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Abstract

Graphene and graphene-based materials have shown great promise in many
technological applications, but their large-scale production and processing by simple and
cost-effective means still constitute significant issues in the path of their widespread
implementation. Here, we investigate a straightforward method for the preparation of a
ready-to-use and low oxygen content graphene material that is based on electrochemical
(anodic) delamination of graphite in aqueous medium with sodium halides as the
electrolyte. Contrary to previous conflicting reports on the ability of halide anions to act as
efficient exfoliating electrolytes in electrochemical graphene exfoliation, we show that
proper choice of both graphite electrode (e.g., graphite foil) and sodium halide
concentration readily leads to the generation of large quantities of single-/few-layer
graphene nanosheets possessing a degree of oxidation (O/C ratio down to ~0.06) lower than
that typical of anodically exfoliated graphenes obtained with commonly used electrolytes.
The halide anions are thought to play a role in mitigating the oxidation of the graphene
lattice during exfoliation, which is also discussed and rationalized. The as-exfoliated

graphene materials exhibited a three-dimensional morphology that was suitable for their
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practical use without the need to resort to any kind of post-production processing. When
tested as dye adsorbents, they outperformed many previously reported graphene-based
materials (e.g., they adsorbed ~920 mg g™ for methyl orange) and were useful sorbents for
oils and non-polar organic solvents. Supercapacitor cells assembled directly from the as-
exfoliated products delivered energy and power density values (up to 15.3 Wh kg™ and
3220 W kg™, respectively) competitive with those of many other graphene-based devices,
but with the additional advantage of extreme simplicity of preparation.

1. Introduction

Since its first isolation in 2004, graphene has spurred enormous interest in the scientific
community due to its excellent electronic, mechanical, thermal and optical properties, as
well as to its wide range of potential applications in many fields, including electronics,
photonics, energy conversion/storage, catalysis and biomedicine." However, one of the
most pressing issues that hinder the actual implementation and widespread use of graphene
is that related to its large-scale production. At present, there is no single method that can
simultaneously provide high amounts of material of good quality in a reasonable amount of
time at a low cost. The existing production methods can be classified into two types:
bottom-up and top-down. The former relies on synthesizing graphene sheets from small-
molecule precursors, usually following chemical vapor deposition (CVD) methodologies
and giving rise to large-area sheets.? Top-down methods, on the other hand, rely on the
exfoliation of graphitic materials into single- and/or few-layer graphene flakes. Even
though there exists a number of exfoliation strategies, the most relevant ones are arguably
(i) the graphite oxide route, (ii) the direct liquid-phase exfoliation method and (iii) the
electrochemical exfoliation approach.>* The graphite oxide strategy involves harsh
oxidation of graphite, causing the oxidized basal planes to be easily exfoliated in polar
solvents (including water) into single-layer graphene oxide by sonication or other means.’
This oxidation can be partially reversed through a reduction process, but the resulting
product (reduced graphene oxide) always retains significant amounts of oxygen and
structural defects.® Direct liquid-phase exfoliation generally circumvents oxidation issues

because delamination is directly promoted via, e.g., ultrasound waves or high-shear forces



in a medium that can colloidally stabilize the graphene flakes (organic solvents, aqueous
surfactant solutions, etc).” The main drawbacks of this method are the predominance of
several-layer or even multilayer graphene flakes rather than single- or few-layer (<4)
objects, as well as its low production yield (typically below 5 wt%).

On the other hand, electrochemical (or electrolytic) exfoliation methods are based on
the intercalation of ions between the layers of a graphite electrode due to the flow of
electrical current in an electrolytic cell. ®° These ions induce expansion of the interlayer
space in graphite and thus facilitate the exfoliation process. There are essentially two
approaches to electrochemical exfoliation, namely, the cathodic and the anodic approach. In
the former case, graphite acts as the cathode in the electrochemical cell and intercalates
cations from the electrolyte. Studies in this area have been typically carried out in organic
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solvents with lithium or alkylammonium salts, as well as molten salts
liquids as the electrolyte,** and the obtained products are usually few-layer to several-layer
graphene flakes of a high structural quality. Anodic exfoliation, on the other hand, takes
place with the graphite material as the anode and is typically accomplished in aqueous
electrolytes, which is advantageous from an environmental and practical standpoint.*>%718
Some studies have also reported the possibility of simultaneous anodic and cathodic
exfoliation.’*?*?! One of the main issues regarding aqueous anodic exfoliation, though, is
related to the fact that graphite is subjected to a large positive voltage (typically between a
few and a few tens of volts).® This voltage induces the formation of highly reactive oxygen
species (e.g., hydroxyl radicals) from the oxidation of water molecules, which in turn
trigger a significant oxidation and structural degradation the carbon lattice.®*

Due to the well-known ability of the sulfate anion to intercalate graphite, sulfuric acid
is widely employed as an electrolyte in the preparation of graphene flakes by anodic
exfoliation.*®1"222324 However, the highly acidic nature of this electrolyte is especially
conducive to obtaining graphene flakes with a considerable extent of oxidation (typical O/C
atomic ratios in the ~0.10-0.25 range). Other protic acids, such as phosphoric, oxalic or
perchloric acids have also been explored, with similar results. *2° Use of the corresponding
inorganic and organic salts of these acids (e.g., sodium sulfate, citrate or perchlorate) as
electrolytes has been proposed as a way to mitigate oxidation of the exfoliated graphenes,

but these efforts have met with varied success.'”**?® More recently, novel strategies to



prevent graphene oxidation during anodic exfoliation have been explored.?” For example,
exfoliation has been accomplished with standard electrolytes (e.g., sulfuric acid) in the
presence of certain additives that inhibit graphene oxidation, such as melamine,”® or the
antioxidants sodium borohydride, ascorbic acid and (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO).? Likewise, some sulfonated aromatic compounds have been simultaneously
used as electrolytes and oxidation-preventing agents for the production of low oxygen
content graphene flakes.* In these cases, graphenes with O/C atomic ratios down to ~0.02-
0.04 were attained. However, such methods suffer from some drawbacks, including the use
of relatively expensive additives/electrolytes and the difficulty in removing adsorbed
additives/electrolytes from the exfoliated products to obtain neat graphenes (the additives
can also induce functionalization of the flakes). Thus, the availability of anodic exfoliation
methods that make use of very simple and inexpensive electrolytes and at the same time
afford low oxygen content and additive-free graphenes would be highly desirable, but for
the most part such methods are currently lacking.

We hypothesized that some very simple salts such as sodium halides (NaCl, NaBr,
Nal) could be effective, additive-free electrolytes for the anodic exfoliation of graphite into
graphene flakes with a limited extent of oxidation. This idea was supported by the fact that
graphitic materials can be intercalated with halogens/halides through electrochemical and
other means,® so that anodic exfoliation of a graphite electrode could in principle be
possible in the presence of halide-based electrolytes. Although alkali halides have been
previously used as additives in the preparation of graphene via direct ultrasound-induced
exfoliation, there are conflicting reports as to the ability of halide anions to act as efficient
electrolytes in the aqueous anodic exfoliation of graphite.’®!"* We also note that because
halide anions are relatively prone to oxidation, these intercalated species could act as
sacrificial agents and neutralize the oxygen radicals generated under anodic potential, thus
mitigating the oxidation of the graphene flakes in comparison with other commonly used
electrolytes, but this point has not yet been demonstrated.

