
RESEARCH ARTICLE
www.advmatinterfaces.de

Functional Porous Graphene Membranes: From
Superhydrophobic to Slippery

Abhijna Das,* Kyoungjun Choi, Christelle Jablonski, Marcus Waser, Theodor Bühler,
Junggou Kwon, Murray Height, and Renzo A. Raso*

A simple and efficient route to functionalize porous graphene is identified.
The method enables the modification of porous graphene with varying surface
properties ranging from lotus-like superhydrophobic surfaces to slippery
surfaces. The method offers a route to superior membrane fabrication with
versatile industrial applications. The findings clearly show the possibility of
fabricating superhydrophobic surfaces with porous graphene as a base, which
is relevant for oil-water separation and other membrane applications. The
filament-like structures observed on the functionalized graphene mimic the
properties of a lotus leaf. The measured water contact angle (WCA) of these
modified surfaces reaches values as high as 160° with a contact angle
hysteresis (CAH) below 10°, allowing for easy roll-off of water droplets. A
Slippery behavior of the graphene surfaces is realized when the fibrillar
structures on the graphene surfaces are infused with silicone oils. The work
demonstrates the possibility of tuning the properties of graphene surfaces in
a simple and efficient way and highlights possibly the first manufacturing
method for graphene-based Slippery Liquid Infused Porous Surfaces (SLIPS).

1. Introduction

Often termed the “ultimate” membrane,[1] porous or perfo-
rated graphene can be a game-changer for various applications
ranging from gas separation to water-proof membrane to oil-
water separation.[1–3] The application of these graphene mem-
branes depends primarily on their pore size distribution,[1–3] con-
trol over this parameter and the absence of any defects dur-
ing their production is considered critical to preserve their ex-
ceptional membrane performance.[4] However, the production
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of these materials is not without its
challenges as they are often synthesized
via chemical vapor deposition (CVD)
on metal catalysts and their subse-
quent assembly requires the transfer
from the metallic surface onto a car-
rier material.[1–3] During their process-
ing, defects can appear, which can be
detrimental to the desired membrane
properties.[5,6] To mitigate these issues
and to improve their performance, many
efforts have been dedicated to modifying
the surface.[7,8] In this work, we specif-
ically aimed to reinforce the graphene
layer by growing silicone-based struc-
tures on the surface and simultaneously
to modify its wettability. While there has
been a lot of contention over the surface
properties of graphene,[9,10] it is gener-
ally considered slightly hydrophobic due
to the presence of airborne organic con-
taminants on the surface,[11] while clean

free-standing graphene is reported to be hydrophilic.[12] Hence,
targeted modifications of their hydrophobic properties can im-
prove their performance specially for water-proof membrane ap-
plications and oil water separation.[13,14]

Here, we have used silanes to alter the surface proper-
ties of graphene surfaces. Silane chemistry is not new,[15,16]

indeed for over a hundred years, silanes have been uti-
lized to modify the properties of various surfaces,[17] in-
cluding passivation/deactivation for chemical stability,[18]

hydrophobization,[17,19] anti-fouling, and friction reduction.[18,20]

Silanes have low surface energy, ideal for rendering a surface hy-
drophobic or even superhydrophobic. However, after the advent
of per- and poly-fluoroalkyl substances (PFAS) in the 1940s,[21,22]

silane chemistries were widely overlooked until recently, with a
resurgence of silane chemistry as a viable alternative to harmful
PFAS.[23] With that context, we have chosen the simplest form
of silane chemistry to modify graphene surfaces. In the early
2000s, both Gao/McCarthy[24] and Artus/Seeger[25] introduced a
hydrolyzation condensation reaction of chlorosilanes (especially
trichloro silane) either by vapor phase[25] or in liquid phase[24]

to introduce filamentary networks of silicones on surfaces.[24,25]

Intriguingly, water drops deposited on these surfaces showed
a contact angle of almost 180° leading to a virtually perfect
spherical shape.[24] Since then, many studies have focused on
these filamentary structures,[26] optimizing by changing process
parameters such as solvents,[27] relative humidity,[26] time of

Adv. Mater. Interfaces 2025, 12, 2400957 2400957 (1 of 10) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

http://www.advmatinterfaces.de
mailto:abhijna.das@fhnw.ch
mailto:renzo.raso@fhnw.ch
https://doi.org/10.1002/admi.202400957
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202400957&domain=pdf&date_stamp=2025-02-09


www.advancedsciencenews.com www.advmatinterfaces.de

reaction,[26] type of silanes[28–30] and have deposited them on
a wide range of surfaces like polymers,[24,25,31] metals, and
rough/woven surfaces such as textiles.[32–34]

