
 
 

Delft University of Technology

Conductive hydrophobic graphene oxide films via laser-scribed surface modification

Apsey, Henry; Hill, Donald; McCoy, Thomas M.; Villeda-Hernandez, Marcos; Faul, Charl F.J.; Alexander,
Shirin
DOI
10.1016/j.jcis.2025.02.055
Publication date
2025
Document Version
Final published version
Published in
Journal of Colloid and Interface Science

Citation (APA)
Apsey, H., Hill, D., McCoy, T. M., Villeda-Hernandez, M., Faul, C. F. J., & Alexander, S. (2025). Conductive
hydrophobic graphene oxide films via laser-scribed surface modification. Journal of Colloid and Interface
Science, 687, 189-196. https://doi.org/10.1016/j.jcis.2025.02.055

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.jcis.2025.02.055
https://doi.org/10.1016/j.jcis.2025.02.055


Regular Article

Conductive hydrophobic graphene oxide films via laser-scribed 
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A B S T R A C T

Graphene oxide (GO) can be surface modified for various purposes, including enhancing its properties or 
tailoring its behaviour for specific applications such as biosensing. Herein we report the behaviour of a 
carboxylate functionalized graphene oxide that is both water repellent and electrically conductive. The GO is first 
produced using a modified Hummers method and then functionalized with a hyperbranched isostearic alcohol 
through an esterification reaction. The as-deposited functionalized GO films were observed to cause “petal-like” 
wetting of water, whereby droplets exhibited contact angles (CAs) greater than 150◦ and remaining pinned to the 
surface. To improve their conductivity, films of the functionalized GO deposited onto glass were laser-scribed to 
reduce some of the specific, adjoining regions of oxidic carbon to partially restore some of the sp2 C network. This 
improved the conductivity of the as-deposited GO films by approximately four orders of magnitude from 0.002 to 
~20 S/m using the low laser scan speed of 250 mm/min. It was observed that with a high laser scan speed of 500 
mm/min some of the hydrophobic character was retained (CAs ~110◦), whilst maintaining conductivities of up 
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to 0.17 S/m. Consequently, these materials show promise for applications such as biosensing materials, where 
tuneable hydrophobicity combined with conductivity are required characteristics.

1. Introduction

Carbon-based materials, including carbon nanotubes (CNTs), gra
phene, and carbon black, are commonly used for various applications 
including water-repellent coatings, water filtration, electronics, energy 
storage and bioelectric sensors due to their high electrical conductivity, 
large surface area, and biocompatibility [1,2]. These materials are often 
incorporated into electrode structures to enhance signal detection 
sensitivity and improve electrochemical performance in various sensing 
applications; however, they can be susceptible to damage from water or 
other liquids [2–4].

Carbon-based materials have long been used to make hydrophobic 
coatings due to their low surface energy, high surface area and structural 
stability [5,6]. Materials such as graphene, carbon nanotubes, carbon 
nanofibers, and carbon black, can undergo surface modifications to 
achieve hydrophobicity [7–9]. Functionalization alters their surface 
chemistry, enhancing their utility in various applications [2,9–13]. 
Surface modification involves chemical treatments that introduce hy
drophobic groups to the surface. This can include alkyl chains or fluo
rinated groups, which can change the affinity of the surface for water, 
making it repel water droplets (i.e. hydrophobic) [14].

Among other carbon-based materials, graphene, a two-dimensional 
material consisting of a single layer of carbon atoms arranged in a 
hexagonal lattice, exhibits extraordinary electrical conductivity (> 104 

S/m), owing to the high mobility of electrons within its structure sp2 

delocalised carbon framework. This allows the electrons in graphene to 
move ballistically over long distances without scattering, making it one 
of the most electrically conductive materials known. Although graphene 
offers inherently high conductivity due to its sp2 hybridized network, it 
lacks the functional groups needed for further reactions, which limits its 
chemical tunability. In contrast, graphene oxide (GO), a derivative of 
graphene, consists of oxygen-containing functional groups such as hy
droxyl, epoxy, and carboxylic groups covalently attached to its carbon 
framework. This makes GO a versatile platform where properties like 
wettability and conductivity can be tailored through functionalization 
and reduction. These groups attach onto sp3 carbons that form in the 
structure because of a well-studied oxidation process, the Hummers 
method, using sulfuric acid (H2SO4) and potassium permanganate 
(KMnO4) [15]. This results in a disrupted hexagonal lattice that is no 
longer homogeneous as with graphene. Most carbon atoms maintain sp2 

hybridization but the increased number of sp3 hybridized carbon atoms 
significantly reduces the electronic delocalisation, thus lowering the 
conductivity (< 1 S/m).

