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Abstract

Electrochemically exfoliated graphene (EEG) possesses optical and electronic properties that
are markedly different from those of the more explored graphene oxide both in its pristine and
reduced forms. EEG also holds the unique advantage compared to other graphenes produced by
exfoliation in liquid media: it can be obtained in large quantities in a short time. However, an in-
depth understanding on the structure-properties relationship of this material is still lacking. In
this work, we report a physico-chemical characterization of EEG combined with an investigation
on the electronic properties of this material carried out both at the single flake level and on the
films. Additionally, we use for the first time microwave irradiation to reduce the EEG and
demonstrate that the oxygen functionalities are not the bottleneck for charge transport in EEG,

which is rather hindered by the presence of structural defects within the basal plane.
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Graphene, a monolayer of carbon atoms arranged in a hexagonal lattice, is the most explored
two-dimensional (2D) material." Graphene is atomically thin, ultra-light, highly transparent, and
it possesses extraordinary electronic’® and thermal properties.* All these superlatives make
graphene a promising material for many applications as transparent conducting film,” as
electrode in supercapacitors,”’ as active layer in sensors,”” etc. Nevertheless, the physico-
chemical properties of graphene closely depend on the way it is produced and processed.
Although the highest quality graphene sheets can be prepared via mechanical exfoliation, i.e.
through the “scotch-tape” approach, this method is not suitable for mass production to potentially
enable the employment of graphene in daily life applications and devices. Recently, the
community perceives an outbreak of new potentially upscalable methods of graphene production.
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Among them, the ultrasound-induced liquid-phase exfoliation (UILPE) of graphite in the
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absence'” or presence of ad hoc molecules, and the electrochemical exfoliation (EE) carried

in a variety of electrolytes'”"*"

are extensively explored as they can be used to produce graphene
flakes of different sizes, thicknesses and quality. Significantly, while the UILPE makes it
possible to produce dispersions with the maximum concentration of 1 mg/mL* and it requires
long (up to 1000 hours) sonication processes and multi-step post treatments, the
electrochemically exfoliation allows to generate 1-10 mg/mL dispersions in the time scale
spanning from minutes to a few hours.”' Interestingly, EE of graphite into graphene can occur
either under anodic or cathodic conditions.” While cathodic exfoliation relies on the use of
lithium or alkylammonium salts dissolved in organic solvents (e.g. propylene carbonate,”
dimethyl sulfoxide,” N-methyl-2-pyrrolidone'®), the anodic process can be carried out in
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aqueous media. Various aqueous electrolytes as well as mixtures of water and ionic

liquids®”** have been investigated. Among them aqueous electrolytes containing inorganic sulfate



salts became extremely popular for their good performance, which results in the high-yield

exfoliation of graphene sheets.”'

Owing to the oxidative nature of the anodic exfoliation process, many research groups
have proposed this method as an alternative to classical Hummers and Staudenmaier methods for
the production of graphene oxide (GO).** On the other hand, contradicting reports have

appeared in the last few years'” > 3%

in which electrochemical exfoliation of graphite was
used to produce defect-free graphene sheets at high concentrations. In fact, the oxidation of
graphene sheets is unavoidable during the anodic EE, and it depends on both the exfoliation time
and the type of employed electrolyte, which in some cases can prevent the extensive oxidation.
*® While the production of high quantity of defect-free graphene sheets via wet methods attracts
the attention of both industrial and academic sectors,”’ besides the oxidation degree little is
known on the physico-chemical properties of electrochemically exfoliated graphene (EEG)
sheets, such as the nature of the defects and electronic properties at the single sheet and film
level. Although EE in non-aqueous electrolytes prevents the extensive oxidation of graphitic
material, which characterizes the anodic process, cathodic EE requires time consuming post
treatments of the exfoliated materials, such as long ultra-sonication, employed to achieve
compete exfoliation and therefore, has the same drawbacks as UILPE, i.e. low exfoliation yield
and limited lateral sizes of the flakes (in the range of hundreds of nm)"*. Because of this reason,
current research endeavors are focused on the anodic approach, which, on the contrary, allows
the one-step production of single- and few-layered graphene sheets in high quantities. In
particular, it has been shown recently that devices based on the thin EEG film possess a