Interestingly, these filamentary silicone structures were also
deposited on reduced graphene oxide (rGO) coated cotton tex-
tiles in order to fabricate superhydrophobic textiles.[34] Simi-
larly, in recent years, considerable efforts have been aimed to-
ward the surface modification of graphene oxide (GO) and re-
duced graphene oxide (rGO) layers[35,36] to improve properties
such as corrosion resistance,[37,38] improved bio compatibility,[39]

and hydrophobicity.[34,38] One interesting study reported signifi-
cant changes in the wettability of CVD graphene by introducing
a high degree of wrinkles in the film through compression.[40]

Another similar work extended on this approach by attaching oc-
tadecyl amine (ODA) to highly wrinkled few-layer graphene lay-
ers prepared on both flat and patterned silicon surfaces via mi-
crowave plasma CVD (MPCVD) after oxidizing it chemically.[41]

With this method the wettability was varied by a wide range
from hydrophilic to hydrophobic.[41] However, a significant gap
still exists in transferring these processes to the field of chemi-
cal vapor-deposited graphene, partly due to an intrinsically inert
chemical nature; hence they require some form of chemical,[41]

plasma,[42] and doping[43] treatment prior to the chemical mod-
ification to make them receptive by introducing reactive groups
in the basal plane, which in turn disrupts the sp2 conjugation of
the basal plane, essentially degrading the properties of the layer
that make them so unique and robust.[44] Except for one contra-
dictory report,[45] it is well-known that forming a siloxane net-
work/brushes/monolayer on any surface depends on the pres-
ence of reactive groups such as hydroxyls to initiate/accelerate
the reaction.[24,25] In that context, while pristine graphene with-
out any structural defects[46] should not have any reactive group
on the surface, porous graphene, on the other hand, can have
multiple reactive groups, including ─H, ─OH, and ─COOH,[47]

due to the presence of edge type defects.[48] Hence, by exploit-
ing these functional groups associated with the pores, we have
introduced/accelerated silicone-based structures on the surface
of porous graphene upon silanization. In this study, we show
that the wetting properties of CVD-synthesized porous graphene
can be controlled within minutes by a simple silanization pro-
cess. Furthermore, by elucidating the kinetics of the silaniza-
tion reaction, we can also predict the minimum reaction time
required to obtain a superhydrophobic CVD synthesized porous
graphene.[48] The role of edge defects in the kinetics of the re-
action is also highlighted in this work. When the silanization
reaction was carried out on a pristine graphene, drastic differ-
ences in the kinetics of the reaction and, consequently, their phe-
nomenological behavior highlighted the role of functional groups
in the growth kinetics of the filamentary structures. Additionally,
further tweaking of the surface properties could be achieved by
post-salinization infusion of oils, which led to the formation of a
slippery-like layer.

2. Results and Discussion

Three different types of silanes, namely trichloromethyl silane
(Tri-silane), dichlorodimethyl silane (Di-silane), and monochloro
trimethyl silane (Mono-silane) were reacted on porous graphene
surfaces. These silanes have three, two, or one hydrolysable chlo-

Figure 1. Influence of siloxane deposition on the wettability of the porous
graphene surface. i) Contact angle of water measured on untreated and
treated porous graphene (on copper substrate) plotted as a function of
type of treatment (mono/di-silane/tri-silane). ii) Snapshots of the mea-
surements visually representing the different behavior of water (advancing
(top row) and receding (bottom row) contact angle) upon treatment: un-
treated sample (control), Monosilane-, Di-silane-, and Tri-silane-treated.

rine atoms respectively. The hydrolysis of the Cl-group into a hy-
droxyl is responsible for the growth of different silane structures.
Upon hydrolysis, condensation polymerization of the hydroxy
silanes and elimination of water leads to continuous growth of
siloxane structures. Previous studies have shown that depend-
ing on the silane type, either monolayer, brush layer, or network-
type layer can be grown.[49] In this framework, we deposited three
types of silanes during 1 h on as-grown porous graphene surface
still attached onto the catalyst and porous graphene after transfer
on a flat silicon substrate. The deposition procedure and removal
of excess silanes after the deposition are explained in detail in the
materials and methods section.
Next, we wanted to identify the influence of silane layer mor-

phology and conformation upon phenomenological behavior,
namely surface wettability. The dynamic contact angle of water
was measured after the deposition and compared with the un-
treated surface. Figure 1 shows the influence of siloxane con-
densation and deposition on the dynamic contact angle of water.
Consistent with prior works,[9] non-porous graphene on a cop-
per substrate shows an advancing contact angle of 84.2 ± 2.3°

with very high contact angle hysteresis 28.4 ± 0.4°. The advanc-
ing contact angle is somewhat similar to the static contact angle
and contact angle hysteresis indicates the ability of a drop to roll
off – a qualitative indicator of the kinetic barrier associated with
the removal of the contact line from a surface.[15] Literature in-
structs that to term a surface as superhydrophobic,[50,51] it has to