The presence of oxygen-containing functional groups, such as alco
hols, ethers and carboxylic acid groups, introduced by the oxidation 
alters its surface energy, making it more hydrophilic and thus more 
dispersible in water and other polar solvents. This behaviour renders GO 
more compatible with aqueous processing routes, thus extending the 
utility of the material use in aqueous environments [12,16]. In addition, 
the presence of these functional groups also provides avenues to further 
functionalization through their reactivity. Functionalization of GO can 
also be achieved using alcohols and alkyl alkoxysilanes, which further 
allows tailoring of the materials’ chemistry and surface energy through 
reaction with the pendant oxidic groups through condensation reactions 
[4,8,12,17].

It has also been shown that thermal and/or photothermal reduction 
can be performed to partially restore the sp2 C network, to form what has 
been termed reduced graphene oxide (rGO). Laser-scribing can partially 
restore sp2 C, increasing the material’s conductivity by several orders of 
magnitude. Laser-scribing is an attractive method for reducing GO given 
its ability to locally control the reduction process, by allowing the laser 

to selectively interact with discrete areas of the film. Briefly, a laser 
source, typically in the near-infrared range, is directed onto the surface 
of the GO film. The laser’s energy is then absorbed by the material, 
resulting in localized heating and inducing thermal decomposition of 
oxygen-containing functional groups (hydroxyl, epoxy, carboxyl etc). 
The removal of oxygen-containing functional groups results in the 
restoration of the planar sp2 structure and thus an increase in conduc
tivity. Laser-scribed graphene oxide has been used in the development of 
conductive films, electrodes, and supercapacitors, and materials used in 
other electronic and energy-related applications [18,19]. Another 
application of GO and rGO is in the field of biosensors, as result of their 
inherent biocompatibility [20,21]. This biocompatibility is intimately 
linked to the wettability of the material since the adsorption of bio
molecules onto surfaces is assisted by the presence of hydrophilic 
groups.

Although the oxidic functionalities of GO are desirable for use in 
aqueous environments, there is a drive to investigate whether the 
reactive functional groups can be further exploited to manufacture 
water-proof conductive coatings that can be used outdoors where they 
are susceptible to degradation from weathering. Tuning the wettability 
of the material from hydrophilic to hydrophobic is achieved by reacting 
the GO with non-fluorinated, hyperbranched alcohol, resulting in a non- 
hazardous environmentally friendly compound (Scheme 1). The ap
proaches taken in this research enable tunable properties, such as 
selectively restoring sp2 domains for targeted conductivity while 
retaining functionalized hydrophobicity. Although more complex, this 
approach balances performance and practicality, making it suitable for 
applications like biosensors, where biocompatibility and controlled 
surface properties are critical. Moreover, hydrophobic graphene oxide’s 
large surface area and chemical tunability enhance its interaction with 
specific biomolecules, making it ideal for detecting various analytes in 
real time. In this paper, we demonstrate that it is possible to create 
highly hydrophobic graphene oxide films that display petal-like wetting 
from water droplets (CAs >150◦). Furthermore, we also show that this 
material can be laser-scribed to improve its conductivity by several or
ders of magnitude compared to untreated GO while retaining its hy
drophobic properties (CAs ~110◦) (Scheme 1).

2. Materials and methods

2.1. Materials

Graphite flakes, sulfuric acid, phosphoric acid, hydrogen peroxide 
and potassium permanganate were purchased from Merck Life Sciences. 
Fineoxocol180 alcohol (2,2,4,8,10,10-hexamethylundecan-5-ol) 
(FO180) was provided by Nissan Chemical Industries. Ethanol (99.5 %), 
and isopropanol (99.5 %) were purchased from Merck Life Sciences. 
Glass slides were acquired from Avantor (VWR).

