Y f.f;:r

o
.ve'

institucional 4

IMDEA
Fre=s

=

Microemulsions for the Covalent Patterning of Graphene

Alicia Naranjo, Natalia Martin Sabanés, Manuel VVazquez Sulleiro and
Emilio M. Pérez*

This is the accepted version of the following article: Alicia Naranjo, Natalia Martin
Sabanés, Manuel Vazquez Sulleiro and Emilio M. Pérez. Microemulsions for the
Covalent Patterning of Graphene, Chem. Commun. 58 7813 (2022), which has been
published in final form at
https://pubs.rsc.org/en/content/articlelanding/2022/CC/D2CC01858F .

To cite this version

Alicia Naranjo, Natalia Martin Sabanés, Manuel VVazquez Sulleiro and Emilio M.
Pérez. Microemulsions for the Covalent Patterning of Graphene, (2022)
https://repositorio.imdeananociencia.org/handle/20.500.12614/3124

Licensing

See RSC Terms & Conditions https://www.rsc.org/journals-books-
databases/librarians-information/products-prices/licensing-terms-and-conditions/
(last accessed June 2023).

Embargo

This version (accepted manuscript or post-print) of the article has been deposited in
the Institutional Repository of IMDEA Nanociencia with an embargo lifting on
22.06.2023.



https://pubs.rsc.org/en/content/articlelanding/2022/CC/D2CC01858F
https://repositorio.imdeananociencia.org/handle/20.500.12614/3124
https://www.rsc.org/journals-books-databases/librarians-information/products-prices/licensing-terms-and-conditions/
https://www.rsc.org/journals-books-databases/librarians-information/products-prices/licensing-terms-and-conditions/

Microemulsions for the Covalent Patterning of Graphene

Alicia Naranjo,? Natalia Martin Sabanés,® Manuel Vazquez Sulleiro® and Emilio M. Pérez*?

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

We show that microemulsions can be used as a simple, cheap and
scalable template for the covalent patterning of graphene.

Carbon-based nanomaterials have been widely studied due to their
unique and useful properties in many different fields.13 Specifically,
graphene, as a single layer of spZ-hybridized carbon atoms bonded in
a honeycomb lattice, is known as the thinnest and strongest 2D-
material. Graphene is characterized by the lightest charge carriers
(massless Dirac fermions) and extraordinary thermal, mechanical
and electrical properties.*® These remarkable properties make it
useful in a wide range of applications ranging from the mechanical
reinforcement of materials’? to building complex sensors.10-12

The applicability of graphene could be further enhanced by selective
covalent and non-covalent modification, however, tuning the surface
or lattice regions to modify its properties is still a challenge, because
all the C atoms in graphene (except the edges) are chemically
identical. In recent years, many techniques have been developed to
pattern  2D-materials, using covalent or non-covalent
functionalization.13 Particularly, nano-patterning has evolved as a
possibility to overcome the chemoselectivity problem. One of these
approaches relies on electron beam lithography followed by covalent
patterning to carry out a precise positioning of organic functional
groups on the basal plane of graphene at a micro scale.* The main
drawback of this approach is the need to use a combination of top-
down and bottom-up strategies, which implies long production times
and the presence of residual e-beam resist. Another approach relies
on exploiting the Moiré patterning that emerges from the growth of
graphene on metallic substrates as a template for the subsequent
formation of C-C bonds.’> 16 More recent techniques for nano-
patterning have been developed using laser writing. This approach
reckon on laser-triggered photolysis for the selective and reversible
patterning of graphene, involving silver nanoparticles to generate
trifluoromethyl radicals, requiring of an external source for a laser-
induced patterning.1-20 While these approaches represents the
ultimate degree in control with regards to resolution down to atomic
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scale, they all require complicated nanofabrication techniques and
equipment. Recently, self-assembled molecular networks have been
used to achieve patterning with few nm periodicity, partly
overcoming this problem, but relying instead on a very specific
molecular design.?!

The design of a biphasic system with controlled size of the phases, an
emulsion (EM), could be used as an alternative method for
functionalization patterns in 2D-materials. Microemulsions (MEMs)
are a mixture of two immiscible liquids in which one is dispersed in
spherical droplets of 100-1000 nm into the other.22-2* The presence
of amphiphilic molecules allows the formation of micelles in the
liquid phase and controls the dispersibility. The hydrophilic-lipophilic
balance (HLB) of the surfactant is a measure of the affinity towards
oil or water and it determines the miscibility of the different liquids.2>
Consequently, MEMs structures can be defined by low HLB values in
which droplets of water are dispersed in oily media (W/O) or high
HLB values which are held by oily micelles into aqueous media
(O/W).26 MEMs are considered as kinetically stable dispersions,?” and
dynamic light scattering (DLS) is often used to fully characterize the
droplet size and polydispersity index.226 MEMs can be prepared by
two methodologies:?? i) high-energy methods?4 26 using ultrasonic
emulsification,3% 31 high pressure homogeniser32 33 or high shear
mixer; and ii) low-energy methods using phase inversion
temperature,34-3¢ self-assembling nano-emulsification or
spontaneous nano-emulsification.3”

Introducing organic molecules inside of a biphasic system during the
formulation process could arrange a selective patterning of surfaces.
Different systems can be designed where the organic compounds lie
inside or outside the MEMs droplets, depending on solubility.
Potentially, simultaneous bifunctionalization could be achieved by
designing MEMs with different molecules in and outside of the
droplets.