Adv. Mater. Interfaces 2025, 12, 2400957 2400957 (2 of 10) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2025, 13, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400957 by F H
 N

ordw
estschw

eiz, W
iley O

nline L
ibrary on [14/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 2. Influence of silane deposition on the morphological features of the modified graphene surface. SEM images of i) as synthesized single layer
porous graphene (SLPG)/copper surface; SLPG/copper surface treated with ii) Monosilane, iii) Di-silane, and iv) Tri-silane respectively. Differences
between the reactive groups and the mechanism of formation of different morphological features ranging from a) monolayer to b) a brush-like film
(high surface density coverage), and to c) a network-like layer which possibly mimic the effects of a lotus leaf. The yellow arrows indicate the presence
of wrinkling on the as synthesized graphene and the red arrows indicate the presence of cubic crystalline structures on the di-silane-treated porous
graphene surface.

have a water contact angle of >150° with a contact angle hystere-
sis (CAH) of<10°, while slippery surfaces should show low CAH
(<10°) to even low surface tension liquids.[51] Hence, we focused
onmeasuring both contact angle and contact angle hysteresis. In
this case, we measured the dynamic contact angle of water after
the deposition of different silanes.
Di-type silane and mono-type silane did not demonstrate sig-

nificant changes in the advancing contact angle. However, we
could identify an increased receding contact angle, indicating the
possibility of a type layer on the surface of graphene. Interest-
ingly, a significant increase in the dynamic contact angle of water
was observed with the introduction of tri-silane on the graphene
layer. Starting from 84.2 ±2.3°, the advancing water contact an-
gle increased to 151.2 ±2.4° with the introduction of tri-silane.
More significantly, the CAH of water was as low as 9°, indicating
the possibility of easy droplet roll-off. Such a high water contact
angle is consistent with a roughness-induced contact angle origi-
nating from the Cassie-Baxter wetting state. Young´s contact an-
gle of water on a surface of PDMS[52] is usually reported to be
105° – 110°. Logically, the following question arises: what is the
cause of the contact angle behavior with different silane types?
Perhaps more significantly, can we correlate their wettability to
structural and morphological changes on the graphene surface
coupled with the respective siloxane deposition?
To understand the origin of the significantly high contact an-

gle associated with the tri-silane deposition process, we anal-

ysed the surface of the porous graphene with varying silane de-
position and compared it with the porous graphene on copper
(untreated control). Scanning electron microscopy (SEM) was
used to investigate the changes in the morphological features
of the graphene surface with the deposition of three types of
silanes (deposition time = 1 h) to establish a correlation with
their phenomenological behavior (Figure 2). The SEM images of
the graphene on the metal catalyst showed the presence of tung-
sten nanoparticles (needed for the pore formation) and a wrin-
kled graphene layer (indicated by yellow arrows in Figure 2i). The
wrinkling phenomenon of graphene on copper surfaces during
its synthesis is often observed due to its higher thermal expan-
sion coefficient relative to copper. Monosilane has only one reac-
tive/hydrolysable group. Hence, when the chlorine atom hydrol-
yses in presence of water, it can only form monolayer domains
surrounding the defect sites/pore edges, as condensation poly-
merization in this case cannot occur due to the structural con-
straint (Figure 2a). Consistently SEM images of the graphene
layer obtained after the deposition of monosilane still show the
presence of both the tungsten nanoparticles and the wrinkled re-
gions of the graphene (yellow arrow in Figure 2ii), hinting to-
ward a thin siloxane layer on the surface. SEM images of the di-
silane deposited sample show the tungsten particles. However,
the wrinkling features of the graphene film diminished notice-
ably after the condensation of the di-silane on the surface, in-
dicating the presence of a thicker layer consistent with a brush
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layer growth. It is to be noted that due to the presence of two
chlorine atoms, the condensation polymerization after the hy-
drolysis can occur only in one direction (growth due to con-
straint) resulting in a brush layer growth (Figure 2b). Addition-
ally, we could identify cubic crystal-like structures (highlighted
in Figure 2iii by red arrows) on the surface that could be cor-
related with the unexpectedly lower receding contact angle with
the di-silane deposition, as these areas allow for significant con-
tact line pinning, increasing the contact angle hysteresis of water
considerably.
Intriguingly, the tri-silane deposited graphene surface showed