2.2. Graphene oxide synthesis

Modified graphene oxide (GO) was synthesized by a modified 
Hummers’ method [22]. In this variation, a concentrated mixture of 
H2SO4/H3PO4 (360:40 mL, 9:1 ratio) was combined with graphite flakes 
(3.0 g, 1 wt equiv) and KMnO4 (18.0 g, 6 wt equiv). The reaction was 
then heated to 50 ◦C and stirred for 12 h. The reaction was then cooled to 
25 ◦C and poured onto ice (~400 mL) with 30 % H2O2 (3 mL). The 
remaining material was shaken and sieved through a 300 μm filter to 
remove large particles. The filtrate was centrifuged (5000 rpm for 4 h), 
and the supernatant decanted away. This was centrifuged and washed in 
the same method described above. The residual material, after multiple 
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washes, was coagulated with 200 mL of ether, and the resulting sus
pension was filtered. The solid obtained from the filtration was vacuum- 
dried for 3 days at a temperature of 30 ◦C, yielding 2.4 g of the final 
product.

2.3. Functionalisation of graphene oxide with finoxocol (FO180) 
(2,2,4,8,10,10-hexamethylundecan-5-ol)

Under ventilated fume hood conditions, 100 mg GO was suspended 
in 10 mL of concentrated sulfuric acid and sonicated for 15 min. 90 ml of 
chloroform was added and this was stirred and gently heated to 80 ◦C 
over 1 h. FO180 (5 mL) was added dropwise to the mixture over an hour. 
The heating was stopped to allow the mixture to cool to room temper
ature and then stirred for 24 h. Preliminary tests were found that the 
time given was sufficient to ensure the reaction occurred with the 
desired wettability (WCA> 150◦), this level of wettability falls within 
the threshold for superhydrophobic materials and was thus deemed 
comparable with literature. The unreacted alcohol was removed by 
washing with isopropanol and then centrifuging the mixture at 5000 
rpm for one hour to recover the solid. The supernatant was then dis
carded, and the process was repeated using ethanol. The functionalized 
material was then dried at 100 ◦C for 24 h. The initial synthesis was 
repeated, resulting in materials with contact angles ranging from 144◦ to 
151◦. This small range of wettability after the first synthesis 

demonstrates the reproducibility of the process. Consequently, a large 
batch was synthesized to conduct all other characterizations, coatings, 
and electrical conductivity measurements. This approach ensured that 
all coatings and characterizations were performed on the same batch, 
allowing for cross-comparability.

2.4. Spray coating

Graphite, GO, fGO and rGO were dispersed in isopropanol to prepare 
2 %wt. suspensions and then spray coated onto glass microscope slides 
using a compressed air propellant spray gun with a pressure of 20 psi. 
Multiple coats were applied to ensure the films fully covered the surface 
of the substrate. The films produced are robust enough to undergo 
characterizations without fracturing. However, they can be removed by 
percussive abrasion, cracking off as flakes when strong mechanical force 
is applied due to the lack of adhesion between the glass substrate and the 
particles.

2.5. Laser-scribing

Reduced Graphene Oxide (rGO) films on glass sides were obtained 
using a desktop laser engraver with 405 nm laser diode a and a power of 
250 mW [23]. The focal length of the diode module was set to 40 mm. 
The spatial resolution of the engraver was 0.1 mm. GO films were laser- 

Scheme 1. Reaction scheme showing the various steps taken for graphite modification: the oxidation of graphite to graphene oxide, the reaction with FO180 to form 
hydrophobic graphene oxide and laser-scribing to form reduced graphene oxide.
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scribed by continuous scanning in a raster pattern. Laser power was 
pulse-width modulation controlled and set to 60 % duty cycle. The film 
surface was placed 6 mm out of focus (46 mm distance from the lens) to 
increase line width and ensure interconnection between adjacent lines. 
Two laser scan speeds of 500 and 250 mm/min were used with a typical 
scan size of 20 x 20 mm. Film resistivity (ρ) was calculated using a 
standard 4-point probe where a voltage and current were applied be
tween two outside probes, while the voltage was monitored through 
internal probes. [24–26] The measured resistance (R, Ω) was converted 
to sheet resistance (Rs, Ω/sq.) by the following relationship (Eq. (1)). 

