribute hydrophilicity.[24] We believed that air annealing maximizes the exposure of
graphene basal planes in both LIG,9 and PLIG;¢, resulting in superhydrophobic surfaces.
Next, by submitting the graphene surfaces to electrowetting, a complete or incomplete
transition from a state of superhydrophobic CB to superhydrophilic Wn state is systematically
achieved (Table 1). To explain the voltage polarity dependent electrowetting results, we first
considered classical electrowetting phenomena. In general, electrowetting is independent of
the applied voltage polarity. The CA change with voltage is symmetrical for both positive and
negative bias, according to the Young-Lippmann (YL) model (equation 1).[4]

2
CosO = Cos0O, + e, 1
2y

Where, 6, and 6 is the CA without and with applied bias, y; is the interfacial tension and C
is the interfacial capacitance. YL model, therefore, does not seem to clarify the abrupt

transition from non-wetting to wetting state at low voltages when the graphene substrates
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(LIG, PLIG, LIGjy) are acting as an anode. To describe the voltage polarity dependent
irreversible electrowetting, we take into account the role of water electrolysis.[27,28,51] The
water electrolysis directs hydrogen ion (H") toward Cu electrode during +ve potential applied
to graphene films, whereas liquid-solid (graphene) interfaces attract hydroxyl ions (OH).
Since there are more oxygen reactive groups in LIG and PLIG as compared to LIG;go, their
oxidation resistance is lower than LIG,(. Therefore, the electrochemical oxidation at positive
applied potential improves their wettability further and a faster CA fall was observed (see
Figure 2b). When these films are acting as the cathode, no further oxidation took place and
the oxidized portions are wetted only while the major portions of these films still nonwetted to
the water droplet. The DC biases can thus be used to wet the graphene surfaces (LIG, PLIG,
LIG;¢9) in a controllable way. In fact, water transport through these surfaces can be stopped
and then restart again on request according to the voltage applied, as represented in Figure 3.
To confirm our hypothesis we performed a simple test. First, we wetted the LIG,yy by the
application of voltage. After 2 mins we put a 2nd droplet without any voltage being applied.
Because of the electrochemical oxidation of the LIGjq, the nd droplet also wetted the
surface. We observed that the hydrophobicity of the LIG;y surface is restored partially
(contact angle ~ 130°) upon vacuum annealing it at 250°C because oxygens are desorbed with
high-temperature treatment.

Surprisingly, despite having a significant amount of oxygenated groups, the voltage polarity
dependent electrowetting for PLIG,, is opposite from that observed for the other three
substrates. This strange electrowetting behavior of PLIG;y can be correlated with its
hierarchical micro and nanoscale surface roughness. It is reported that patterned surfaces with
dual scale roughness (micro-nano) are ideal to improve their superhydrophobic stability
compared to uniform ones.[56] In contrast to LIG and LIG;q, the presence of microscale
roughness with large air pockets prevents CB to Wn transition with a small positive applied

bias to the PLIG,q. The existence of large air pockets of the PLIG;y, substrate reduces the
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interfacial contact area between solid and liquid which in turn increases the contact resistance.
A much higher electrical bias is therefore required to produce enough electric charges at the
interfaces between PLIG,y and droplet to impact the CB to Wn transition as demonstrated in
Figure S6.

It is interesting to note that the electrowetting behavior of PLIG and PLIGyy is opposite
despite having a similar kind of hierarchical surface roughness. This can be explained by
taking into account the role of interfacial capacitance. According to the YL equation (Eq. 1),
interfacial capacitance is also an influencing factor to control the polarity dependent
electrowetting phenomena.[51] In the present case, the equilibrium interfacial capacitance C
consists of two parts, namely Cgpp, (electrical double layer ) and C,; (capacitance due to
trapped air). Where the value of C,;; is dependent on the geometry of the film and Cgpp is
strongly affected by both the ionic concentration and the applied potential.[51]'[57] The LIG,
PLIG, and LIG;y possess a high Cgpp value (in puF range, see table 2). Very strong
electrowetting effects are therefore regulated by Cgpr. when LIG, PLIG, and LIG;( acting as
the anode.[51] But the introduction of micron size air pockets led to a huge decrease in the
CepL (see table 2) for PLIG;o. The feeble Cgp, therefore weakly affects the electrowetting
when PLIG;( served as anode whereas the significant contribution of C,;; may be responsible
for the powerful impact on electrowetting effect when PLIG,o served as the cathode.
According to equation 1, a relatively high interfacial capacitance can cause a much faster CA
change with respect to the applied voltage.[27] For the pristine LIG film in the CB state,
shows high interfacial capacitance (~49 mF cm™ as evaluated from the CV analysis) which
led to the strong electrowetting effect. The interfacial capacitance values of PLIG and LIGy
are almost identical, resulting in a similar kind of electrowetting behavior. Whereas very low
interfacial capacitance (~1 mF cm™) led to a relatively weak electrowetting effect for the