Here, we report a method for covalent patterning of graphene on
SiO; substrates, using MEM s as a template. The method is carried out
at room temperature, using cheap, commercially available solvents
and surfactants, and would therefore be easily scalable.

Blank MEMs (without organic compound) were synthesized by
dispersing an aqueous phase (AP), into an oily phase (OP) by using a
pump with a rate of 1mL/min under vigorous stirring for 30 minutes



at 80 °C (resulting in an emulsion, EM in Figure 1). This was followed
by 45 minutes of sonication at r.t. to homogenize the samples and
achieve the microscale droplet size (MEM in Figure 1).
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Figure 1. a) Scheme of the microemulsion (MEM) formulation; b) optical image

comparing EM versus MEM; c) droplet size distribution of EM (yellow bars) and
MEM (grey bars) obtained by DLS.

Optical images and particle size of the resulting (M)EMs through the
different synthetic steps can be found in Figure 1b and 1c,
respectively. Further experimental details on sample preparation
and characterization can be found in Supporting material, SI, section
1.

To prepare patterning MEMs (containing organic compound inside),
2 mg of 4-Bromobenzenediazonium tetrafluoroborate were added to
the blank MEMs after the sonication step in MEM preparation. This
mixture was sonicated for some minutes until salt was dissolved.
Separate experiments with the oil and aqueous phases, showed that
the diazonium salt is very soluble in the aqueous phase (ca. 80 mg/mL
in water + T80) while it is much less soluble in the oil phase (ca. 7
mg/mL), as expected (S| section 2, Figure S1). Droplet size and
polydispersity index (PDI) of all prepared MEMs (blank and
patterning) were assessed at room temperature without dilution, via
DLS measurements (Sl, section 1). The blank MEMs are formed by
micelles of 710 + 78 nm with a PDI of 0.29 + 0.04, Figure 2. A proper
homogeneity was observed, both in DLS data and microscopy
images. Besides, no differences were found in the case of the
presence of the diazonium salt inside of the emulsion (Figure 2a).

a)
~10

b)

Intensity (%

20 pm

500
Droplet size (nm)

1500 2500

2| J. Name., 2012, 00, 1-3

Figure 2. a) Distribution of the droplet size from two kind of MEMs: blank MEM
(without organic compound) in grey, diazonium salt MEM (with organic
compound) in purple. b) Microscopy images of the sample (drop-casted onto a
glass slide), representing droplets of 700nm.

Cryo-SEM studies were also performed (SI, section 1). The average
droplet size extracted from the SEM micrographs fit the data
obtained by DLS, (Sl section 3, Figure S2).

The content of the MEMs droplets was studied by Raman
spectroscopy by drop-casting the MEMs onto a glass slide. Oil and
T80 commercial solutions are previously studied to assign the
corresponding bands, allowed us identifying the material inside of
the droplets, (see details in Sl section 4, Figure S3). Raman results
confirm that oily micelles are dispersed in an aqueous media, due to
the absence or presence of a band at 1654 cm1, characteristic of the
T80 surfactant dissolved in the aqueous phase (SI section 4, Figures
S4 and S5). The size of the oily micelles in the Raman maps is 14 + 2
um in diameter, in good agreement with the sizes obtained for the
droplets in liquid (around 710 £ 78 nm). Due to the deposition into a
flat surface (glass slide), we expect the droplets to lose the spherical
shape and collapse into disk-shaped bubbles that in this case would
present around 1.2 nm height.

The same characterization process was used for blank and patterning
samples, showing no notable difference between samples in terms
of size and distribution of droplets in the MEMs or Raman
characterization. The Raman spectra do not show any fingerprint of
the diazonium salt itself, likely covered by the strong signals of the
T80 surfactant (more detailed information in Sl, section 4).