Rs = R × f1f2
π

ln(2)
(1) 

where f1 and f2 are the geometric correction factor that takes into 
consideration the specific sample dimensions to account for possible 
current path limits caused by the sample edges. f1, accounts for the finite 
thickness of the sample and is equal to 1. f2, accounts for the finite length 
and width of the sample, and it is equal to 0.82. The details on the 
calculation of f2 are provided in the Supporting Information.

Conductivity (σ, S/m) values were calculated using Eq. (2), where ρ 
is the resistivity (Ω⋅m), and t is the sheet thickness in meters. 

σ =
1
ρ =

1
Rs × t

(2) 

Approximate thickness (100 μm) was measured using optical micro
scopy at 500x magnification, with film samples placed on their side and 
then measured against the thickness of the glass slide (Fig. S1).

The laser scriber parameters—power, speed, and frequency—are 
software-controlled and can be precisely tuned to achieve various irra
diation results. The greater the energy delivered per unit of surface area, 
the deeper the laser penetration. This approach allows control over the 
depth at which the irradiation penetrates the GO-based material, 
transforming the GO into conductive and hydrophobic laser-induced 
graphene. With the right tuning, the laser can easily penetrate GO- 
based surfaces to depths on the order of millimetres.

2.6. Characterization

X-ray photoelectron spectroscopy (XPS) was performed using an Axis 
Supra XPS fitted with a monochromated Al Ka source and large area slot 
mode detector (ca. 300 × 800 μm2 analysis area). Spectra were recorded 
using a charge neutralizer to limit differential charging and binding 
energies were calibrated to the main hydrocarbon peak (BE 284.8 eV). 
XPS data was analyzed using CASA software with Shirley background. 
Scanning electron microscopy (SEM) and associated energy dispersive 
X-ray (EDX) were performed using a Hitachi Field Emission TM3030 
scanning microscope in BSE mode with an accelerating voltage of 1.0 
kV. Thermogravimetric Analysis (TGA) was performed using approxi
mately 20 mg samples of powder into a TA Instruments SDT-Q600 
analyzer, heating from ambient temperature to 600 ◦C under a 100 
mL/min continuous flow of argon and a heating rate of 10 ◦C/min. 
Raman spectroscopy was performed using a Renishaw inVia Raman 
microscope with a laser wavelength of. Beam power of 5 % was used for 
data acquisition between 100 cm− 1 and 3200 cm− 1. Fourier transform 
infrared spectroscopy (FTIR) was performed with an average of 16 
scans, recording spectra between 400–4000 cm− 1 region, using a Perkin 
Elmer Spectrum 2 with Universal Attenuated Total Reflectance (UATR) 
accessory. Contact angle measurements were performed using a Krüss 
DSA 25 with an IDS UI-306xCP-M camera using Advance software. A 
Young Laplace fitting method was used to calculate the contact angles. 
Distilled water (Millipore, 18 MΩ cm) was used during all measurements 
as the dispersed phase. Measurements were taken at three different lo
cations across the surfaces using 5 μL droplets and a dosing rate of 2.66 
μL s− 1. Where appropriate, pellets of material were prepared for testing 
using a hydraulic press (20 wt% added water, 200 mg sample, 5 mm die, 

1 t, 30 s). Pellets were prepared for XPS, SEM and wettability mea
surements on the pellets themselves. Note that although various batches 
were synthesized to examine reproducibility, all the characterization 
data presented are from one large batch to ensure cross-comparability.