maximum hole mobility of ca. 100 cm* V™' s™', whereas single-layer (SL) EEG exhibits a hole

mobility of ca. 300 cm® V™' s™' and a sheet resistance of 2 kQ sq',"” being comparable to that of



undoped CVD-grown graphene (1 kQ sq™').”* Such low mobility (if compared to pristine
graphene)” * has been provisionally attributed to the inter-flakes boundaries, which are
bottlenecks for charge transport, and to the presence of the oxygen functionalities in the structure
of the flakes, the latter acting as electronic traps. However, an in-depth analysis on the structure-
properties relationship in EEG, by comparing the electrical characteristics of this 2D material
measured at the single flake and at the film level, in device with variable oxygen content is

missing.

Here we show that the electrochemical exfoliation of graphite foil under the most commonly

employed anodic conditions,'” ** %30 3 36, 4042

1.e. using ammonium sulfate as electrolyte, not
only causes the oxidation of the graphitic material, but also results in the structural degradation
of the sheets. In particular, structural and compositional characterization of the produced material
corroborated with the investigation on the electronic properties of both SL flakes and films
provide unambiguous evidence that the electrical characteristics of EEG are not hindered by the

amount of oxygen functionalities, which can be nearly completely removed upon microwave

(MW) irradiation, but are rather limited by the presence of structural defects.

In this work, EEG has been produced under anodic conditions using a simple electrolytic cell
(see Experimental Section). During the electrolysis, the area of the working electrode, i.e.
graphite foil, is being reduced determining a variation of the current intensity passing between
the electrodes. Noteworthy, a prolonged electrolysis in aqueous solution affects the oxidation
degree of the produced material as observed by following the C/O ratio as a function of the
electrolysis duration (Figure Sla). In particular, an electrolysis process lasting 1 and 60 min

results in a C/O ratio of 8 and 4, respectively. Therefore, we decided to focus our attention on the



EEG characterized by the highest C/O ratio (C/O = 8), i.e. the material collected after 1 minute

of electrolysis.

Such EEG is characterized from the physical-chemical point of view by various microscopic
and spectroscopic techniques. A fast preliminary investigation can be attained by optical
microscopy (OM), which allows quick determination of the presence of single- and few-layer
thick graphene flakes deposited on the Si0O, substrate. Subsequently, an in-depth morphological
characterization of the exfoliated material is performed. In particular, statistical distributions of
flake size and thickness are determined by atomic force microscopy (AFM) and high-resolution
transmission electron microscopy (HR-TEM). Figure la displays large single-layer graphene
(SLG) and few-layer graphene (FLG) sheets. Moreover, in a number of cases folded or wrinkled
sheets are also monitored, being commonly observed in samples prepared by wet deposition
methods such as spin-coating. AFM and HR-TEM analyses (Figure S3) reveal a considerable
fraction of folded SLG sheets with lateral sizes > 1 um, being a typical characteristic of graphene
produced via EE.">**** The thickness distribution (see Figure 1b) quantified by AFM and HR-
TEM reveals a discrepancy which is a consequence of the intrinsic nature of the measurements.
In particular, while in the case of HR-TEM the number of layers (N) is counted by analysing the
folded edges,” AFM enables the estimation of N by measuring the height of the deposited flakes
from topographical profiles and dividing it by the graphite interlayer distance. Moreover, it is
worth noting that the estimation of the height of a SLG via AFM depends on the substrate and on
the experimental conditions such as relative humidity and magnitude of the force applied by the
tip to the sample. For example, on SiO,, a SLG can show an apparent height of ca. 1 nm,* while
on mica it amounts to ca. 0.4 nm.” Here, the N is estimated by assuming that the apparent

thickness of the thinnest graphene sheet observed on our images, amounting to 0.8 nm.