We have thus investigated the use of sodium halides as electrolytes for the aqueous
anodic exfoliation of graphite, the results of which are reported here. Significantly, the
production of single- and few-layer graphene flakes with a limited degree of oxidation, and

thus of a high structural quality, was made possible by chosing an appropiate graphite



material as the anode and carefully testing different electrolyte concentrations in order to
find the intermediate range where exfoliation is succesful. Considering the potential
scalability of this method together with the use of sustainable and widely available
electrolytes, and that no additives are required to limit oxidation, the present work should
broaden the prospects of anodic exfoliation as a competitive method for the large-scale
production of single-/few-layer graphene flakes towards different applications, particularly
in energy- and environment-related fields. Indeed, we demonstrate the use of the halide-
derived, as-exfoliated foam-like graphene products as efficient adsorbents for dyes and oils
as well as electrodes for supercapacitors. Also, the biocompatibility of these graphene

nanosheets is attested.

2. Results and discussion
2.1. Key aspects of the electrochemical exfoliation of graphite in aqueous halide-based
electrolytes

We aimed at determining whether some very simple and widely available salts, such as
the sodium halides NaCl, NaBr and Nal, could be effectively used as electrolytes towards
the anodic exfoliation of graphite in aqueous medium to give graphene flakes with a limited
extent of oxidation. Some previous experiments had concluded that the anodic exfoliation
of graphite using halide-based electrolytes was not even possible.*®!” On the other hand, a
recent work by Munaiah et al has suggested that exfoliated products can be obtained,
although they possess a considerable degree of oxidation (O/C atomic ratios of ~0.10-20).*
On the basis of a suite of tests with the aforementioned sodium halides, we found that
single-/few-layer graphene flakes could indeed be produced in considerable quantities. It is
important to note, though, that effective exfoliation was found to be critically dependent on
two main factors, namely, the type of graphite used as the anode and the concentration of
sodium halide used as electrolytic medium. To understand the influence of these two
factors, as well as some characteristics of the resulting graphene materials that will be
discussed below, the basic mechanism underlying the anodic exfoliation process has to be
borne in mind. Such a mechanism has been discussed elsewhere®” and will just be briefly
outlined here: first of all, exfoliation occurring at a graphite anode in the presence of

common aqueous electrolytes (e.g., H,SO,4) under typical bias voltage conditions (5-15 V)



is believed to start with the oxidation of grain boundaries and edges of the graphite crystals
due to the presence of oxygen radicals (e.g., hydroxyl species) generated through oxidation
of water molecules at the anode. This initial oxidation induces an expansion of the
interlayer space at the edges, which in turn facilitates the intercalation of the graphite layers
with anions from the electrolyte together with water molecules. Subsequent redox processes
involving the intercalated species are thought to give rise to gaseous products that exert
strong forces on the layers, leading to the expansion and swelling of the graphite anode. As
a result, an expanded graphitic material composed of very weakly attached layers is finally
formed, which can then be readily separated into individual single- or few-layer graphene
flakes in a proper solvent medium by means of low-power ultrasound or shear forces.*"*®

In anodic exfoliation tests carried out with sodium halides using three different types of
graphite, namely, graphite foil, highly oriented pyrolytic graphite (HOPG) and graphite
flakes (+10 V applied to graphite anode for 60 min with platinum foil as a counter
electrode; see Experimental section), we observed that well-exfoliated graphitic materials
colloidally dispersed either in the organic solvent N,N-dimethylformamide (DMF) or in
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water using, e.g., the biomolecule flavin mononucleotide (FMN) as a stabilizer
only be obtained with the former graphite type. By contrast, just slightly expanded
materials that could not be stably suspended in DMF or water/FMN were attained with both
HOPG and graphite flakes. This result suggested that the halide anions failed to extensively
intercalate and/or expand the HOPG and graphite flake materials. We believe that the
distinct expansion behaviour of graphite foil is a consequence of its particular
morphological features and packing configuration. Specifically, the morphology of graphite
foil is typically made up of disordered stacks of micrometer-sized graphitic platelets that
exhibit many folds, wrinkles and voids in their structure, as noticed from field-emission
scanning electron microscopy (FE-SEM) images (Fig. 1a). On the other hand, the HOPG
crystals and graphite flakes are comprised of very tightly packed layers with no or very
little voids in-between such layers (Fig. 1b and c). The peculiar morphology of graphite foil
is a direct result of its production process, which is based on roll compaction of thermally
expanded graphite particles and leads to a relatively low density product (~0.7-1.3 g cm™
according to the specifications of the manufacturer, to be compared with a value of ~2.25 g

cm™ for HOPG). It is then reasonable to assume that the presence of a large number of



openings and gaps within the layers facilitates the intercalation of chemical species (e.g.,
halide anions and water molecules) in graphite foil and its subsequent expansion during the
anodic treatment, whereas such a relative advantage would be essentially absent from
graphites with a more compact morphology (HOPG and graphite flakes). We also note that
explorative exfoliation experiments at different bias voltages, both higher and lower than
10 V, were carried out. We observed that the exfoliation process was only successful when
using bias voltages above a threshold value of ~4 V, but at such low voltages the flowing
current and thus the yield of exfoliated product were lower, whereas the quality of the
resulting graphene flakes did not change compared to exfoliation at 10 V. For bias voltages
above 10 V, neither the amount of exfoliated product nor its quality changed significantly.
Concerning the current profile during exfoliation, generally speaking it was observed to
increase at first, probably as a result of the expansion of the graphite anode and the ensuing
increase in surface area exposed to the aqueous electrolyte. However, after some time the
current tended to reach a plateau. The latter was probably due to the fact that further
increases in surface area resulting from exfoliation were counteracted by the loss of
expanded graphite fragments that were seen to detach from the anode.

The distinct fate of graphite foil was apparent from the FE-SEM images of the
anodically treated materials, as exemplified in Fig. 1d, e, and f using 0.05 M NacCl as the
electrolyte. While graphite foil (Fig. 1d) was seen to expand considerably as a result of the
anodic process, yielding very thin and well separated layers, a rather limited extent of
cleavage was noticed for both HOPG (Fig. 1e) and graphite flakes (Fig. 1f), which
exhibited just partially detached graphite platelets of a relatively large thickness. It is thus
not surprising that the subsequent mild sonication step was able to complete delamination
of the anodically treated graphites into graphene flakes only for the case of graphite foil,
but not for the poorly expanded HOPG and graphite flake materials. In line with this result,
the effect of compact vs. loose configuration of the graphite anode has been recently
highlighted by Yang et al, who reported that a modest pre-expansion of graphite foil prior
to the anodic exfoliation step with a sulfate-based electrolyte brings about a considerable
increase in the amount of generated single-/few-layer graphene flakes.?® In the present case,
we surmise that the intercalation and/or expansion of graphites using halide-based

electrolytes are relatively inefficient processes compared to those associated to the use of



commonly employed electrolytes (e.g., sulfate-based ones). Thus, the deployment of
graphite types for which the intercalation/expansion process is facilitated due to a suitable
morphology (e.g., having a large amount of interlayer openings, voids and gaps) could
make a critical difference in attaining a well-expanded product that can then be separated
into single-/few-layer graphene flakes, as was actually observed here with graphite foil
compared to HOPG and graphite flakes. Consequently, the former graphite type was used
exclusively for the remainder of this work. This forced choice of graphite turns out to be
quite advantageous with a view to up-scaling the graphene production process, taking into
account that graphite foil is a widely available and modestly priced commodity (less than
US$0.1 per gram, compared to ~US$100 per gram for HOPG). The fact that virtually no
graphene can be obtained with HOPG and graphite flakes does not necessarily mean that
the halide anions do not intercalate such graphites at all, but rather that if intercalation takes
place, it is too slow and/or limited in extent so as not to allow an efficient exfoliation of
these graphite types into graphene. Indeed, the latter are known to be readily intercalated
and delaminated by other commonly used anions, such as sulfates.