3. Results & discussion

3.1. Characterisation of the GO samples

GO was synthesised using modifications of the Hummers method to 
optimise the atomic percentages of oxygen and functional groups upon 
the carbon backbone. Analysis of the atomic percentages recorded from 
the XPS survey spectra of both graphite (SI Figs. S2) and GO (Fig. S3) 
showed substantially higher proportions of oxygen in GO (~ 30 %) 
relative to samples of the as-received graphite precursor (~ 4 %) as is 
shown in Table 1, suggesting the presence of oxidic carbon. The high- 
resolution XPS scans for the C 1s region of graphite, and GO are 
shown in Fig. S4. For graphite, only C–C bonds are present at 284.6 eV, 
while for GO samples the data were fitted to the C–C bonds at 284.6 eV 
corresponding to the sp2 carbon along with additional C–O and 
O–C––O peaks at 285.4 and 286.48 eV respectively, due to epoxy and 
carboxylic functional groups [27].

EDX was also performed on microscope slides coated with graphite 
and GO samples to study whether the bulk composition reflected that of 
the surface. This was largely observed, as presented in Table 1 and 
Figs. S5 & S6 of Supporting information. The small silicon peak is likely 
to have originated from contamination during the preparation, 
handling, or characterising process. Other ions present in some samples 
are potassium, most likely left over from the oxidizing agent KMnO4, 
chlorine from the chloroform and phosphorus ions are also potentially 
present intercalated between the layers of graphene oxide likely from 
the phosphoric acid which can be accommodated easily due to expanded 
interlayer distance in graphene oxide and its electrostatic potential [28]. 
Doping with some of these ions may be desirable for some applications 
[29–32].

Raman spectroscopy data (Fig. 1) show graphite has a larger G band 
(~1580 cm− 1) which corresponds to the in-plane vibrations of the sp2- 
bonded carbon atoms (the E2g phonon mode). The G-band is a signature 
of ordered graphitic structures, indicating the presence of crystalline 
graphite. The D-band (~1350 cm− 1) appears when there are defects or 
disorders in the graphite structure. The D-band is attributed to the 
breathing mode of the sp2 rings but requires the presence of disorder (e. 
g., edges, impurities, or structural defects) to be activated (a process 
known as defect-activated Raman scattering). Graphene oxide data 
(Fig. 1b) exhibits an even ratio of D/G bands, a measure of the defects 
present in a graphene structure (the irregularities of the crystal lattice 
structure). These defects introduce localized disruptions in the carbon 
lattice and contribute to the overall disorder and heterogeneity of gra
phene oxide.

3.2. Functionalization of graphene oxide samples with hyperbranched 
alcohol FO180

GO was functionalized with a hyper-branched alcohol, FO180, to 
alter the wettability of the GO films, in the manner shown in Scheme 1
and characterised using IR spectroscopy, TGA, and contact angle (CA) 
measurements.

Table 1 
Atomic percentages of graphite and GO samples determined by EDX and XPS.

Sample C 1s O 1s S 2p

Graphite (EDX) % 100.00 0 0
Graphite (XPS) % 93.85 4.59 1.56
GO (EDX) % 64.00 34.65 0.48
GO (XPS) % 68.06 30.53 1.41
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The IR spectra of the graphite, graphene oxide and functionalised GO 
are shown in Fig. 2 (IR of the FO180 alcohol is shown in Fig. S11). As 
expected, there are not many peaks available in the graphite spectrum 
due to the absence of functional groups. However, GO showed distinct 
peaks that could be ascribed to O–H (alcohols, phenols), C––O, and 
C–O stretching at 3340, 1633–1717, and 1031–1159 cm− 1 respectively. 
In this case, the position of the C––O band is more consistent with the 
presence of ketones as well as those reported for carboxylic acid groups 
attached to aromatic rings, indicating that CO2H groups could be 
attached to sp2 carbon atoms at the edges of the sheets. The two bands at 
around 1100–1200 cm− 1, are ascribed to C–O stretching of the alcohols 
as well as more tentatively epoxides since these have also been reported 
as functional groups on GO. [33] In addition, a weak band around 2982 
cm− 1 is also observed indicating some C–H stretching of sp3 C in the 
structure. IR spectrum of fGO (Fig. 2c) shows strong multiple C–H 
stretching bands after exposure to FO180 at about 2917 cm− 1, as well as 
two peaks at around 1370 and 1450 cm− 1 due to the C–H rock and bend 
respectively, indicating the presence of the alkyl chain of FO180 alcohol 
in the sample. [34] There is also a noticeable C––O stretch peak at 1702 

cm− 1 due to the presence of the esters (which are still present after 
purification and sonication) indicating chemical absorption of FO180 
via esterification reaction. [35].