Interestingly, all the flakes analysed with AFM are less than 3.2 nm thick; therefore, the thickest
flakes are considered to be four-layer thick. Both analyses, i.e. AFM and HR-TEM, show that
EEG is mostly composed by SLG and bi-layer graphene sheets.

AFM is also employed to gain in-depth insight into the surface morphology of EEG flakes.
High magnification imaging reveals that the surface of the flakes is damaged and nanoscopic
holes are observed (Figure 1d). The density of those defects is estimated by automatic pixel
counting. Such analysis shows that the defective area of the flakes ranges from 4 to 30% (see
Figure le), yet, it does not exceed 10% for the majority of the flakes (67%).

Several attempts to visualize such structural defects by HR-TEM are done, yet the imaging is
hindered by a contamination with physisorbed carbonaceous material, which after exposure to
TEM electron beam converts into amorphous carbon. According with AFM imaging, in fact,
most of the EEG flakes appear damaged and characterized by rough surfaces. That can be
interpreted as the result of a non-uniform disintegration of the outer sheets in bi- and tri-layer
thick flakes due to the complicated interplay of water electrolysis, anionic intercalation, and gas
evolution that can induce cracks and nanoscopic defects on the material. Therefore, we believe
that the main source of carbon contamination is represented by the remaining shreds of the
external graphene layer of an EEG sheet, which are transformed in amorphous carbon under the
influence of the electron beam. On the other hand, besides the nanoscopic defects observed by
AFM, the HR-TEM analysis highlights the presence of point defects (Figure S3d).

The mechanical pressure caused by gas bubbling (O, and SO,) in between graphite layers during
the electrolysis is considered the most important factor leading simultaneously to the

fragmentation and exfoliation of the material. That causes also the spreading of the graphitic



material from the anode, even before the complete exfoliation, which in fact is well reflected in

the heterogeneity over the thickness and sizes of the produced material (Figures 1b and 1c).
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Figure 1. Statistical thickness and flake size analysis for electrochemically exfoliated
graphene, together with a statistical study of structural defects caused by the electrochemical
process. (a) Topographical AFM image of flakes produced by electrochemical exfoliation of
graphite and deposited on SiO, substrates by spin-coating from DMF dispersions; (b) distribution
of the number of layers per sheet determined by AFM cross-sectional analysis (in blue) and HR-

TEM (in red); (c) distribution of flakes lateral size determined by AFM; (d) AFM topographic




and phase-contrast images showing structural defects on a representative SLG flake; (e) density
of the structural defects plotted in function of the number of defective flakes.

Compositional characterization of the material is carried out by X-ray photoelectron
spectroscopy (XPS). Firstly the starting materials, i.e. the graphite foil, was analysed, and
considered as standard, aiming to follow how the chemical composition of the material evolves
during electrochemical exfoliation (see Figures S1b and Slc). Figure 2a displays a comparison
between Cls spectra of the starting material and EEG. As previously reported,” the high-
resolution Cls spectrum of the starting material (Figure 2b), displays an asymmetric peak
centred at 284.48 eV and a broad “shake-up’’ peak related to the s to st* transition, at ca. 290.9
eV. No components related to the oxidation of the material is observed, as confirmed by the low
atomic percentage of oxygen (0.58 %) given from the survey spectra (Figure S1b). After the
exfoliation, the Cls spectrum of EEG powder (Figure 2c), besides the main peak centred at
284 .45 eV reveals a second component at higher binding energy, which indicates the oxidation
of the material during the EE. Its deconvolution allows identification of four peaks typically
attributed to oxygen-containing groups, i.e. hydroxyl (285.47 eV) and epoxide (286.68 eV)
groups, as well as carbonyl (288.22 eV) and carboxyl (289.08 eV) moieties.””** Even though the
electrochemical process, under anodic conditions, unavoidably oxidizes the material, the level of
oxidation is much lower if compared with the oxidation degree of GO powder obtained after
drying a water dispersion of GO, purchased from Graphenea, in a vacuum oven at ca. 30 °C
(Figure 2). Moreover, the content of oxygen, and consequently the C/O ratio determined by XPS,
is comparable with the results of elemental microanalyses (see Table S1). Further analysis is

performed by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)



and thermogravimetric analysis (TGA), which further corroborates the presence

containing groups (Figures S2a and S2b).
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Figure 2. XPS characterization of electrochemically exfoliated graphene (EEG) in comparison

with pristine graphite, graphene oxide (GO) and EEG after microwave irradiation (MW-EEG):

