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Abstract 

 The production of graphene through anodic exfoliation of graphite in water is 

regarded as a competitive approach in the efforts to scale-up the manufacturing of this 

two-dimensional material for different practical uses. However, issues related to 

oxidative attack of the nanosheets inherent to this delamination process have 

traditionally precluded the attainment of high quality materials, with the use of proper 

electrolyte additives as oxidation-preventing agents being proposed as a possible way 

out. Here we demonstrate that sodium chloride (table salt) can be used as a highly 

efficient additive (co-electrolyte) of common sulfate-based electrolytes, yielding 

anodically exfoliated graphene with minimal oxidation (O/C ratio ~0.02-0.03) and thus 

a high structural quality. As an oxidation-preventing co-electrolyte, sodium chloride 

clearly outperformed other tested additives, including sodium borohydride, sulfite, 

citrate, bromide and iodide, ascorbic acid or ethanol, as well as other recently reported 

chemical species of a more complex nature and/or less readily available. The apparently 

contradicting ability of the chloride anion to avert oxidation of anodic graphene without 

negatively interfering with the exfoliation process itself was also discussed and 

ultimately ascribed to the different chemical reactivity of graphite edges and basal 

planes. The as-prepared, low-oxidized graphene exhibited a notable adsorption capacity 

towards organic dyes in aqueous solution (e.g., ~450 mg g
-1

 for methyl orange), a 

substantial ability to absorb oils and non-polar organic solvents (15-30 g g
-1

), and 

displayed a good capacitive energy storage behavior (e.g., ~120 F g
-1

 at 0.1 A g
-1

), all 

without the need of any post-processing steps that are so common for graphene-based 

materials. Overall, the demonstration that low-oxidized anodic graphene can be 

obtained by resorting only to inexpensive and widely available reagents should facilitate 

the implementation of this methodology in the industrial manufacturing of high quality 

graphene for several applications.  
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1. Introduction 

 The electrochemical exfoliation of graphite has emerged in recent years as a very 

promising approach in the efforts to tackle one of the most pressing issues that hinder 

the widespread implementation of graphene in real-life applications, namely, its large-

scale production [1-5]. Such an approach boasts a number of assets that are not always 

present in other potentially scalable methods of graphene production, such as simplicity 

of operation, versatility (e.g., in terms of electrolyte choice), alacrity (short processing 

times) and cost-effectiveness. The electrochemical process of graphite delamination to 

give graphene nanosheets can be carried out under either cathodic or anodic conditions 

[3,4], or by a combination of both [6,7]. Cathodic exfoliation typically makes use of 

lithium or alkylammonium salts in organic solvents as the electrolytic system, yielding 

graphene materials of a high structural quality and limited oxidation (O/C atomic ratios 

of ~0.03-0.08) [8-10]. However, it tends to suffer from low exfoliation degrees (flakes 

frequently comprising more than 5 monolayers) and yields. Anodic exfoliation, on the 

other hand, is generally accomplished in water with inorganic acids or their salts as the 

electrolyte, which is attractive from an environmental and practical point of view [3,4]. 

Further, the anodic approach is normally more efficient than its cathodic counterpart in 

terms of both delamination degree (single- to few-layered nanosheets) and yield. 

 Unfortunately, anodic graphene has a strong tendency to oxidize during exfoliation, 

due to attack by oxygen radicals generated from the oxidation of water molecules at the 

graphite anode.  For common electrolytes (e.g., sulfuric acid, sulfate salts and others), 

graphenes with O/C ratios in the 0.10-0.20 range are usually obtained [11-16]. This 

extent of oxidation compromises the structural quality of the material, and thus 

constitutes a serious drawback of the anodic approach that limits its wider practical 

utility. Still, recent studies have provided evidence that such an oxidation is not an 

unescapable outcome of anodic exfoliation, and that indeed it can be largely avoided by 

resorting to appropriate electrolytes and/or electrolyte additives [17]. To this day, only a 

few chemical species have been identified to be useful towards this purpose, specifically 

(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) [18] and melamine [19] as additives 

of sulfate-based electrolytes, as well as sulfonated naphthalene as an electrolyte itself 

[20]. A significant problem of these organic species is that they are relatively complex 

and expensive compounds, thus hindering their prospects of use in the industrial 
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production of graphene. Moreover, they can strongly adsorb on the resulting graphene 

product, making purification of the latter difficult [20]. Hence, the identification of 

much simpler, readily available, low-cost and easy-to-remove species with a similar or 

even better oxidation-preventing ability to give high quality, oxide-free anodic graphene 

nanosheets would be highly desirable, but has so far not been attained. 

 We report here the finding that a readily available and extremely simple substance, 

namely NaCl (table salt), is a highly efficient oxidation-preventing additive (co-

electrolyte) towards the anodic exfoliation of graphite. The use of NaCl as an additive 

of sulfate-based electrolytes is shown to afford anodic graphene with the lowest degree 

of oxidation documented to date (O/C ratio of ~0.02-0.03) and a high structural quality. 