the presence of filamentary structures. Previous studies have
also demonstrated that tri-silane tends to form filamentary struc-
tures due to a combination of the fast growth process and its
reactivity.[24] Compared to their di- or mono- counterparts, the
presence of three hydrolysable chlorine atoms in tri-silanemakes
them highly reactive (schematic Figure 2c). Hence, from a point
of view of structure formation, the growth in this case occurs
rapidly and in a random manner due to considerably higher
degree of freedom of polymerization during the condensation
process, which facilitates the formation of fibrillar structures.
Through SEM analysis, we can observe a porous siloxane layer
aided by the networks of filaments. The porosity of the surface
originating from the tortuous arrangement of siloxane filaments
promotes the formation of air pockets upon liquid droplet depo-
sition, hence enabling the Cassie-Baxter wetting state. We also
did not observe any changes in the contact angle value during
the measurements, highlighting the absence of any transition
from the Cassie-Baxter wetting state to the Wenzel wetting state,
indicating a long-living metastable Cassie-Baxter wetting state.
Furthermore, these filamentary siloxane structures covered the
whole surface plane, demonstrating the homogeneity of the layer
formation on graphene. Based on the findings of the three silane
types, we focused on determining the kinetics of the deposi-
tion of the tri-type silane due to its exceptional superhydrophobic
behavior.
Focusing on the deposition of these filamentary structures,

we first wanted to identify the influence of the growth time on
the homogeneity of the filamentary structures observed on the
graphene film. Therefore, we varied the deposition time system-
atically from 0 to 1 h. We deposited the silanes before (Figure S1,
Supporting Information) and after (Figure 3) the transfer of the
porous graphene from the copper catalyst on silicon oxide (300
nm) substrates (without any surface treatment) to exclude the
possible influence of copper/copper oxide from the growthmech-
anism of the filamentary structures. As expected, we measured a
very low water contact angle and very high CAH when no silane
was deposited. Already after 3 min reaction time, we observed a
noticeable increase in the water contact angle. However, the CAH
was still very high, but was eventually reduced to <5° after exten-
sion of the reaction time to 15 min. Interestingly, when plotting
CAH as a function of reaction time (Figure 3i; Figure S1(i), Sup-
porting Information), an exponential decay was observed. The
following relation (Equation (1)) could be used to identify the
influence of silane deposition time on their phenomenological
behavior (CAH):

CAHt = CAHf + CAH0

(
e−0.2t

)
(1)

Figure 3. Influence of tri-silane reaction time on their phenomenological
behavior. The experiments were carried out after transferring the porous
graphene layer from metal catalyst onto silicon oxide substrates. i) Ad-
vancing (square) and receding (triangle) contact angle of water plotted as
a function of silane deposition time (minutes). The CAH (circle) is plotted
in the right y-axis as a function of deposition time. ii) Snapshot images of
the contact angle measurements advancing (top row) receding (bottom
row) with varying tri-silane reaction time (0 to 60 min).

where CAHt (°) indicates the CAH measured at time t (min-
utes), CAH0 is the CAH measured at time 0 (untreated sur-
face), and CAHf is the CAH measured at the final time point of
the reaction (in this case 60 min). The equation was used to fit
the CAH plot we obtained during our measurements, where we
could identify that CAH decreased exponentially with an expo-
nent of ca. -0.2 (min−1). CAH is a phenomenological implication
of the changes in the morphological and chemical features of the
porous graphene surfaces. Hence, to understand this behavior,
we need to elucidate the influence of the structural changes in the
graphene film with the reaction time of tri-silane. So far, we have
already established that the exceptionally low CAH andWCA can
be associated with the presence of filamentary structures on the
graphene film. Consequently, we investigated the influence of re-
action time on the filamentary structures via scanning electron
microscopy.
We first investigated the changes in the morphological fea-

tures of the graphene surface with varying times of silane re-
action on both graphene on copper catalyst and graphene after
transfer on SiO2 substrate (shown in Figure 4). SEM images of
the samples were collected and analyzed with ImageJ to quantify
the surface density coverage by the filamentary structures with
varying deposition times. The SEM images revealed increased
surface density of the filamentary structures with increased
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Figure 4. Influence of tri-silane deposition time on the surface coverage of the filamentary structures. i) The SEM images of the transferred graphene
surface after 0, 5, 15, 30, and 60 min of tri-silane reaction. From the SEM images we can clearly identify changes in the surface coverage of the filamentary
structures with varying reaction time. ii) Surface density of the filamentary structures on the surface plotted as a function of deposition time. The CAH
measurements are plotted at the right y-axis, which shows a clear correlation between CAH measurements and the measured CAH of water.