(a) overlapped high resolution carbon spectra; (b) Cls spectrum of graphite; (c-e) Cls curve

fitting of EEG, GO and MW-EEG, respectively.

Raman spectroscopy is used to characterize the quality of the EEG. The dispersions are spin-

coated on SiO, substrates and the solvent is slowly evaporated at room temperature. Raman

spectra (Figure S4c) show a disordered material as indicated by the presence of a defective peak

higher than the G-peak and a very low intense and broad 2D band, providing evidence for a

reduction of the size of the in-plane sp® domains subsequently to the anodic process. In

10



particular, 1,,/I; ratio of EEG (c.a. 1.5) lies in the transition region between stage 1 and 2, defined
for disordered carbon materials, in which a mean distance between two defects is being
estimated as L, ~ 2-4 nm and consist of a low sp’ species (<15%).” The position of G peak at
1593 cm™ further proves the defective nature of EEG, which, in agreement with previous

reports,” ™

can be defined as nanocristalline graphite. Moreover, an apparent shoulder of the G
peak, known as D’ peak, can be clearly distinguished, indicating a moderate defect
concentration.”' Nevertheless, besides the defective flakes, high-quality FLG sheets, with I,,/I;; of
0.4, are observed.

Figure 3a, b illustrates the approach adopted for the electrical characterization of individual EEG
nanosheets. EEG flakes are deposited on oxidized silicon substrates (Qg; = 0.001 €-cm,
tx =290 nm) by spin-coating a 1 mg/mL dispersion in dimethylformamide (DMF), and are
further characterized via a combination of OM and AFM. Multi-terminal back-gated field-effect
transistors (FETs) are fabricated using e-beam lithography with polymethyl methacrylate
(PMMA) resists, metal deposition (3/40 nm of Ti/Au) and lift off in acetone. The four-probe
measurement configuration is employed to remove the contribution of the contact resistance and
access the intrinsic sheet resistivity of EEG, which is found to span within the range 15-30
k€/sq. To minimize the influence of environmental adsorbates, such as O, and H,O, all the
measurements are carried under inert atmosphere (N,-filled glovebox). Moreover, a vacuum-
annealing step (p ~ 5x10® mbar, T ~60 °C) is performed to desorb solvent traces, as well as O,
and H,O, which are known to be detrimental electron-acceptor traps — and thus reduce the level
of hole doping within the material. Upon annealing, the behaviour of the EEG FETs changes

from unipolar (p-type) to ambipolar, as in the case of mechanically exfoliated or CVD-grown

graphene devices. A well-defined charge-neutrality point can be identified in the transfer
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characteristics acquired after vacuum annealing (Figure 3c, inset) at V, values of ~ 4 V. To the
best of our knowledge, this is the first observation of ambipolar transport in EEG nanosheets,
which proves that the level of oxidation in our EEG is considerably lower than in the case of
graphene oxide (GO). However, at this stage, the electron and hole mobilities (1-10 cm2V'ls'1)
appear to be dominated by a high degree of structural defects, as elucidated in the following of
the paper. The field-effect mobilities — measured in both two- and four-terminal configuration —
are reported in the histogram in Figure 3d. On average, the two-terminal measurements provide
mobility values 30-40% lower than the four-terminal counterpart, indicating a non-negligible
contribution of the contact resistance due to injection barriers at the metal/EEG interface. Upon
annealing, the hole field-effect mobility drops by ~50%. We suggest two plausible mechanisms
behind such charge-transport degradation, namely the thermally-activated expansion of structural