The second decisive factor for successful anodic exfoliation using sodium halides was
the electrolyte concentration. In general terms, for a given applied bias voltage, the anodic
process is only able to afford graphene products within a certain range of electrolyte
concentrations.’” We tested the range of concentrations for each electrolyte, and found a
range where the exfoliation process is effective for each sodium halide. If the electrolyte
concentration is too low, the graphite anode will be poorly intercalated and no or very little
expanded product will be obtained. If the concentration is too high, a very vigorous and fast
intercalation process will usually take place, so that graphite fragments detach too quickly
from the anode without having completed their layer-by-layer expansion. As a result, a
large amount of incompletely expanded material will be attained, which cannot be
subsequently separated into single-/few-layer graphene flakes via sonication, but gives rise
to multilayer graphitic platelets instead, which are unstable in colloidal dispersion and
appear as thick (>10 nm) objects in AFM images. However, if an intermediate electrolyte
concentration is used, the process is slow enough for the detaching graphite fragments to
expand and delaminate to an extent large enough so as to yield graphene nanosheets after

sonication. As a result of this behavior, the final concentration of graphene dispersed in



solvents as a function of electrolyte concentration is seen to go through a maximum at
intermediate electrolyte concentrations (see Table 1 and discussion below). Such a
constraint in the useful concentration range was seen to be particularly stringent in the case
of sodium halides. To determine the useful concentration ranges for NaCl, NaBr and Nal,
pieces of graphite foil of fixed dimensions were subjected to a positive voltage (+10 V, 60
min) in aqueous solutions of the aforementioned salts at different concentrations (see
Experimental section for details). The resulting expanded products (if any) were thoroughly
rinsed with water and ethanol to remove remnants of salts and other reaction products, and
were subsequently dispersed via sonication either in DMF or in water/FMN. This cleaning
process was seen to be a vital step for the colloidal stability of the final graphene product,
as very small amounts of residual salts will drastically reduce the colloidal stability of the
dispersions. After a centrifugation step intended to sediment the non-fully exfoliated
fraction of the material, the concentration of the supernatant, which was the final graphene
dispersion, was measured using UV-vis absorption spectroscopy. We carried out a control
experiment under the same conditions in the absence of any electrolyte (i.e., only in pure
water), in order to test the possible influence of the hydroxide anions present in water. In
this case, no change was seen in the graphite anode and no expanded material was obtained.

Table 1 shows the concentration of graphene suspensions in DMF obtained with
different concentrations of the sodium halides in the anodic expansion process. The use of
water/FMN as a dispersing medium instead of DMF yielded similar results. A graphene
concentration value of zero indicates that no significant amount of material could be
achieved in the final suspension, either because no anodically expanded product could be
generated (at low electrolyte concentrations) or because virtually all the expanded product
sedimented after the sonication and centrifugation steps (at high electrolyte concentrations).
It can be noticed that NaCl afforded the narrowest useful range of concentrations. Indeed,
dispersions of graphitic material were only attained at the tested NaCl concentration of 0.05
M, whereas concentrations of 0.1 M and above as well as 0.01 M and below failed to yield
any suspended material. In the case of NaBr, the useful range was seen to be slightly
broader, with significant amounts of dispersed graphitic material being obtained at
electrolyte concentrations of both 0.05 and 0.1 M. Finally, Nal was determined to perform

effectively as an electrolyte in a relatively broad concentration range (between 0.01 and 0.2



M), leading in all cases to very stable, homogeneous dispersions (see inset to Fig. 2 for a
digital photograph of representative dispersions in water/FMN obtained with the three
sodium halides). As a tentative explanation for this behaviour, we note that the reduction
potential of the iodide anion is lower than that of its bromide and chloride counterparts (see
below), so that the better exfoliation behavior with iodide can be ascribed to a more
extensive formation of the resulting intercalated molecular species (i.e., I, in the case of
iodide) that can therefore promote layer cleavage to a larger extent than that attained with
bromide and chloride. We also note that aqueous chloride anions are not known from the
literature to intercalate graphite. This could be an indication that such anions are indeed
more difficult to intercalate compared to the case of bromide and iodide anions. We believe
that the fact that chloride intercalation of graphite is not generally thought to be possible is
due to the very narrow range of concentrations that make the intercalation (and exfoliation)
possible, as well as the critical role of the type of graphite material used. As we have
demonstrated here, the use of a graphite anode with many interlayer openings and voids in
its structure (i.e., graphite foil) is critical to make intercalation and exfoliation possible.
This result suggests that intercalation of chloride anions into graphite is possible provided
that it is facilitated through the use of graphites with somewhat increased interlayer
spacings. Consequently, we do not believe that the mechanism of chloride intercalation is
fundamentally different to that bromide, iodide or other electrolytes; it only needs larger
graphite interlayer spacings to proceed.

The graphitic nature of the suspended material was made apparent by UV-vis
absorption spectroscopy, as demonstrated in Fig. 2 for dispersions in water/FMN solutions.
The spectra were dominated by an absorption peak located at ~265-270 nm together with
strong absorbance in the whole wavelength range above 270 nm. These features are
characteristic of sp”-based carbon systems having extended electronically conjugated
domains and have been observed, e.g., both on pristine graphene and on well-reduced
graphene oxide nanosheets.®*® The very weak, shoulder-like absorption bands noticed at
about 250, 375 and 450 nm correspond to absorbance from the FMN stabilizer.®* As
evaluated by this technique, significant amounts of suspended graphitic material (up to
~0.75 mg mL™) were attained for the as-prepared suspensions following the protocol

described in the Experimental section. However, they could be further increased to the
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range of several milligrams per milliliter through different post-processing concentration
strategies, including partial solvent removal using a rotary evaporator or sedimentation of
the suspension via high-speed centrifugation and re-dispersion in a smaller solvent
volume.® The energy consumption in the anodic exfoliation process is largely due to the
current flowing through the cell, and is estimated to be ~0.05 kW h for a usual experiment

carried out in our laboratory considering the power consumption of the power supply.