TGA was used to further characterize the composition and thermal 
stability of the samples as is shown in Fig. 3. It was observed through 
studying the derivative curves that the graphite precursor (Fig. 3a) 
started to thermally decompose at around 700 ◦C with complete thermal 
decomposition and the breaking of C–C bonds at approximately 900 ◦C. 
By comparison, GO (Fig. 3b), has lower thermal stability and began 
decomposing under the same conditions at a much lower temperature 
(~ 400–500 ◦C) with complete C–C decomposing at ~700 ◦C. This is 
consistent with what has previously been reported [36] for this type of 
oxygen-containing functional groups such as hydroxyl (–OH), epoxy 
(C–O–C), and carboxyl (–COOH) groups which require less energy to 
decompose. It is noteworthy that GO retains around 15 % residue after 
complete C–C decomposition at approximately 700 ◦C. This residue 
could be attributed to inorganic impurities introduced during the syn
thesis step, as well as contamination during the preparation, handling, 
or characterization processes. The samples functionalised with branched 
alcohol have ~20 % weight loss between 200–300 ◦C which is attributed 
to the branched hydrocarbon groups of FO180 with complete decom
position around 500 ◦C representing the final stages of GO, where the 
carbon framework itself starts to break down, leaving behind carbona
ceous residue. These results indicate that the thermal stability of the 
samples is proportional to the strength of the sp2 hybridized carbon 
atoms in a hexagonal carbon framework and increasing defectiveness, 
such as the presence of GO and sp3 hybridized carbon via functionali
sation will reduce it significantly.

To see the effect of functionalization on the wettability of the films, 
water contact angle (WCA) measurements were performed. Graphite 
films were borderline hydrophobic, showing a WCA of about 90◦

(Fig. 4a). By comparison, films prepared from GO were highly hydro
philic and showed a WCA of about 10◦ because of the O-containing polar 
groups introduced into the structure because of the oxidation (Fig. 4b). 
Upon further reaction of the GO particles with the hyperbranched low 
surface energy alcohol, the wettability of the films was altered signifi
cantly and the WCA increased to around 150◦ (Fig. 4c, Fig. S12). 
However, the GO film was observed to display petal-like wettability as 
water droplets were observed to remain pinned to the surface of the film, 
even after tilting to angles greater than 90◦. The high water contact 
angle is as a direct consequence of increasing the CH3:CH2 ratio per 
chain because of branching, hence exposing more –CH3 groups with the 
“hedgehog” tail structures which have a lower surface free energy 

Fig. 1. Raman spectroscopy of a) graphite, and b) Modified graphene oxide.

Fig. 2. FTIR spectra of (a) graphite, (b) modified graphene oxide (GO), (c) 
functionalised graphene oxide with F180 (fGO). Data have been shifted verti
cally to see the clarity of the peaks.

Fig. 3. TGA plot for a) Graphite, b) modified graphene oxide (GO), and c) 
functionalised graphene oxide (fGO), showing Weight % (- solid lines) and 
Derivative Weight (– dashed lines) against Temperature.
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compared to –CH2 groups. This is in line with our previous work, 
showing that alumina nanoparticles functionalized with hyper-branched 
carboxylic acids possessed superhydrophobic properties in line with 
fluorocarbon analogue [37,38]. Functionalization was also confirmed 
by examining the dispersibility of the material in different solvents. 
Prior to the reaction with FO180, the GO samples could be well 
dispersed in water and polar solvents such as ethanol, whereas after 
functionalization the material could only be dispersed in non-polar 
solvents (See Fig. S13) like hexane, suggesting that there were far 
fewer hydrogen bonding interactions taking place between particles and 
water molecules.