Indeed, these features are very similar to those typical of pristine graphene flakes 

obtained by direct, liquid-phase exfoliation of graphite via ultrasound or shear forces, 

but with the additional advantage of a process that exhibits higher exfoliation yields and 

degrees. Concerning its potential utility application-wise, the as-obtained graphene 

product is shown to be an efficient adsorbent of industrial dyes from the aqueous phase 

as well as of non-polar organic solvents/oils, and also exhibits a good performance as an 

electrode for capacitive energy storage. Owing to the obvious practical advantage of 

NaCl over other electrolyte additives, we believe this work will strengthen the position 

of electrochemical exfoliation as a method of choice in current efforts to industrialize 

the production of high quality graphene. 

 

2. Results and discussion 

2.1. NaCl as an efficient electrolyte additive (co-electrolyte) towards low-oxidized 

anodic graphene 

 The aqueous anodic exfoliation of graphite to give graphene nanosheets is generally 

considered to rely, at least in its early stages, on oxidation processes that assist in the 

interlayer expansion at edges, grain boundaries and other structural defects of the 

graphitic lattice, thus facilitating the subsequent intercalation of anions from the 

electrolyte together with water molecules (hydrated anions) to induce an efficient 

delamination [4,21]. The oxidative attack of the graphite electrode is triggered by highly 

reactive oxygen species, such as hydroxyl radicals (·OH), generated from the anodic 

oxidation of water molecules. Hence, the inclusion of chemical species in the 

electrolytic medium as additives or co-electrolytes with an ability to neutralize (i.e., 

reduce) these oxygen radicals could be an effective strategy to curtail the oxidation of 
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the anodically derived graphene nanosheets [17]. Obvious candidates for this role are 

certain organic and inorganic compounds that are widely employed as reducing agents 

or antioxidants in chemical reactions, such as NaBH4 or ascorbic acid. However, their 

efficacy in preventing oxidative attack during anodic exfoliation could be compromised 

by kinetic and other factors that are difficult to ascertain, and they could also negatively 

interfere with the delamination process itself [18]. Alternatively, we hypothesize that 

chemical species without a well-known ability to act as reductants or antioxidants, but 

having a reduction potential lower than that of the oxygen radicals generated during the 

anodic process, could be efficient in averting oxidation of the exfoliated nanosheets. In 

particular, we focus our attention on NaCl as a potential oxidation-preventing 

electrolyte additive. NaCl is a very common and low-priced commodity, making its use 

especially attractive with a view to the scaled-up production of graphene, and the 

standard reduction potential of the relevant redox pair (i.e., the Cl
-
/Cl2 pair, +1.37 V) is 

lower than that of the ·OH/OH
-
 pair (+1.9 V) [22,23]. Indeed, oxidation of the Cl

-
 anion 

by ·OH radicals in aqueous medium to give OH
-
 anions or water molecules has been 

well documented in past studies [24]. 

 As schematically depicted in Fig. 1a, we carried out a series of benchmark 

exfoliation experiments by which a graphite foil piece (working electrode) was set to a 

positive voltage (10 V) relative to a platinum foil (counter electrode). The process was 

conducted in an aqueous solution containing 0.1 M Na2SO4 as the main (exfoliating) 

electrolyte and a given molar concentration of another chemical species (e.g., NaCl) as 

the prospective oxidation-preventing agent [see Electronic Supplementary Material 

(ESM) for details on the experimental procedure]. Na2SO4 was chosen as the main 

electrolyte owing to the well-known ability of the sulfate anion to intercalate and 

expand the interlayer space of graphite under anodic conditions [25-28]. For comparison 

purposes, additives or co-electrolytes other than NaCl were tested in the exfoliation 

experiments, including KCl, KBr, KI, NaBH4, Na2SO3, sodium citrate, ascorbic acid 

and ethanol. KBr and KI were selected because the redox potential of the Br
-
/Br2 and I

-

/I2 pairs (+1.09 and +0.54 V, respectively [23]) is also lower than that of the ·OH/OH
-
 

pair, while NaBH4, Na2SO3, sodium citrate, ascorbic acid and ethanol are common 

reductants/antioxidants. Upon application of the bias voltage the graphite foil anode was 

seen to swell and enlarge in thickness, giving rise to exfoliated products in significant 

quantities (Fig. 1b) made up of worm-like, highly expanded particles (Fig. 1c) with a 

morphology of very thin, corrugated layers separated by micrometric or even 
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nanometric voids (Fig. 1d). This morphology is characteristic of anodically delaminated 

graphites [21,29]. The as-exfoliated material was then transferred to the liquid phase 

with the aid of a mild sonication step, finally yielding colloidal suspensions of graphene 

nanosheets in, e.g., water/isopropanol mixture, N,N-dimethylformamide or water with 

flavin mononucleotide dispersant that were stable for weeks (Fig. 1e; see ESM for 

details). The UV-vis absorption spectra of the suspensions in water/isopropanol (Fig. 1f) 

exhibited a peak centered at ~270 nm together with strong absorbance in the whole 

measured wavelength range above 270 nm. This result was consistent with the presence 

of extended, electronically conjugated sp
2
-based domains in the dispersed material, as 

reported previously for graphenes with limited oxidation (e.g., highly reduced graphene 

oxide and pristine graphene flakes) [30,31]. 