2.2. Characteristics of the exfoliated products and role of the halide anions in the
exfoliation process

Having demonstrated that sodium halides can indeed be used in aqueous anodic
exfoliation processes to give stable dispersions of graphitic materials, the next step of the
investigation focused on determining their physicochemical characteristics. First, the lateral
size and exfoliation degree of the dispersed graphitic materials were investigated by means
of scanning transmission electron microscopy (STEM) and atomic force microscopy
(AFM). Fig. 3 shows typical STEM (a,b,c) and AFM (d,e,f) images recorded from
water/FMN dispersions obtained with the three different electrolytes at a given
concentration within their respective useful ranges: 0.05 M NaCl (a,d), 0.1 M NaBr (b,e)
and 0.1 M Nal (c,f). All the dispersions were comprised of thin nanosheets with mean
lateral dimensions of 560+£210, 655+390 and 610+260 nm for 0.05 M NaCl, 0.1 M NaBr
and 0.1 M Nal respectively, and apparent thickness (derived from AFM height profiles)
between ~2 and 3 nm. The apparent thickness values for nanosheets from dispersions
obtained at other sodium halide concentrations were very similar and are given in Table 1.
The lateral size of the graphene flakes is mainly limited by the sonication step applied to
the electrolytically expanded graphite material and it is in the same range as that measured
for other electrolytes we have reported before. We also note that in the present work we
searched for conditions that allow an efficient delamination of the graphite anode so as to
attain very thin graphene nanosheets. In addition to the electrolytic treatment, sonication
and centrifugation steps were applied to the electrochemically delaminated material. The
main role of these steps, particularly centrifugation, is to select very thin nanosheets
generated in the process (if any are generated at all). Therefore, it is not surprising that we

obtained similar thickness values for all the samples, because the applied processes were
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indeed meant to select the thinnest nanosheets. The fact that different halides lead to
different amounts of nanosheets was is most probably a result of the different efficiency of
the electrolytes in the delamination of the graphite anode. Considering that AFM thickness
measurements of graphene nanosheets on SiO,/Si and other substrates are affected by a
positive offset of ~0.5-1 nm* and that FMN molecules adsorbed on both sides of the
nanosheets could also contribute to the measured thickness, we conclude the actual
thickness of these nanosheets to be not larger than ~0.5-1.5 nm, implying that they are
typically comprised between one and four monolayers. Such a result indicates that a high
degree of exfoliation could be attained with these electrolytes. For electrolyte
concentrations above the useful range, virtually no suspended graphitic material was
attained after the sonication and centrifugation steps, as noted above. However, AFM
inspection of a sonicated suspension that was allowed to stand undisturbed overnight (no
centrifugation) revealed that it was comprised of relatively thick objects (typical apparent
thickness above ~10 nm). This observation corroborated the idea that high electrolyte
concentrations lead to an inefficient exfoliation of the graphite anode.

Chemical analysis of the dispersed materials was carried out by X-ray photoelectron
spectroscopy (XPS). Fig. 4 shows survey spectra (a,c,e) as well as high resolution C 1s core
level spectra (b,d,f) for graphene dispersions obtained with 0.05 M NacCl (a,b), 0.1 M NaBr
(c,d) and 0.1 M Nal (e,f). In all cases carbon was the dominant element, although oxygen
was also present to a significant but variable extent depending on the specific electrolyte
concentration used for exfoliation. Signals corresponding to the halogen used in the anodic
process were not observed, i.e., the amount of halogen present in the graphene samples was
below the detection limit of this technique (~0.1 at%), implying that the washing procedure
applied to the anodically expanded products was rather effective. This is an advantage over
some previously reported electrolytes that cannot be readily removed due to their strong
adsorption onto the graphene nanosheets.*® Another advantage of the present electrolytes is
related to their cost: sodium halides are simple, inexpensive and widely available
chemicals. The O/C atomic ratios for the different tested electrolyte concentrations are
given in Table 1, which were seen to range between 0.06 and 0.11. The high resolution C
1s spectra provided information on the nature of the oxidized carbon species. These spectra

comprised a majority component located at ~284.6 eV that could be ascribed to carbon
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atoms in unoxidized graphitic environments (C=C species) and a minor component at about
286.7 eV, which was attributed to carbon atoms single-bonded to oxygen (C-O species), for
example in hydroxyl, ether or epoxy groups.”* The XPS results thus indicated that the
exfoliated graphene nanosheets were oxidized only to a limited extent. Specifically, the
O/C atomic ratio of samples prepared with 0.05 M NaCl (0.06) and 0.1 M NaBr (0.07) lay
at the lower end of the range of values that have been reported for most graphenes
anodically exfoliated using a number of inorganic or organic electrolytes, such as sulfuric
acid (O/C ratios ~0.08-0.3),1"8223037 gy|fate salts (~0.06-0.19),'"*8223038 phosphoric acid
(~0.3),% lithium perchlorate (~0.25),?? sodium methanesulfonate (~0.15)* or sodium citrate
(~0.13).%

To understand the origin of the limited oxidation degree of the graphene nanosheets
exfoliated here with the sodium halides, the possible redox processes involving these
electrolytes and the evolution of oxygen species as a result of water oxidation at the
graphite anode must be considered. First of all, as outlined above, it is believed that anionic
intercalation in general strongly relies on the oxidation of edges and defects of the graphite
anode by water molecules from the aqueous electrolyte. This oxidation induces a
significant increase in the interlayer spacing of graphite in the local area around the edges.
In turn, such a local increase in the interlayer spacing allows even relatively large anions to
penetrate the graphitic material at the edges, which thus act as a wedge facilitating the
subsequent separation of the graphite layers at regions increasingly farther from the edges.
On the basis of this general mechanism, it follows that having a graphite anode with many
pre-existing interlayer voids and openings, as it is the case with graphite foil, should clearly
facilitate the intercalation and exfoliation of the anode, especially in cases where anion
intercalation appears to be generally difficult (e.g., the present halides). Second, we note
that halide intercalation in the interlayer spaces at the positively biased graphite electrode
should take place most likely in the form of hydrated anions, i.e., halide anions surrounded

by a bound shell of water molecules*®4142

(see step A in the schematic process chart of Fig.
5). At the high anodic potential used (10 V), oxygen evolution reactions take place and
these water molecules are expected to readily oxidize (step Bl in Fig. 5), giving first
hydroxyl radicals (-OH) and then oxygen molecules (O,) through further oxidation*® (step

C1). The build-up of gaseous O, in the interlayer spaces should exert a considerable
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pressure on the graphitic layers and hence contribute to their separation from one another.
Additionally, some of the generated -OH radicals can attack the exfoliated layers (step C2),
so that the resulting graphene nanosheets will bear a certain degree of oxidation. Third, it is
reasonable to assume that the intercalated halide anion itself also participates in redox
processes. In particular, it can be oxidized at the graphite electrode (step B2) to give the
corresponding diatomic molecule (e.g., I, will be obtained from the anodic oxidation of I').
As a matter of fact, when using NaBr and Nal as the electrolyte we observed that the
aqueous solution progressively turned brown or red-brown around the graphite anode, such
a color being characteristic of Br, and I, dissolved in water. For NaCl no color change was
observed: Cl; is readily hydrolyzed to give colorless HCI and HCIO (or their corresponding
sodium salt forms). In any case, accumulation of the halide oxidation products in the
interlayer spaces should also contribute to separate the graphene sheets and therefore to the
overall exfoliation process, in a similar way as it has reported to happen when using sulfate
salts for the same process.*’