The MEMs with diazonium salt were used to test the selective
functionalization of graphene substrates. To that end, graphene
substrates were submerged in the MEMs solution for 5 minutes, then
washed several times in water and finally dried with a nitrogen flow
(Figure 3). Three different samples were studied according to the
functionalization grade: a) pristine graphene substrates, (pr-G), with
no functionalization; b) fully functionalized graphene substrates, (f-
G), using a 4mM aqueous solution of the diazonium salt for the
functionalization process and c) patterned graphene substrates, (p-
G), which implies functionalization by MEM-patterning (see SI
section 1 for details on sample preparation). Raman spectroscopy
was used to characterize the functionalization using a 532 nm laser
excitation. The relative intensity of the defect-induced D band (at
1348 cm?) with respect to the G band (at 1598 cm) directly
indicates the degree of functionalization.3® 3% Higher
functionalization results in an increase in the lp/lg ratio, and vice
versa, unfunctionalized graphene show low presence of defects and

low Ip/lg ratio.
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Figure 3. Scheme of the patterning process by submerging graphene substrate in
patterning MEMs.

Figures 4a, b and c show Raman maps of the Ip/Ig ratios for pr-G, f-G
and p-G samples, respectively. Characteristic Raman spectra for each
sample are shown in Figure 4d (details in Figure S6, section 5). First,
we see that the functionalization reaction works well under our
conditions, as reflected in an increase in the Ip/lg ratio from 0.05 +
0.03 (pr-G) to 1.85 + 0.24 in the fully functionalized control
experiments (f-G). Moreover, we see that the functionalization in this
case is relatively homogeneous with very small variations in the maps
in those cases (lighter purple and orange spots in the pr-G and f-G
samples, respectively). These are assigned to defects in the
purchased graphene substrates (Sl section 6, Figure S7 and S8).

In the case of p-G substrates (Figure 4c), both functionalized and
unfunctionalized graphene areas are found. Spherical non-patterned
areas (dark purple zones with low Ip/lg ratio) are observed with sizes
in the 10 um range, matching the oily droplets measured by Raman
in a glass substrate (SI, Figures S4 and S5 and discussion above). The
functionalized areas (orange zones with an increased D band),
correspond to the aqueous regions containing the diazonium salt in
the MEMs. Quantitatively, statistical analysis of the Raman spectrain
the dark purple versus dark orange areas show an increase of the D
band on patterned areas with Ip/lc = 0.82 + 0.01, against non-
patterned zones where Ip/lg = 0.37 + 0.08 in average (details in SI
section 7, Figure S9).

Statistical distributions of the Ip/lg ratio for pr-G, f-G and p-G samples
can be found in Sl (Figure S10, section 7). Both fully functionalized
and patterned samples show a wider distribution of intensity ratios
in comparison with the pristine sample. In the case of the patterned
substrate, (p-G), this is a clear consequence of the different degrees
of functionalization over the sample, while for the f-G sample it
reflects the presence of non-functionalized defects in the pristine
substrate. In addition to the Ip/Ig ratio changes, Raman shifts of the
G and 2D modes are also observed on the patterned samples (Figure
5). The areas showing a higher Ip/ls ratio (orange in Figure 4d) also
show significant blue shifts of the G (from ca. 1591 cm to 1597 cm-
1) and 2D modes (from ca. 2682 cm to 2691 cm™1).
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Figure 4. Ip/lc Raman maps of the (a) pristine (pr-G), (b) fully functionalized (f-G)
and (c) patterned (p-G) graphene substrates. d) Raman spectra of the different
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samples (pr-G, f-G and p-G), including two different zones on p-G due to the
patterning process (inside and outside the purple droplets).
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Figure 5. Maps of the Raman shift of the G (a) and 2D (b) modes of iraphene for
the patterned (p-G) sample in the same area depicted in Figure 4. Dashed lines are
ggi es to the eye to localize different areas and facilitate comparison with figure
4d.
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Since the graphene substrate is supported on SiO;, and all
measurements are carried out at room temperature, significant
changes on the mechanical strain on the graphene substrate can be
ruled out, and these shifts can be safely ascribed to doping of the
graphene sample.?0.41 In other words, the covalent patterning results
in a spatial modulation of the electronic properties of graphene, as
intended.

In summary, we report a simple yet effective method to pattern
graphene covalently by using microemulsions, with micrometric
resolution. We also show that the covalent patterning results in a
periodic variation in the electronic structure of the 2D-material that
corresponds spatially with the chemical functionalization, which is
arguably the ultimate goal of this kind of chemical methods. The
biphasic nature of MEMs constitutes a perfect platform for
patterning 2D-materials, where the droplet size and content can be
tuned to customize the grafting. As a proof-of-principle example of
this tunability, we performed experiments with a MEM of
significantly smaller droplet size, otherwise identical
conditions, and successfully obtained patterning at a smaller scale

under

(see the SI, Figure S11). Exploring variations in droplet sizes, the
molecular content within each phases, the differences in wettability,
and the various reactions (covalent and noncovalent) developed for
2D materials on substrates,38 42 can result in an easy and scalable
methodology to extend this concept to applications where large-area
patterning is required, and is currently our next objective.
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