reaction time. Very few filamentary structures were observed for
3 to 5 min reaction time in both cases (surface coverage ca. 30.5
±5.3%). After plotting the surface covered by structures as a func-
tion of time, we could accurately correlate the percentage of cov-
erage with the measured CAH data. As the area covered by the
filamentary structure increased, the CAH decreased. While the
surface coverage of the filamentary structures followed a logistic
increase, the CAH followed an exponential decay with varying re-
action times (Figure 4). We could achieve WCA as high as 157.3
±0.4° and CAH as low as 1.5 ±1.4° with 78.8 ±6.4% surface cov-
erage of these filamentary structures within 30 min of reaction.
As discussed earlier, the CAH determines the ability of the drop
to roll off a surface; for example, low CAH of water on a lotus leaf
makes them superhydrophobic and self-cleaning.[53] The origin
of low CAH of superhydrophobic surfaces is often attributed to
hierarchical structures (roughness at different length scales);[54]

here, the filamentary structure of the partially networked methyl
siloxane provides the hierarchy necessary for easy roll-off. Hence,
with increasing filamentary structures, we can observe decreas-
ing CAH on CVD graphene surfaces allowing for precise tailor-
ing of their wetting properties within 30 min of treatment.
It is worth noting that when we carried out the identical re-

action of tri-silane on transferred pristine graphene surfaces
(graphene without any pores), the superhydrophobic effect was
not so evident, notably since the CAH remained very high even
with 1 h of deposition time (see Figures S2 and S3, Supporting

Information). Further analysis with SEM revealed the presence
of uneven surface coverage of the filamentary structures even af-
ter 1 h of deposition. Such an observation suggests that the edge
defects on the porous surface may accelerate the formation of the
filamentary structures during the reaction of tri-silane.
While we could observe the logistic growth of the filamen-

tary structures with increasing deposition time, there is still
a probability of growth of the filamentary structures in the z-
direction. Hence, it is important to investigate the growth per-
pendicular to the basal plane surface. Confocal laser scanningmi-
croscopy (CLSM)was used to characterize the roughness changes
associated with tri-silane deposition. In fact, previous work on
CLSM on CVD graphene surfaces demonstrated its efficiency
in measuring parameters such as thickness variation, wrinkling,
and roughness.[55] Roughness was calculated by using both, line
roughness (line length = 32 μm, minimum 20 measurements)
and area roughness (25 × 25 μm2, minimum 3 measurements)
data. Line roughness data is presented here, while the area rough-
ness along with the images of the samples are shown in the sup-
porting information. The average roughness (Ra) and the rms
roughness (Rq) of untreated surfaces were ca. 2.5 nm and ca. 3.1
nm, respectively, consistent with single layer or few layers porous
graphene surfaces. Significant increase in the roughness values
was observed with varying silane reaction times. Higher rough-
ness indicates growth in the z-direction due to the presence of
fibers, further increase in the roughness values observed with
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Figure 5. i) Average roughness (Ra, square) and the RMS roughness (Rq, circle) of the layer of silica filament like structures grown on SLPG graphene
as a function of reaction time. ii) Roughness parameter (RZ, star) plotted as a function of reaction time.

increasing reaction times might explain the logistic growth ob-
served in this study. When we plotted both Rq and Ra as a func-
tion of reaction time (Figure 5(i)), we could observe an exponen-
tial growthwith time (Figure 5(i)). Additionally, we also calculated
the maximum height of the layers (Rz) which also showed expo-
nential growth over time (Figure 5(ii)), implying that while the
surface coverage in the x-y plane reached a plateau within 15min,
the filamentary structures continued to grow perpendicularly in
the z-axis (as evident by the exponential increase of roughness
with time), pointing to the potential of continuous growth of the
silane filament carpet.
Additionally, we measured the FTIR spectra (at a grazing an-

gle of 83°) of the graphene surfaces with varying deposition times
(Figure 6(i)) usingAgilent Spectrometer Cary 680 andAgilentMi-

croscope 620with a grazing angle objective (128 scans and a spec-
tral resolution of 4 cm−1). We used the samples transferred onto
a silicon oxide substrate for roughness measurements and the
FTIR analysis to assess the content of hydrophobic species. From
the FTIR spectra (base line corrected using Resolution Pro V.5.4.1
software), we could identify two peaks associated with the growth
of the filamentary structures: one associated with the stretching
vibration of the CH bonds at 2962 cm−1 related to the methyl
groups[56] and the other associated with the symmetric deforma-
tion of CH3 in the Si-CH3 groups

[56] at 1259 cm−1. The Si-CH3
groups are associated to the partially networked methyl silox-
ane chains formed during the polymerization condensation pro-
cess of the tri-silane. The notable absence of these two peaks in
the spectra of the untreated porous graphene surface confirmed