However, besides reacting directly with the graphite anode, the halide anions can also
be oxidized by the generated -OH radicals (step C3 in Fig. 5). This reaction is
thermodynamically feasible for the three halides contemplated here. Indeed, the standard
reduction potential of the different halogen/halide pairs in aqueous solution are +1.37 V for
Cly/CI", +1.09 V for Br,/Br and +0.54 V for I,/I',** compared with a value of +1.9 V for the
:OH/OH’ pair.43 Furthermore, the oxidation of aqueous CI', Br" and I" ions by -OH radicals

has been well investigated in the past,**®*

and such a process is known to involve
conversion of the highly oxidizing -OH radicals to hydroxide anions (OH’) or water
molecules. The reaction of -OH radicals with halide anions would thus be expected to
prevent, at least to some extent, the attack of the graphite electrode by the former species,
thus providing a mechanism to mitigate the oxidation of the graphene nanosheets that result
from the anodic treatment. On the other hand, this type of reaction is not expected to occur
when the electrolyte is comprised of a non-oxidizable anion, such as the sulfate, perchlorate
or phosphate anion (for these anions, S, Cl and P are in their corresponding highest possible
oxidation state). Hence, under such circumstances the intercalating anions would not be
able to curtail the oxidation of the graphene lattice. Based on these considerations, we

conclude that the halide anions play a dual role in the anodic exfoliation of graphite to give
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graphene nanosheets: (1) they act as intercalating electrolyte to promote the exfoliation of
graphite, and (2) they mitigate the oxidation of the exfoliated graphene nanosheets by
acting as scavengers of the highly reactive oxygen radicals generated during the anodic
process. We also note that the presence of voids and openings in the starting graphite foil
electrode could contribute to mitigate the oxidation of the resulting graphene nanosheets, as
it is expected to make the exfoliation process faster and less reliant on the oxidative
opening of the interlayer spaces compared with the use of more compact types of graphite
(e.g., graphite rods).*8%

In addition to the morphological and chemical analysis, the structural quality of the
anodically exfoliated graphenes was probed by Raman spectroscopy, as illustrated in Fig. 6
for samples prepared with 0.05 M NaCl (a), 0.1 M NaBr (b) and 0.1 M Nal (c). In all
cases, the well-known G and D bands associated to graphite/graphene-based materials and
located at about 1582 and 1350 cm %, respectively, were seen to dominate the first-order
region of the spectra (i.e., the 1100-1700 cm ™ region), whereas the main feature observed
in the second-order region (2300-3300 cm ') was the so-called G” or 2D band (~2700
cm ). As noticed from Table 1, the integrated intensity ratio of the D and G bands (Ip/Ig
ratio), which is usually taken as a quantitative measure of the structural disorder present in
graphite/graphene materials,*® was seen to differ somewhat between the different graphene
samples. Indeed, the Ip/lg ratio tended to positively correlate with the O/C atomic ratio.
Such a result was reasonable considering that anodic oxidation of the graphene nanosheets
should be associated to the covalent grafting of oxygen functional groups on the carbon
lattice (e.g., hydroxyl groups; see XPS results from Fig. 4), which in turn should convert a
fraction of the originally sp>hybridized carbon atoms to defect-like sp*-hybridized species.
We note that, in the calculation of the I value (integrated intensity of the G band), we
explicitly exclude the contribution of the D" band, which appears as a shoulder on the high
wavenumber side of the G band (~1620 cm-1). Because we are calculating the Ip/lg ratio
and not the Ip/(lc+1p’) ratio, we first have to determine the areas associated to the G and D’
bands through a peak-fitting procedure. This-implies that the actual area of the G band is
obviously smaller than the area of the composite (G+D") envelope. As a result, the Ip/lg
ratios given in Table 1 might appear to be somewhat larger than the values an observer
would guess through direct visual inspection of the spectra shown in Fig. 6. We also
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measured the electrical conductivity of free-standing, paper-like graphene films obtained
through vacuum filtration of the corresponding dispersions in water/FMN. For example, the
conductivities of films made up of nanosheets obtained via exfoliation in 0.1 M NaBr (~10
pum thick, as determined by FE-SEM) and 0.1 M Nal (~12 um thick) were 15220 and 6750
S m™, respectively. These values were lower by a factor of ~3-6 than those previously
reported for films derived from completely defect-free, pristine graphene flakes produced
by direct ultrasound-induced exfoliation of graphite in water/FMN solutions,® which can
be attributed to the somewhat defected nature of the present anodically exfoliated materials.
On the other hand, they were similar to the conductivity values measured beforehand for
films made up of pristine graphene flakes prepared by ultrasound-exfoliation in water with
such stabilizers as sodium dodecylbenzenesulfonate (~1500 S m™),*® sodium cholate
(~15000 S m™),* sodium taurodeoxycholate (~13000 S m™)** or gum Arabic (~10000 S m’
1)%2, We note that these prior values could only be obtained after removing at least part of
the stabilizer from the as-filtered films through an appropriate treatment (e.g., high
temperature annealing under inert or reducing atmosphere), whereas no post-treatment of

the films was required in the present case to achieve similar conductivity results.

2.3. Use of halide-based anodically exfoliated graphene in energy- and environment-
related applications

Owing to their high surface area, good electrical conductivity as well as prominent
chemical, mechanical and thermal stability, graphene materials are widely investigated
towards their implementation in a number of environment- and energy-related applications,
including their use as sorbents for oils and water-soluble organic compounds (e.g., dyes),>
or as electrodes for supercapacitors and Li-ion batteries.®® Central to a successful
performance in many of these applications is the ability to assemble the graphene sheets
into three-dimensional, macroscopic and porous structures in which the accessible area of
each individual sheet is retained to the largest possible extent. This has been typically
accomplished via appropriate processing of graphene oxide nanosheets or through CVD
protocols that make use of metal foams as templates,> but such strategies are generally
time-consuming, elaborate and/or costly. As an alternative that could be competitive in

terms of both performance and cost, we propose to use the as-exfoliated graphene materials
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developed here for some of the mentioned applications. Before their dispersion in any
solvent via sonication, these materials exhibit a foam-like appearance (Fig. 7a), with an
estimated density of ~40-45 mg cm®, and are comprised of expanded and loosely
connected graphene layers having micrometer- to nanometer-sized gaps in-between (Fig.
1d and inset to Fig. 7a). The extremely simple and expeditious nature of their preparation
process (just anodic treatment of graphite foil in sodium halide electrolyte) could facilitate
the large-scale deployment of such graphene products in many practical uses. Thus, to
probe their potential, we examined their performance as adsorbents for dyes and non-polar
organic solvents/oils, as well as electrodes for supercapacitors. The material exfoliated in
0.1 M Nal was selected for these studies mainly because it affords the largest amount of
graphene products among all the tested electrolytes (see Table 1), which is advantageous
from the viewpoint of applications.