defects’ and the remarkable decrease in hole density (see Supporting Section 4).
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Figure 3. Electrical transport measurements on individual EEG flakes. (a) Schematics and (b)
optical micrograph of the multiterminal back-gated FETs used for electrical characterization. The
scale bar in (b) amounts to 5 ym. (¢) Drain-source current (/) vs. gate voltage (V,) transfer
characteristics of an EEG FET acquired before (blue) and after (red) high-vacuum annealing at
~60 °C. The curve is plotted also in the inset (magnified y-scale) to show the occurrence of the
charge neutrality point (Vyp) at ~4V. (d) Histogram of the field-effect mobility for holes (h+)

and electrons (e-), as measured in the two- and four-terminal measurement configuration.

Graphene films are then prepared by depositing a few drops of EEG dispersion in DMF into a
water-containing beaker. Once re-organized at the interface, EEG flakes form a uniform greyish

film floating onto the sub-phase, which is transferred onto the solid substrate. This method
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makes it possible to avoid time consuming and laborious purification steps, as a consequence of
the EEG tendency to form a film at the water/air interface, leaving heavier particles, i.e.
unexfoliated graphitic material diffusing in the sub-phase together with DMF. Therefore, the
extensive formation of aggregates typical for other deposition methods such as drop-casting, dip-
coating, spin-coating is avoided. Morphology and homogeneity of the films were investigated by
OM (Figure S4a) and AFM (Figure 4b). Closely packed EEG sheets form large-area films
having average thickness of about 3 nm and surface coverage above 80%. Gold source and drain
electrodes are then evaporated on top of the film. The I, current is plotted as a function of the
applied gate potential V, and the resulting transfer curves are fitted in order to extract the
mobility values in the linear regime.

Unlike what is observed in the case of single flake measurements, the electrical performances
of films recorded before and after thermal annealing result being almost identical, displaying
mobilities of 3.4 cm? V's™ and 4 cm2 V' s, respectively. Electrical characterization also reveals
a large shift in threshold voltage: the Dirac point is now at very high positive gate bias, even
after annealing. This strong p-doping of the EEG film can be ascribed to the effect of trapped
adsorbates (oxygen and solvent) between overlapped flakes, which cannot be easily desorbed
and hamper the emergence of ambipolar transport.

Nevertheless, a percolation path for charges among adjacent flakes guarantees the conductivity
of our film and proves the high-quality overlapping among sheets observed by microscopies.
More importantly, EEG films show similar mobility values to those of the single flake.
Therefore, albeit the observed mobilities remain below state of the art, our approach offers the

exciting possibility of producing large-area graphene performing as an ideal large monolayer.
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Figure 4. Electrical characterization of FETs based on EEG films. (a) Optical microscopy image
and (b) AFM image of an EEG film; (c) sketch and photograph of the device fabrication on
graphene films by gold evaporation using the shadow-mask approach; (d) representative transfer

curves before and after annealing at 60 °C for 12 h in nitrogen atmosphere. (V, =200 mV)

Recently, microwave (MW) irradiation has been introduced as powerful technique to reduce
graphene oxide achieving high-quality graphene.”® Typically, (electro)chemical and thermal
reduction of GO results in a highly defective and still oxidized material,”*>’ known as reduced
graphene oxide (rGO), due to the difficulty of removing stable epoxy and carbonyl groups.”® On

the contrary, microwave treatments, based on a rapid and localized heating of the sample, causes
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the desorption of oxygen functional groups as well as the reordering of the carbon atoms within

the graphene basal plane, leading to defect- and oxygen-free graphene.”

Consequently,
electronic mobility values rise from 1 cm?/Vs, reported for rtGO™®, to 1000 cm’/Vs after MW
irradiation.”