Surface structure analysis of the graphite sample showed that the 
film possessed a rough morphology at the microscale (Fig. 4a, 
Figs. S7–8, Fig. S14). However, upon modification, both SEM and AFM 
revealed that the GO film was smooth at the nanoscale and showed very 
low surface roughness values (Rq ~10 nm) (Fig. 4b and S9–10). Upon 
functionalization of GO surfaces with low surface energy groups, the 
roughness increased to around Rq ~50 nm as is shown in Fig. 4c. 
Notably, this value is substantially lower than what we have observed 
previously for superhydrophobic Al2O3 nanoparticle films [38] that 
were functionalized by a carboxylic acid with the same hyperbranched 
chain (Rq ~110 nm), suggesting that the absence of superhydrophobic 
behavior is due to the lower nanoscale roughness of the functionalized 
GO films.

3.3. Conductivity measurements

Four-point probe measurements were used to record the resistivity of 

the different GO films. The values obtained were then converted into 
conductivity values using the reciprocal relationship stated in section 
2.5. Both the GO and fGO films were observed to show conductivity 
several orders of magnitude lower than those reported for graphite films 
(as is shown in Table 2), which is ascribed to the oxidic sp3 C in the GO 
samples reducing electron mobility. To examine whether the conduc
tivity can be improved, laser-scribing at different speeds was used and it 
was observed to improve the conductivity substantially by thermally 
decomposing oxygen-containing functional groups (like hydroxyl, 
epoxy, and carboxyl groups) and partially restoring some of the sp2 C 
network. As anticipated, the time that the films were exposed to laser 
irradiation influenced their decomposition, as shown by the values ob
tained for the different scanning speeds in Table 2. The lower scan 
speeds were observed to create films that showed conductivities four 
orders of magnitude greater than before irradiation for fGO samples, 
whereas scanning twice the speed increased the conductivity by two 
orders of magnitude. The change in conductivity is greater for FO180- 
functionalized GO films compared to GO films. Although this 

Fig. 4. SEM images (1000× magnification) of films spray-coated onto a microscope slide of a) graphite b) graphene oxide, and c) functionalised graphene oxide 
along with the AFM images. Insets are images of water droplets on the corresponding surfaces. Note the very low contact angle of the water droplet on graphene 
oxide (b).

Table 2 
Conductivity values for Graphene oxide-based materials after laser irradiation at 
high and low laser scan speed.

Sample Initial 
Conductivity 
(S/m)

Conductivity at 500 
mm/min laser scan 
speed (S/m)

Conductivity at 250 
mm/min laser scan 
speed (S/m)

Graphite 200.57 ± 16.70 220.63 ± 0 220.63 ± 0
GO 0.62 ± 0 3.98 ± 0.01 3.97 ± 0.01
fGO 0.002 ± 0 0.17 ± 0.01 20.45 ± 0.20
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phenomenon is not fully understood, there are two possible 
explanations: 

1. The hyper-branched FO180 groups likely contribute to spacing and 
reducing inter-layer van der Waals forces within the GO structure. 
This can facilitate layer separation and prevent restacking during 
reduction, promoting a higher degree of structural order and more 
effective electron delocalization, leading to better electrical path
ways after scribing.

2. The difference in conductivity may also be due to the film quality. 
Functionalized GO films are easily deposited as they are well 
dispersed in isopropanol and non-polar solvents (as shown in 
Fig. S13), leading to a coherent film with very few visible cracks. In 
contrast, non-functionalized GO films, despite being hydrophilic, are 
difficult to disperse in both polar and non-polar solvents, making it 
far more challenging to deposit a coherent film. These films exhibit 
less coherent morphology with some breaks in the coating. Fractures 
in the coating are responsible for lower conductivity, as they create a 
more difficult pathway for electron conduction.“

The WCA values of the films after the different speeds of laser- 
scribing are shown in Table 3 and reflect the varying degrees of 
decomposition. The WCA of GO reduced significantly to super
hydrophilic after laser-scribing due to increasing the roughness of the 
already hydrophilic surface. Notably, the WCA of the fGO films was also 
reduced, however, it was observed that hydrophobic contact angles 
could be obtained after laser-scribing of fGO sample after subjecting it to 
the higher laser scan speed. AFM showed that the fGO films increased 
topography (Rq ~ 220 nm) after laser irradiation, providing support that 
the drop in CAs was due to the removal of the hyperbranched alkyl 
groups of the esterified FO180 chains rather than the surfaces being 
made smoother because of the laser. (The AFM image of the reduced fGO 
film is shown in Fig. S9c). These data suggest that fGO materials could 
retain some utility as a water-repellent bioelectronic sensor if it was 
employed in the application.