Fig. 7b shows the adsorption capacity of the as-exfoliated graphene product towards
several dyes in aqueous solution, namely, rhodamine B, basic fuchsin, methylene blue and
methyl orange, measured at room temperature (295 K) and pH ~6. For the three cationic
dyes (i.e., rhodamine B, basic fuchsin and methylene blue), values between 300 and 400
mg g™ were obtained, being comparable to or even higher than those of many graphene-
based adsorbent materials that have been previously reported.”>*°%%"*8 |n most prior work,
however, the adsorbents typically comprised graphene oxide or reduced graphene oxide
nanosheets, which favored adsorption through electrostatic attraction between the positively
charged dyes and the negatively charged (ionizable) oxygen functional groups present in
the nanosheets (e.g., carboxylates), with - stacking probably also playing some role.>**’
On the other hand, although an electrostatic component could certainly be in place for the
present anodically exfoliated materials by virtue of their non-negligible oxidation, we
believe dye adsorption to be more reliant on n-n interactions in this case. This is because
anodically exfoliated graphenes tend to possess a more graphitic (electronically conjugated)
character than that of graphene oxides/reduced graphene oxides with a similar or even
smaller extent of oxidation.”® Furthermore, the adsorption capacity measured for the
anionic dye methyl orange was substantially higher than that of its cationic counterparts
(~920 mg g%), a result that is not consistent with a predominance of negatively charged

adsorption sites on the graphene sheets. To the best of our knowledge, the adsorbed amount
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of methyl orange was the highest ever reported for a graphene-based adsorbent. The
different adsorption performance of the anodically exfoliated material towards methyl
orange and the three other dyes is currently not understood, but we hypothesize that it is
related to differences in packing densities of the molecules on the graphene surface. A
comparison of dye adsorption capacities of different graphene-based materials from the
literature is provided in Table S1 of the Electronic Supplementary Information. Likewise,
due to its primarily hydrophobic nature, the anodically exfoliated material was a good
sorbent for non-polar organic solvents and oils, such as toluene, hexane, dodecane,
tetrahydrofuran, acetone, chloroform, ethylenglycol, ethanol, olive oil or pump oil, with the
measured sorption capacities ranging between ~12 and 24 g g (Fig. 7c). Although such
values are lower than those of lighter graphene and other carbon-based sorbents reported in
the literature (e.g., lightweight graphene aerogels), they are comparable to those of sorbents
with a similar density.”*® Nonetheless, we expect that the oil sorption performance of the
anodically exfoliated materials can be significantly improved on the basis of simple
strategies, such as working with starting graphite foils of a lower density (densities down to
~0.05 g cm™ have been reported, compared to a value of 0.7-1.3 g cm™ for the foils used
here). Because the use of a graphene or any other material in environmental applications
could require such material to be non-cytotoxic, we also explored the biocompatibility of
the present graphenes. In particular, we investigated the proliferation of murine fibroblasts
onto halide-based graphene film substrates. The results (see SI) suggested these materials to
be biocompatible.

Finally, the as-exfoliated graphene material was explored as a supercapacitor electrode
in aqueous 1 M H,SO, electrolyte (two-electrode configuration). The recorded cyclic
voltammetry (CV) curves (Fig. 8a) exhibited an almost rectangular shape with negligible
deviation at the limit potentials, even for a voltage window as wide as 1.4 V (CV curves
were also obtained in a three-electrode configuration, and are presented and discussed in
the Electronic Supplementary Information). This rather unusual, wide operation voltage
was further confirmed by charging-discharging the supercapacitor cell at 0.1 A g*. As
noticed from Fig. 8b, the galvanostatic charge-discharge profiles kept a triangular form
when the voltage was gradually increased from 1.1 to 1.4 V. We note that the working

voltage window of two-electrode symmetric cells using aqueous electrolytes is generally
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limited by the electrolytic decomposition of water to values ~1 V.®* In particular, a voltage
window of 1.4 V is considerably larger than that usually observed for porous carbon-based
aqueous supercapacitors. For conventional porous carbons (e.g., activated carbons),
although physisorption can furnish the water molecules with some degree of stability
against electrolytic decomposition, the extensive presence of amorphous and/or highly
defective structures in their lattice, which act as reactive chemisorption sites, tends to
promote water electrolysis. On the other hand, such reactive sites are expected to be much
less abundant in the as-exfoliated graphene materials investigated here due to their well-
preserved graphitic character (Fig. 6). This feature, together with the particular morphology
of voids and pores observed for this material (inset to Fig. 7a), is believed to contribute to a
broader voltage window.

The evolution of electrode performance with current density was also investigated on
the basis of charge-discharge tests at 1.4 V, and the results were used for the construction of
the Ragone plot shown in Fig. 8c. Even though the cells yielded modest values of specific
capacitance (e.g., 50 F g™ at 0.1 A g™), the fact that the device could be operated at a
relatively high voltage led to remarkable energy and power density characteristics, with
values up to 15.3 Wh kg™ and 3220 W kg, respectively. Such a good capacitive behavior
was made apparent by comparison to other similar graphene-based materials that have been
previously reported (also given in Fig. 8c). For example, the power and energy densities
delivered by the present graphene material were comparable or even higher than those of
many three-dimensional graphene structures (such as graphene aerogels),%6%646566
graphene films,®” graphene compounded with electroactive materials (e.g., polyaniline),®

or graphene/porous carbon hybrids.®*™ 1t is

important to note that in addition to
competitive performance, a critical advantage of the present graphene materials lies in the
extreme simplicity and environmental friendliness of their preparation compared with that
of other graphene materials that rely on harsh chemical treatments (e.g, those based on
graphene oxide), high temperatures and/or complex processing strategies (e.g., supercritical
or freeze drying). Additional evidence of the cell stability was demonstrated on the basis of
cycling tests (Fig. 8d), which revealed that ~98% of the initial capacitance was retained
after 5000 cycles at 1 A g™. The plots in Fig. 8d suggest a significant internal resistance

(IR) drop in the cell, which is discussed in the Supporting Information. In any case, we
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believe that the approach described here could greatly facilitate the practical

implementation of graphene materials towards supercapacitor applications.

3. Conclusions

We have demonstrated that sodium halides (NaCl, NaBr and Nal) are efficient
electrolytes in the aqueous anodic exfoliation of graphite, affording single-/few-layer
graphene nanosheets of a high structural quality and limited oxygen content. The successful
role of these salts as exfoliating electrolytes was seen to rely on two key aspects. First, a
proper selection of the graphite source material was required, in particular graphites having
many openings, gaps and inner voids in their structure. In this regard, graphite foil (a
modestly priced commaodity) turned out to be an appropriate choice. Second, identification
of an operative range of salt concentrations was also critical towards successful exfoliation.
Such a range was seen to be particularly tight in the case of NaCl and NaBr. In addition to
their role as exfoliating electrolyte, the halide anions were concluded to act as sacrificial
agents that prevented the extensive oxidation of the graphene lattice during anodic
exfoliation. Such an oxidation-preventing ability was ascribed to the relatively low redox
potentials of these anions. Significantly, the as-exfoliated graphene materials exhibited a
three-dimensional morphology that allowed their direct use in a number of energy- and
environment-related applications, thus avoiding the complex processing steps that are
usually required for many graphene-based materials. Testing of the halide-derived graphene
products as dye adsorbents, as sorbents for oils and non-polar organic solvents, and as
electrodes for supercapacitors revealed a performance comparable to or even higher than
that frequently reported for different types of graphene (e.g., those obtained from graphite
oxide). Cell proliferation tests also indicated a good biocompatibility of the halide-derived
graphenes. Overall, we believe that the extremely simple and environmentally friendly
nature of the production/processing method of graphene described here, combined with a
competitive performance of the material in some relevant applications, constitutes a
significant step forward towards the practical implementation of graphene in many real-life
applications. Further efforts to improve the performance of the graphene materials in these

and other applications along the lines proposed in this work are currently under way.
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4. Experimental
4.1. Materials and reagents