Figure 6. i) FTIR spectra of the graphene surface modified with tri-silane for different times. The peak observed at wavenumber 2962 cm−1 indicate
the presence of ─CH3 groups and peak observed at wavenumber 1259 cm−1 originate from the symmetric deformation of methyl groups in Si-CH3
indicating the presence of silanes on the graphene surface. ii) Integrated peak areas of peak 1 and 2 of the FTIR spectra (shown as inset) plotted with
respect to reaction time (minutes) showing a systematic increase over time indicating increased formation of the filamentary structures.
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Figure 7. Observations of a slippery graphene-based layer. (i) (a) Cross-section and b,c) top view of the Tri-silane modified (reaction time ca. 240 min)
graphene surface visualized through SEM. The scale bars are specified in each image. The cross-section image clearly shows that the thickness of the
filamentary silane layer is ≥5 μm. (ii) The dynamic contact angle and contact angle hysteresis (CAH) of ethylene glycol (𝛾 = 48 mN/m) and water (𝛾 =
72.8 mN/m) on Tri-silane modified graphene before and after infusion of silicone oil. (iii) Snapshots of advancing (left) and receding (right) water (a,c)
and ethylene glycol (b,d) droplets before (a,b) and after (c,d) the infusion of silicone oil.

conclusively that these two peaks indeed originate from the fil-
amentary structures. As such they can be tracked to follow the
siloxane grow reaction on the porous graphene surface.
The intensity of the two peaks is associated with the systematic

increase in deposition time (shown in Figure 6(ii)). The area un-
der the peak at 2962 and 1259 cm−1 was integrated using Resolu-
tion Pro V.5.4.1 software. We could observe a systematic increase
in their area with the increase in the deposition time that is asso-
ciated to the growing of filaments with increasing reaction time.
The correlation between the roughness measurements and the
FTIR spectra over time points explicitly to the z-axis growth of the
filaments with increasing time of deposition. This follows from
the increased pathlength of the IR beam through the filamen-
tous structure in the grazing angle FTIR set up. Our observations
suggest that not only the surface coverage but also the thickness
of the filamentary layer can be controlled by the reaction time,
which might be critical in the design of graphene-based water-
proof membranes (specifically for properties such as hydrostatic
pressure resistance).
While superhydrophobic properties on a graphene surface can

open the pathway to myriads of functional membrane applica-
tions, we also aimed to explore the potential of making graphene-
based surfaces repellent to low surface tension liquids. One of
many explored omni-repellent surfaces, Slippery Liquid Infused
Porous Surfaces (SLIPS) have been quite prominent due to their
simple approach and elegant physics. SLIPS is a bioinspired sur-

face mimicking the slippery nature of the Nepenthes Pitcher
plant,[57] where the patterned leaves surfaces are usually infused
with water, leading to insects slipping in the plant funnel after
landing on the leaf. Based on their structure, the Aizenberg re-
search group first demonstrated a porous surface’s ability in re-
pelling a comprehensive range of surface tension liquids when
these surfaces were infused with either silicone or fluorinated
oils.[58] Recently, these types of silane-based filamentary struc-
tures were also infused with silicone-based[59] or fluorine based
oils[60,61] to demonstrate the slipperiness of the infused surfaces
arising from a liquid/liquid interface.
Inspired by these studies, we wanted first to grow the filamen-

tary structures as thick as possible tominimize the leaching of the
oil from the structures; hence, the reaction time was increased to
4 h. After 4 h of reaction with tri-silane, we observed a carpet of
these filamentary structures as thick as 5 μm in some regions
(Figure 7i(a–c)). Next, we infused these structures with a silicone
oil of relatively low viscosity (100 cSt), and we could observe effec-
tive spreading of the oil on the surface consistent with infusion
into the filamentary structures. The samples were kept under vac-
uum and then rinsed with water to remove excess oil. We mea-
sured the dynamic contact angle of both water and ethylene gly-
col. We deliberately chose two liquids with very different surface
tension, one representing the highest possible and the other rep-
resenting the lower surface tension liquids. Before the infusion
of oil, the advancing water contact angle was almost 152°, and the

Adv. Mater. Interfaces 2025, 12, 2400957 2400957 (7 of 10) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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CAH was 3°, demonstrating a lotus leaf-type effect. When we de-
posited a drop of ethylene glycol (𝛾 = 48 mN/m), the drop spread
quickly on the surface with an advancing contact angle of 31° and
CAH of 15°. Such a high CAH indicates a spreading behavior
of low surface tension liquids, possibly indicating a transition of
Cassie-Baxter to Wenzel state. Consistent with previous studies
that have observed the lotus-leaf effect, these surfaces are inef-
fective for low surface tension liquids due to a relatively unstable
Cassie-Baxter state, leading to a transition to the Wenzel state as
the liquid penetrates the porous structure.
Notably, we observed a very different wetting behavior of both