Here, for the first time, this approach is exploited to lower the degree of oxidation on EEG and
studying the effect on its electronic properties. While a preliminary thermal annealing is
necessary to increase the conductivity of GO, so that it can absorb microwaves, this step was
unnecessary in the case of EEG powder, which is successfully reduced upon a few seconds of
microwaves irradiation with a conventional microwave oven (Figure 2a, green curve). As evident
from the XPS survey spectra, the overall percentage of oxygen decreases from 12 % to 7 %. In
particular, the Cls spectrum of EEG powder (Figure 2e) shows a nearly total reduction of epoxy
and carbonyl groups to hydroxyl ones, as evidenced by the increase in —OH peak intensity. The
shake-up satellite peak observed at 290.59 eV in MW-EEG spectrum indicates that the
conjugation of the system is preserved and eventually restored as well. Moreover, the global shift
of peak-maxima back to lower binding energy after MW irradiation points out the increment of
the conducting nature of the material. We verified that the approach reported in literature™
effectively reduces both EEG powder and EGG films on silicon dioxide substrates (Figure S5).

Surprisingly, when MW treatment is performed on EEG films, no noticeable changes in
electrical performances are observed (see Figure S4d). While these results can be well explained
by the Raman spectra on the films EEG before and after MW treatments, which appear very
similar (Figure S4c), the Cls region of the XPS spectra shows that the MW treatment is

accompanied with lowering of the peak at ca. 286 eV which is associated to oxygen-containing

groups (Figure S4b). Although the combination of thermal annealing and microwave irradiation
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of GO is known to be beneficial to the healing of point defects,” our nanometer sized structural
defects cannot be recovered in the same way upon MW. As a result, MW-irradiation is not
effective in recovering the electronic properties of EEG, which are at this stage limited by the

presence of structural defects.

In summary, in this work we investigated the correlation between structure and electrical
characteristics in electrochemically-exfoliated graphene.

Stable dispersions of graphene were prepared by means of the electrochemical approach using
ammonium sulphate as electrolyte. We have carried out a multiscale characterization of the
physico-chemical properties of EEG, in order to cast light onto the factors that influence the
charge-carrier transport in this material. Taking advantages of the micrometer size of graphene
flakes, multi-terminal FETs based on single flakes were fabricated allowing measuring mobilities
of 1-10 ecm*V™'s™ at the single flake level. Such mobilities turned out to be very similar to those
measured on continuous EEG films. Interestingly, we have reported for the first time the
emergence of the n-conductivity in EEG upon thermal annealing, leading to an ambipolar
transport, which may be of interest for the development of logic circuits. We have also showed
that MW treatments can be successfully exploited on EEG in order to lower the oxygen content,
enabling to demonstrate that charge transport within EEG is mostly hindered by structural
defects rather than by oxygen containing defects. Such novel information can be useful for the
optimization of the graphene’s electrochemical-exfoliation process, which is at present the most
promising method for the production of high-quality graphene sheets in large quantities and short

time.
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Experimental Methods

Materials. Graphite foil (Alfa Aesar, 0.5 mm thick) was cut into pieces of 2.5 cm x 8 cm
and used as anode and source of graphene for electrochemical process, while a platinum wire
(GoodFellow, diameter of 0.5 mm) was employed as counter electrode. Ammonium sulfate was
purchased from Sigma Aldrich and used as electrolyte in aqueous solution. N,N-
Dimethylformamide (Sigma Aldrich) was used for preparing graphene dispersions. Substrates
for characterization and devices preparation were purchased from Fraunhofer Institute and
consist of n++-Si substrates with 90 (or 290) nm of thermally grown SiO, as the gate dielectric.
Electrochemical exfoliation of graphite foil. A simple electrolytic cell was built using few basic
components such as a platinum wire as cathode and a graphite foil as anode half-immersed in an
electrolytic solution. The electrolyte was prepared solubilizing in water the stoichiometric
amount of (NH,),SO, needed to reach a concentration of 0.1 M. The working electrode’s
exfoliation occurs as immediate consequence of the applied voltage between the two electrodes
e.g. +15 V (ISO-TECH IPS-603 DC power supply), which generate a starting current of ca.
0.4A. Produced powder was collected by vacuum filtration on PTFE membranes (pores’
diameter of 5 ym) and, after several rinsing steps needed to remove salt residuals, it was
dispersed in DMF by mild sonication for 20 minutes. Such dispersion was kept to decant for 48 h
in order to promote the sedimentation of un-exfoliated material.
Sample preparation. All the substrates were cleaned by subsequent ultrasonication in acetone
and isopropyl alcohol (30 minutes each), in order to wash off the protective photoresist layer,
and then dried under nitrogen flow. Afterward, the substrates were treated by UV-O; for 5