Some studies have reported hydrophobic graphene oxide (GO) 
composites using polymers. Huang et al. [8] created graphene/graphene 
oxide nanocomposites and achieved maximum conductivity values of 
2.7 S/m and a WCA of 120-135◦ using functionalisation with polymers 
such as polyacrylonitrile, which, when integrated into GO, can help to 
improve the dispersion of graphene within the matrix and create a more 
homogenous composite. Mizerska et al. also recorded conductivity 
values of 2.7 S/m and WCA of >140◦ with an organosilicon matrix 
(diethoxydimethylsilane, (3-glycidoxypropyl) triethoxysilane, tetrae
thoxysilane and polymethylhydrosiloxane) for use on cotton fabrics. 
[39] In the case of Mizerska et al., the use of an organosilicon matrix 
composed of compounds like diethoxydimethylsilane and (3-glycidox
ypropyl) triethoxysilane suggests a different structural approach. 
Organosilicon compounds are known for creating robust, hydrophobic 
layers due to their ability to form a cross-linked network [40]. This 
network can encapsulate the GO sheets, reducing the availability of 
oxygen-containing groups that typically lower the electrical conductiv
ity in GO. The organosilicon matrix likely enhances the overall hydro
phobicity and preserves the conductive pathways within the film, 
leading to the observed conductivity. Composite films have a less ho
mogeneous distribution of the conductive GO. In the cases of Huang 
et al. and Mizerska et al., [8,39] the polymers used seem to facilitate 
better dispersion and alignment of the GO compared to our samples, 
which is critical for achieving higher conductivity. Each method has 
achieved a balance between hydrophobicity and conductivity by care
fully selecting its matrix materials and functionalization methods. Our 
method, the use of branched alcohols, is a cheap, green option to 
functionalise a conductive and hydrophobic carbon-based material.

4. Conclusion

This study advances the current knowledge by presenting a 
comprehensive analysis of the synthesis of highly hydrophobic graphene 
oxide (GO) through chemical functionalization with highly branched 
alcohols. The subsequent laser-scribing reduction of this functionalized 
GO, once deposited on a surface, yields conductive hydrophobic mate
rials. Our analysis demonstrates the production of an enhanced gra
phene oxide material [22], which shows significant potential for 
applications in coatings and biosensing.

Characterization methods such as IR, Raman Spectroscopy, XPS, and 
TGA confirmed the successful synthesis of graphene oxide using a 
modified Hummers method. This GO was then functionalized with a 
green hyper-branched low-surface energy alcohol (FO180) to adjust its 
wettability. Contact angle measurements revealed a significant reduc
tion in water contact angle (from hydrophobic to highly hydrophilic) 
upon the addition of oxygen groups to the surface (graphite to GO re
action), whereas highly hydrophobic surfaces (WCAs > 150 ◦) were 
observed after functionalizing GO with FO180.

Conductivity tests at various modification stages, both before and 
after laser-scribing, showed that laser-reduced samples were signifi
cantly more conductive than the original graphene oxide, with an in
crease of 1000x in the case of functionalized GO (fGO). This enhanced 
conductivity is likely due to the removal of oxygen-containing groups 
and the restoration of the graphene lattice during the laser reduction 
process, along with the presence of remaining FO180 functional groups.

The combined properties of water repellency and electrical con
ductivity make laser-reduced functionalized graphene oxide highly 
desirable for applications in electronics, sensors, and energy storage 
devices. However, it may not be suitable for applications requiring high 
thermal stability (up to 700–800 ◦C).
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[32] D. Bouša, J. Luxa, V. Mazánek, O. Jankovský, D. Sedmidubský, K. Klímová, 
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