water and ethylene glycol after the infusion of oil. The advancing
contact angle of water decreased significantly due the infused sil-
icone oil. Still, the CAH of water remained <10°, which is indica-
tive of a slippery surface. Furthermore, we also did not observe
any oil film residue on the water droplet (also known as “cloak-
ing” phenomenon)[62] during the measurement. When ethylene
glycol drops were dosed on the surface, we observed a notice-
ably higher advancing contact angle, indicating no penetration
of the drop, and the CAH remained <10°. Lower CAH and high
contact angle of ethylene glycol points to a liquid/liquid interface
where the angle of ethylene glycol drop arises from the classical
young’s contact angle on a liquid/liquid interface. To the best of
our knowledge, this work provides the first description for fabri-
cating graphene-based SLIPS. Our findings demonstrate the pos-
sibility of modifying graphene surfaces focused on various coat-
ing applications specifically for water/oil repellence. While this
is the first proof-of-concept demonstration of graphene-based
SLIPS, future work is expected to expand this methodology to
identify the influence of viscosity, the chemical structure of the
lubricant (oil), and thickness of the silane network on their slip-
pery behavior.

3. Conclusion

This study outlines a simple approach for modifying the wet-
ting properties of graphene surfaces. By varying the silane type,
we obtained three types of morphology on the graphene surface.
During the deposition and condensation polymerization process
of different types of silanes, monosilane formed an ultra-thin
layer, di-silane formed a thicker layer on the surface, and tri-
silane formed a thick layer consisting of filamentary structures.
The filamentary structures formed during the deposition of tri-
silane dramatically influenced the hydrophobicity of the surface.
The low surface energy, along with the hierarchical roughness
associated with the filamentary structures, led to a long-lasting
metastable Cassie-Baxter wetting state, which increased the wa-
ter contact angle.
Interestingly, depending on the presence or absence of pores

on the graphene surface, the surface coverage of the filamentary
structures differed significantly with identical deposition time of
the tri-silane, highlighting the role of pore edges in promoting the
growth. Aided by the abundance of functional groups present at
the edges of the graphene pores,[46,63] within 15min of deposition
of tri-silane, we were able to increase the WCA on these porous
graphene surfaces from 90° to almost 160°. When the tri-silane
was reacted on porous graphene surfaces, we could observe an
exponential decay of the CAH with deposition time, which cor-
responded with a logistic increase of the surface coverage of

the filamentary structures, emphasizing the control over the sur-
face properties of these graphene-siloxane hybrid surfaces. We
could also identify the vertical growth dynamic of these filamen-
tary structures, suggesting the possibility of thickness control of
the “siloxane-filament carpet” on the porous graphene surfaces.
A simple approach for fabricating graphene-based SLIPS was
also demonstrated here, by simply infusing silicone oil into a
very thick siloxane-filament carpet on the graphene surfaces. We
could show that the CAH was <10° for both high (water) and
low (ethylene glycol) surface tension liquids when the filamen-
tary structures were infused with a silicone oil lubricant.
In this study, we have explored the efficacy of silanes on mod-

ifying porous and pristine graphene surfaces. The outlined ap-
proach is simple, easy to use, and readily scalable. This ap-
proach also allows for tweaking of surface properties of graphene
ranging from superhydrophobic to slippery surface in a con-
trollable manner, which offers potential use toward the fabrica-
tion of state-of-the-art graphene-based membranes for various
applications.

4. Experimental Section
Synthesis of Porous Graphene: The synthesis of chemical vapor de-

posited (CVD) porous graphene is mentioned in detail elsewhere.[48] Es-
sentially, this method follows a bottom-up approach where nanoparticles
of tungsten (W) are formed on top of the copper (Cu) catalyst. Graphene
was subsequently synthesized by CVD on the W free area of the catalyst
surface leaving pores upon the removal of the W nanoparticles (droplets)
at the end of the process. In brief, a W film of 2 nm was coated on bare Cu
foil (Alfa Aesar 46986, 99.8% purity) using a plasma sputter coater (FHR
Pentaco 100) at a pressure of 0.002 mbar, with 100 standard cubic cen-
timeters per minute (sccm) of Ar under 0.25 kW of DC plasma. Before the
coating process, the Cu foil (Alfa Aesar 46986, 99.8% purity) was treated
with an Ar-ion beam for 10 min to reduce the surface roughness of the
copper foil. The treated W/Cu catalyst was kept within a Cu envelope (Alfa
Aesar 46986) for further processing. The W/Cu catalyst in the Cu enve-
lope was placed at the center of a low-pressure chemical vapor deposition
(CVD) furnace. The W/Cu in the Cu envelope was first annealed at 950 °C
in the CVD chamber for 30 min under a flow of 50 sccm of H2 that en-
abled spinodal dewetting of the W layer resulting in smaller droplets on
the catalyst. Following annealing, graphene synthesis was initiated at the
identical temperature by introducing a mixture of 4 sccm of CH4 and 50
sccm of H2 at 800mTorr for 10min. The sample was then gradually cooled
to room temperature while maintaining a flow of 100 sccm of H2. Nucle-
ation and growth of graphene was inhibited in the areas where W droplets
are present[48] resulting in the formation of pores when the graphene is
transferred to a desired substrate.