Graphite anodes used throughout the study consisted of high purity graphite foil
(Papyex 1980, acquired from Mersen). For comparison purposes, highly oriented pyrolytic
graphite (HOPG; grade ZYH, obtained from Advanced Ceramics) and natural graphite
flakes (Sigma-Aldrich, ref. 332461) were also employed. NaCl, NaBr and Nal solutions in
Milli-Q water were used as electrolytes. N,N-dimethylformamide (DMF) was used as a
dispersing solvent for graphene, and flavin mononucleotide (FMN, riboflavin 5'-
monophosphate sodium salt) was used as a stabilizer to colloidally disperse the graphene
flakes in aqueous medium. All these chemicals were purchased from Sigma-Aldrich and

used as received.

4.2. Aqueous anodic exfoliation of graphite using sodium halides as the electrolyte

The anodic exfoliation process was carried out in a two-electrode configuration, using
a piece of graphite foil (dimensions: 40x25x0.5 mm?®) as the anode and a platinum foil
(dimensions: 25x25x0.025 mm?®) as the cathode. HOPG pieces and graphite flake pellets
were also used as anodes. In all cases both anode and cathode were held by spring clips
connected to the current source. Both electrodes were immersed in an aqueous solution (20
mL) of a sodium halide (NaCl, NaBr or Nal) at a certain concentration (specified below). A
positive voltage (10 V) was then applied to the graphite anode for 60 min using an Agilent
6614C DC power supply. The platinum foil cathode was placed parallel to the graphite foil
surface at a distance of about 2 cm. During this process, gas bubbles formed in both
electrodes, with the graphite anode being typically seen to expand and release graphitic
fragments from its surface. After the 60 min electrolysis period, the resulting expanded
graphitic product was gently rubbed off from the graphite anode using a spatula, thoroughly
rinsed with copious amounts of Milli-Q water and ethanol to remove residual salts as well
as other products of the electrochemical reaction and then dried overnight at room
temperature under reduced pressure. Subsequently, this expanded material was sonicated in
a given volume (20 mL) of either DMF or aqueous FMN solution (1 mg mL™) for 3 hours

(Selecta Ultrasons system, 40 kHz), and then the resulting dispersion was centrifuged at
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200 g for 20 min (Eppendorf 5424 microcentrifuge) to sediment insufficiently exfoliated
material. The obtained supernatant was collected and stored for further use. In the case of
the FMN-stabilized aqueous dispersions, they were further purified (to remove the fraction
of free, non-adsorbed FMN from the medium) by two cycles of sedimentation via
centrifugation (20000 g, 20 min) and re-suspension in Milli-Q water with a brief sonication

step.

4.3. Characterization techniques

Characterization of the graphene samples was carried out by means of UV-vis
absorption spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS),
field emission scanning electron microscopy (FE-SEM), scanning transmission electron
microscopy (STEM), atomic force microscopy (AFM) and measurement of electrical
conductivity. UV-vis absorption spectroscopy was carried out with a double-bean He\ios o
spectrophotometer, from Thermo Spectronic. Following previous reports,®3* the
suspension concentration was estimated by means of UV-vis absorption spectroscopy on
the basis of the Lambert-Beer law and using a value of 2440 mL mg™ m™ for the extinction
coefficient at the measured wavelength of 660 nm. Raman spectra were acquired with a
Horiba Jobin-Yvon LabRam instrument at an incident power of 2.5 mW and using a laser
excitation wavelength of 532 nm. XPS measurements were performed on a SPECS
apparatus at a pressure of 107 Pa and using a non-monochromatic Mg K, X-ray source
(11.81 kV, 100 W). Samples for both Raman spectroscopy and XPS were prepared by
drop-casting the corresponding aqueous, FMN-stabilized graphene dispersion onto a pre-
heated (~50-60 °C) circular stainless steel sample-holder 12 mm in diameter to give thin,
macroscopic graphene films. XPS survey spectra were used to determine the overall
elemental composition of the graphene samples in such films. Although XPS is a surface-
sensitive technique that only probes the outermost surface layer of materials (a few to
several nanometers deep), in the case of graphene samples prepared from colloidal
dispersions it can be inferred that the elemental compositions derived from XPS are
representative of the whole sample. Because the colloidal graphene suspensions used to
prepare the thin films are expected to be spatially homogeneous, there is no reason to
believe that the graphene nanosheets constituting the other surface of the formed films are
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not representative of the whole graphene sample, i.e., the graphene sheets probed in the
XPS measurement must be representative of the sample as a whole. Also, because the
thickness of the graphene nanosheets is generally comparable to the probing depth of XPS,
this technique must probe individual graphene nanosheets in its entirety, and not just the
outer surface of nanosheets. Having these two factors in mind, we have to conclude that
survey XPS spectra must provide a reasonably accurate picture of the elemental
composition of this type of graphene samples. FE-SEM and STEM imaging was
accomplished with a Quanta FEG 650 system (FEI Company) operated at 20-30 kV.
Specimens for STEM were prepared by mixing a given volume of aqueous graphene
suspension with an equal volume of ethanol, and then 40 uL of the resulting water-ethanol
dispersion were drop-cast onto copper grids (200 mesh) covered with a thin continuous film
of amorphous carbon. AFM images were recorded on a Nanoscope Illa Multimode
apparatus (Veeco Instruments) in the tapping mode of operation under ambient conditions.
Rectangular silicon cantilevers with nominal spring constant and resonance frequency
values of ~40 N m™ and 250-300 kHz, respectively, were employed. HOPG pieces or
Si0,(300 nm)/Si wafers were used as substrates in the preparation of specimens for AFM.
To this end, a small volume (20-40 uL) of the graphene dispersion at a concentration of
~0.05 mg mL™* was drop-cast onto the HOPG or SiO./Si substrate pre-heated at ~50-60 °C
and then allowed to dry. For the measurement of electrical conductivity, free-standing
paper-like films were prepared from the aqueous graphene dispersions by vacuum filtration
through silver membrane filters 25 mm in diameter and 0.2 um in pore size (Sterlitech
Corporation). Conductivity was determined through the van der Pauw method by means of
a homemade setup (Agilent 6614C potentiostat and Fluke 45 digital multimeter) with
12x12 mm? square pieces that were cut from the free-standing films. The thickness of the
films was estimated by FE-SEM.