PLIG,, substrate.
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4. Conclusion

In conclusion, we have demonstrated the voltage polarity dependent directionally controlled
transport of liquid through the laser-induced graphene surface, where a threshold bias is
required to activate the transport. The strong voltage polarity dependent wetting of LIG,
PLIG, and LIGyg suggests that the attached oxygen-containing functional groups and high
interfacial capacitance (Cgpr) causes the observed transition from nonwetting to wetting state
when these films are acting as the anode. Whereas, the unique architecture of PLIG,9 which
combines both micro and a nanoscale surface topology delays the onset of CB to Wn
transition as compared to LIG, PLIG, and LIG;y anode. Interestingly, water can efficiently
wet PLIG;( cathode with the application of a slight DC bias of 4 V due to the low interfacial
capacitance which is dominated by C,; only. Finally, the controllable pumping of water
between the graphene surfaces that we demonstrated here could have strong applications in
the biomedical field, lab-on-chip devices, nanofluidic plumbing systems, microfluidic

channels where control movement of liquid is required with great precision.
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Figure 1. SEM images of (a) LIG (b) LIGyy (c¢) PLIG and (d) PLIG,g with insets showing
their cross-sectional profile. (e and f) Magnified view of air pockets of PLIG and PLIG;q

corresponding to the region I and II in Figures 1c and d respectively.
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Figure 2. (a) Schematic of the electrowetting experimental setup. (b) Contact angle variation
with positive and negative bias applied to the LIG, PLIG, LIG;g, and PLIG; electrodes. (c)

panels (I-IV) display the snapshots of water droplets on LIG, LIGy, PLIG, and PLIG;

electrodes at a particular applied DC bias.
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Figure 3. Droplet response with LIG, LIG,g0, PLIG, and PLIG; electrode as both anode and
cathode. Panels (a-d) the bottom electrodes are the anode and the upper electrodes are the

cathode, (e-h) the bottom electrodes are the cathode and the upper electrodes are the anode.
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Figure 4. (a) Raman spectra of (I) LIG (II) LIG;o (III) PLIG and (IV) PLIG0. The open
black circles are the experimental data and the solid lines are the fitted curves. (b) HR-TEM
images of (I) LIG (II) LIGyo (III) PLIG and (IV) PLIG;¢ respectively, with insets showing
the inverse FET image of the regions marked in the yellow rectangle. (c) High-resolution Cls
XPS spectra of (I) LIG (II) PLIG, (IIT) LIG;, and (IV) PLIG; surface. XPS spectra showing
the dominant C-C (sp” hybridized carbon ~284.3 eV) and C-C (sp’ hybridized carbon ~285

eV) peak.
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Figure 5. Experimental and fitted impedance spectra of (a) LIG (b) PLIG (c) LIG;yy and (d)

PLIGy electrode. (e) Cyclic voltammetry graphs of (I) LIG (I) PLIG (III) LIGg0 and (IV)

PLIG;y electrode. All electrochemical experiments are carried out in 1M KCIl aqueous

solution.
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Table 1. Electrowetting results of graphene electrodes.

Sample | CA, CA, . ACA . CA . ACA
code
LIG 108.2 14 (CB — Wn) at 4V 94.2 107 (CB — CB) 1.2
at 15V
LIG200 152 19 (CB — Wn) 133 139.5 (CB — CB) 12.5
at 7V at 15V
PLIG 128.6 22 (CB — Wn) 106.6 | 113(CB— CB+Wn) | 15.6
at 5V at 15V
PLIG200 151 144 (CB — CB) 7 105 (CB — CB +Wn) 46
at 10V at 15V

CAy: contact angle at no bias condition; CA,vg and ACA,vg: contact angle and change in
contact angle at a particular positive applied bias (wetting transition); CA_yg and ACA vg:
contact angle and change in contact angle at a particular negative applied bias (wetting

transition).

Table 2. EIS circuit parameters of graphene electrodes obtained from equivalent circuit

model.

Sample code R Ret CeoL CPE, Cair CPE,

LIG 157 Q ~31Q 57.1 uF 5.26 mMho 2.16 mF | 5.26 uMho

N =0.323 N =0.041
PLIG 1610 ~60Q 0.276 pF 1.70 mMho 11.9 mF | 220 uMho

N =0.52 N=0.01
LIGq0 297 Q ~10Q 73.4 uF 3.10 mMho 4.30 mF | 55.3 uMho

N =0.24 N =0.07
PLIG>qg 1500 ~350 10 pF 1.30 mMho 4.50 mF | 4.20 uMho

N =0.225 N=0.01
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