Synthesis of Pristine Graphene: For the synthesis of non-
porous/pristine graphene the copper catalyst was purchased from
JX Metals. In this case, the Cu could be used as received (without pre-
treatment) for the synthesis process. A small part of the foil was cut and
placed at the center of the CVD furnace. Here, the annealing of the Cu was
done at 1000 °C for 20 min under a flow of 50 sccm of H2. Subsequently,
the graphene was synthesized at an identical temperature by introducing
a mixture of 50 sccm of CH4 and 10 sccm of H2 flow for 45 min. After the
growth was completed, the sample was gradually cooled down to room
temperature with 20 and 100 sccm of H2 and Ar flow, respectively.

Transfer of Graphene onto Silicon Substrates: Transfer of the graphene
from the metal catalyst was achieved by etching off the catalyst substrate.
This kind of transfer process of graphene requires a supporting layer to
preserve the layer from disintegrating and minimize defects. During the
transfer process, a thick layer of spin-coated poly(methylmethacrylate)
(PMMA) was used as a supporting layer. The Cu catalyst and the W
droplets were etched by floating the samples (with spin coated PMMA

Adv. Mater. Interfaces 2025, 12, 2400957 2400957 (8 of 10) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 8. Schematic diagram of the silane reaction process.

layer) on an aqueous 0.5M ammonium persulfate (NH4)2S2O8 (APS,
Sigma–Aldrich) bath with the Cu side at the interface. After 10 min, the
samples were washed with water and wiped with lint-free tissue to remove
the backside graphene formed during the CVD process. Afterward, the
samples were placed back on the etching bath for 3 h. The sample was
then floated on a water bath for 1 h to remove the APS residues when no
copper residue was visible on the sample. The sample was then picked
up using a silicon dioxide substrate. The removal angle was maintained
at 45° to ensure conformal adhesion of the graphene with the substrate.
After sufficient drying, the PMMA layer was dissolved by placing the sam-
ple in an acetone bath (Sigma–Aldrich) for 1 h, and then the sample was
dried with nitrogen flow.

Growth of Siloxane Filaments: Silanized-Graphene samples were pre-
pared by immersion in a silane/toluene solution. Monochloro trimethyl
silane (Monosilane), Dichloro dimethyl silane (Di-silane), and Trichloro
methyl silane (Tri-silane) and solvents such as toluene, acetone, and
ethanol (all HPLC grade) were purchased from Sigma Aldrich. The concen-
tration of silane in toluene was kept constant in all cases at 0.01 g ml−1.
Toluene was chosen as the desired solvent for the deposition process due
to the low water solubility and content in order to prevent rapid hydroly-
sis of the chlorosilanes. The samples, i) graphene as prepared on copper
catalyst and ii) graphene transferred to silicon substrate by etching pro-
cess, were immersed in the 0.01 g ml−1 of chlorosilane/toluene solution
for varying time periods ranging from 3 min to 4 h maximum. After im-
mersion, the samples were rinsed immediately by a jet flow of acetone for
30 s, followed by a cleaning jet flow with water and subsequently ethanol
for 30 s, respectively. The order of the rinsing process is kept constant
throughout this study. The cleaning process removes both the excess and
unreacted silanes from the surface. After the cleaning process the samples
were dried under an argon/nitrogen flow at room temperature (30 s). The
schematic diagram of the process is shown in figure 8.

Contact Angle Measurements: The dynamic contact angle measure-
ments were carried out by increasing (advancing) and reducing (reced-
ing) the volume of a sessile drop (Krüss DSA 10 mK2 drop shape analyser
system). After placing a sessile drop of 2 μl in volume on the sample’s
surface (using a 0.5 mm diameter syringe needle), 6 μl of the desired liq-
uid was continuously dosed at a rate of 20 μl min−1. A video was recorded
of the drop during the dosing process (CCD camera, 12.5 fps, total num-
ber of frames = 180) to measure the advancing contact angle. After the
dosing process, the liquid was retracted at an identical rate, and another
video was recorded with identical parameters during the retraction pro-
cess. Each frame of the video was analyzed using the drop shape analyzer
software, and the tangent method was used to measure the contact an-
gle of each frame. The contact angle values presented here were averaged
from all the frames acquired during the measurement, where the error
bars represent the variation of contact angles within the acquired frames
(figure 8).
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