minutes followed by 25 minute of exhaust. The samples for optical microscopy imaging, AFM,
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Raman and single flakes characterization were prepared by spin-coating onto SiO, substrates of a
graphene dispersion at a concentration of 1 mg/mL in DMF.

EEG films were prepared starting from pristine dispersion in DMF where EEG thin layers are
well stabilized. Few drops of dispersion were gently spread on water surface. Once re-organized
at the interface, thin flakes form a uniform greyish film floating onto the sub-phase. The transfer
was done dipping the SiO, substrate at 45 degrees in order to fish the film formed at the liquid-
air interface.

The samples for HR-TEM analysis were prepared by drop-casting on a lacey carbon-coated
copper grid and drying at room temperature.

Characterization of produced materials. A preliminary investigation of the samples was
performed by optical microscopy, followed by morphological characterization by atomic force
microscopy (AFM). AFM imaging was carried out using a Veeco Dimension 3100 atomic force
microscope operating on a Nanoscope IV control unit under ambient condition. Topographic and
phase imaging was performed operating in tapping mode using antimony (n) doped silicon
cantilever. Thickness and surface coverage of the EEG films were determined by analysis of
AFM images.

Optical microscopy images were recorded by Olympus BX51.

HR-TEM micrographs were taken on a FEI Tecnai F20 TEM equipped with a Schottky emitter
and operated at 120 keV. The number of graphene layers was estimated from the number of
(0,0,2) diffraction fringes at the edge of folded graphene sheets. The samples were prepared by
drop-casting on a lacey carbon copper grid, followed by solvent evaporation.

XPS analysis were carried out using a Thermo Scientific K-Alpha X-ray photoelectron

spectrometer equipped with an aluminium X-ray source (energy 1.4866 keV) and working at
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pressure of 10®-10° mbar in the main chamber. X-ray spot size was settled at 400 ym. Survey
spectra were recorded as result of 10 scans with a pass energy of 200.00 eV and a step size of 1
eV; high-resolution spectra are average of 10 scans with a pass energy of 50.00 eV and a step
size of 0.1 eV. The material was analysed both in form of powder, after drying it for 48 h in
dessicator, and as film deposited on native silicon wafers.

The IR analysis was carried out using infra Rouse Nicolet 6700 with MCT/A detector. The
material was analysed in form of powder, dried in desiccator.

Raman spectra were recorded by a Renishaw microscope with a 100x objective, laser excitation
wavelength of 532 nm and laser power of 1%. The silicon peak at 520.3 cm™ was took as
reference for wavenumber calibration.

Device preparation. Top-contact bottom gate FETs based on EEG film were fabricated
depositing EEG film on silicon substrates with a 90 (or 230) nm silicon oxide layer and
evaporating gold electrodes (70 nm thick) on top of graphene film by shadow mask method.
Multiterminal back-gated field-effect transistors (FETs) based on single flake are fabricated

using standard e-beam lithography, metal deposition (3/40 nm of Ti/Au) and lift off.

Electrical characterization. Devices with different channel length (120, 100, 80, 60 xm) between
source and drain electrodes and W=10,000 ym (oxide thickness = 90 nm) were tested. The

electrical measurements were performed in glove box under N, atmosphere.
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Chemical analyses of electrochemically exfoliated material, High-resolution TEM, Microwave

treatment of EEG films (XPS, Raman spectroscopy, electrical characterization).
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