4.4, Testing of as-prepared anodically exfoliated graphene in energy and environmental
applications

The graphene material obtained by anodic exfoliation in 0.1 M Nal was tested as an
adsorbent for water-soluble dyes as well as for non-polar organic solvents and oils, and as

an electrode for supercapacitors. To this end, the as-exfoliated product, i.e. the material
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directly generated by the anodic treatment without subsequent sonication (only washed to
remove remnants of the electrolyte), was used. For the dye adsorption experiments, ~10 mg
of the graphene material was added to 10 mL of an aqueous solution of the dye (rhodamine
B, basic fuchsin, methylene blue and methyl orange) at room temperature and pH ~6,
which was then gently stirred with a magnetic bar for 48 h to ensure that the adsorption
equilibrium was attained. After removal of the graphene component via centrifugation
(10000 g, 10 min), the concentration of dye remaining in the aqueous solution was
determined through UV-vis absorption spectroscopy on the basis of absorption peaks
characteristic of each dye (located at ~555 nm for rhodamine B, 540 nm for basic fuchsin,
660 nm for methylene blue and 460 nm for methyl orange), which in turn was used to infer
the amount of dye adsorbed on the graphene sample. To estimate maximum adsorption
capacities, different starting concentrations of the dye were probed (typically up to 1-2 mg
mL™). For the oil/non-polar organic solvent sorption experiments, a certain amount of the
graphene material (~5 mg) was placed in a 1.5 mL centrifuge tube, and then small known
volumes of the oil/organic solvent (typically ~80-140 pL) were added in succession. These
volumes were quickly absorbed by the graphene sample until a saturation point was
reached, which was used to estimate the amount retained by the graphene sorbent. Sorption
assays were carried out with the following compounds: toluene, hexane, dodecane,
tetrahydrofuran, acetone, chloroform, ethylenglycol, ethanol, olive oil, new and used pump
oil.

For the supercapacitor electrode tests, the as-exfoliated graphene material was hand-
ground to obtain a homogeneous powder that was subsequently mixed with
polytetrafluoroethylene (PTFE) in absolute ethanol to obtain a carbon paste
(graphene:PTFE weight ratio of 8:1). This paste (~7 mg) was pressed in a mould under 1
ton for 15 s to obtain two circular pellets (~0.78 cm?) with similar mass and thickness. The
pellets were degassed at 100 °C under vacuum for 4h, soaked into the electrolyte (1 M
H,SO,) for 24 h, and then used as symmetric working electrodes in a two-electrode
Swagelok-type with glass microfiber filter (grade 934-AH, from Whatman) acting as the
separator. The supercapacitor performance was tested by means of a computer-controlled
potentiostat (PGZ 402 Voltalab, from Radiometer Analytical). Cyclic voltammetry (CV)
tests were performed at 10 mV s™ and different voltage windows. Galvanostatic charge-
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discharge profiles were recorded up to different voltages (1.1-1.4 V) and at different current
loads (0.1-6 A g?). Long-term stability tests were carried out by cycling the cell at a
constant current density of 1 A g for 5000 cycles. The gravimetric capacitance, Cs (F g™)

of a single electrode was calculated on the basis of the following formula:

21 At
CS =
m AVd

(1

, Where | is the current (A), Aty is the time of discharge at the fixed potential window (s), m
is the mass of the active material within the working electrode (g) and AVy is the potential
difference (V) between start and finish of the discharge process after omitting the internal
resistance (IR) drop. The gravimetric energy density of the electrode, E (Wh kg™), was

calculated through the formula:

1
E = — CopuAVq® )

, where Ccgy. is the gravimetric capacitance of the total cell (F g™*). Finally, the gravimetric

power density, P (W kg™), was calculated by applying the following equation:

po B 3)
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Table 1. Characteristics of the graphene materials obtained by aqueous anodic exfoliation
of graphite foil in different concentrations of the sodium halides NaCl, NaBr and Nal. [X]:
electrolyte concentration in the aqueous anodic system. [Graphene]: concentration of
graphene dispersed in DMF after anodic exfoliation, sonication and centrifugation. O/C
atomic ratio derived from XPS survey spectra of the samples. Apparent thickness of the
nanosheets derived from AFM height data.

Electrolyte [X7 (M) [Graphene] O/C ratio o/l Apparent
(mg/mL) thickness (nm)

NaCl 0.01 0 - - -
0.05 0.21 0.06 0.8 2-3
0.10 0 - - -
0.20 0 - - -
0.50 0 - - -
1.00 0 - - -

NaBr 0.01 0 - - -
0.05 0.05 0.08 0.9 2-3
0.10 0.26 0.07 1.1 2-3
0.20 0 - - -

Nal 0.01 0.11 0.08 1.3 2-3
0.05 0.57 0.11 1.4 2-3
0.10 0.75 0.11 14 2-3
0.20 0.24 0.08 1.2 2-3
0.50 0 - - -
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Figure 1. Representative FE-SEM images of graphite foil (a,d), HOPG (b,e) and graphite
flakes (c,f) before (a,b,c) and after (d,e, f) electrochemical treatment in 0.05 M NaCl (+10
V, 60 min).
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Figure 2. UV-visible absorption spectra of aqueous FMN-stabilized graphene dispersions
prepared through anodic exfoliation in 0.05 M NaCl (black trace), 0.1 M NaBr (green trace)
and 0.1 M Nal (red trace). Inset: digital photograph of aqueous FMN-stabilized graphene
dispersions prepared with 0.05 M NaCl (right), 0.1 M NaBr (middle) and 0.1 M Nal (left).
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Figure 3. Representative STEM (a,b,c) and AFM (d,e,f) images of graphene nanosheets
obtained by aqueous anodic exfoliation of graphite foil in 0.05 M NaCl (a,d), 0.1 M NaBr
(b,e) and 0.1 M Nal (c,f). In d, e and f, line profiles (black traces) taken along the marked

white lines are shown overlaid on the AFM images.
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Figure 4. XPS survey spectra (a,c,e) and high resolution C 1s core level spectra (b,d,f) for
graphene samples obtained by aqueous anodic exfoliation of graphite foil in 0.05 M NaCl
(a,b), 0.1 M NaBr (c,d) and 0.1 M Nal (e,f).
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Figure 5. Schematic chart depicting the possible redox processes that take place when
halide anions (X" = CI', Br  or I') are used as electrolyte in the aqueous anodic exfoliation of
graphite. Step A: intercalation of hydrated halide [X"(ag)] anions in the interlayer space of
graphite. B1: anodic oxidation of intercalated water molecules to give -OH radicals. B2:
anodic oxidation of intercalated halide anions to give X, molecules. C1: further oxidation
of -OH radicals to give O, molecules. C2: attack of the graphitic lattice by -OH radicals to
give oxidized graphene materials. C3: neutralization of the highly reactive -OH radicals by

reaction with halide anions.
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Figure 6. Raman spectra of graphene samples prepared by aqueous anodic exfoliation of

graphite foil in 0.05 M NaCl (a), 0.1 M NaBr (b) and 0.1 M Nal (c).
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Figure 7. Digital photograph of as-prepared anodically exfoliated graphene using 0.1M Nal
as electrolyte (a), SEM image of the same material (inset), adsorption capacities of this
material for different dyes (b) and weight gains of the material for different solvents and

oils (c).
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Figure 8. Supercapacitor performance tests for the halide-exfoliated graphite foil (0.1M
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representative graphene-derived porous structures and d) cycling stability of the symmetric
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