 To quantify the impact of the abovementioned additives on the extent of oxidation 

of the exfoliated nanosheets, their corresponding dispersions in water/isopropanol were 

deposited onto metallic sample holders, forming thin graphene films that were 

subsequently investigated by X-ray photoelectron spectroscopy (XPS). Table 1 shows 

the O/C atomic ratio measured by this technique for anodic graphenes obtained at 

different molar concentrations of the additives. In the absence of any additive (control 

sample; only 0.1 M Na2SO4 was used as electrolytic medium), this ratio was determined 

to be ~0.09. It was generally observed that at low molar concentrations (e.g., 0.01-0.02 

M), the additives had a detrimental effect on the oxidation of the nanosheets, i.e., the 

resulting graphenes tended to exhibit O/C ratios higher than that of the control sample 

(~0.11-0.18 vs 0.09). On the other hand, concentrations around 0.1 M of the NaCl and 

KCl additives afforded graphenes with a remarkably reduced degree of oxidation, 

boasting O/C ratios as low as 0.02-0.03. Indeed, the latter figures were among the 

lowest ever documented for anodically exfoliated graphenes [17-20]. For example, 

using TEMPO and melamine as additives, O/C ratios around 0.04 were attained [18,19]. 

but different to the case of these previous reports, the present results were obtained 

using readily available, very low-priced and environmentally friendly substances in the 

electrolytic process. The amount of oxygen in these samples was very close to that 

present in the starting graphite foil material (O/C ratio ~0.01), implying that anodic 

oxidation of the graphite electrode could be kept to a minimum using the chloride-based 

additives. Noticeably, for ionic additives incorporating anions other than Cl
-
, 

specifically Br
-
, I

-
 and SO3

2-
, as well as for ethanol, the use of concentrations in the 

order of 0.1 M (or even higher) did not bring about large reductions, if any at all, in the 
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extent of oxidation of the corresponding graphene samples compared to the control one. 

For some compounds (NaBH4 and ascorbic acid), swelling and expansion of the 

graphite anode did not even take place to any substantial extent at concentrations of 0.1 

M, and thus no exfoliated products were procured. In the case of 0.1 M sodium citrate, 

only a small amount of exfoliated material could be obtained. We have also determined 

the yield of graphene material produced both in the absence (control sample) and 

presence of Cl
-
 (i.e., 0.1 M Na2SO4 plus 0.1 M NaCl or KCl). For graphite foil pieces 

with a thickness around 500 m, the measured yields were ~13 and 10 wt% for anodic 

exfoliation in the absence and presence of Cl
-
, respectively. First of all, we note that in 

general these yield values cannot be directly compared with those reported in the 

literature by other groups, because exfoliation yields are dependent, among other 

factors, on the thickness of the graphite piece used in the electrolytic process [28]. 

Indeed, we have used a graphite foil that is several times thicker than those used in other 

reports [21], implying that the yield should be several times lower. Second, the yield 

values measured here in the absence and presence of Cl
-
 were of a similar magnitude 

(somewhat lower for the latter), indicating that the presence of this additive in the 

electrolyte (at the relevant moderate concentration of 0.1 M) does not hamper the 

exfoliation process to a very significant extent. 

 It is currently unknown why the chloride-based additives perform so efficiently in 

averting the oxidation of anodic graphene in a certain range of concentrations around 

0.1 M, whereas at lower molar concentrations all the tested additives appear to promote 

graphene oxidation. We can expect a number of different competing processes that arise 

from complex interactions between the graphite electrode, main electrolyte, additive and 

water molecules to be in place during the anodic treatment. In turn, such processes and 

interactions are probably dependent, among other factors, on the electrolyte and additive 

concentration. This hypothesis was supported by the observation that at sufficiently 

high additive concentrations (e.g., NaBH4 and ascorbic acid at 0.1 M, but also NaCl and 

KCl at 1 M, and ethanol at 3 M), exfoliation of the graphite anode did not even take 

place, suggesting that these compounds could inhibit intercalation of the sulfate anion 

or, alternatively, certain subsequent reactions that trigger expansion of the interlayer 

space in the anode. The complexity of the involved mechanisms is also made apparent 

by noting that the oxidation-preventing ability of the halide-based additives did not 

correlate directly with the redox potential of the corresponding halide/halogen pair. If 

such a correlation were indeed in place, we would expect the KBr and KI additives to 
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yield graphenes with a lower oxidation degree than that afforded by the NaCl/KCl 

additives by virtue of the lower redox potential of the Br
-
/Br2 and I

-
/I2 pairs relative to 

the Cl
-
/Cl2 pair, but that was not the case. It is thus very likely that kinetic factors play a 

relevant role in the reactions occurring between different chemical species during 

intercalation and exfoliation of the graphite anode. 

 The present results also raise the apparently contradicting question of why the 

exfoliation yield was not critically affected by the addition of 0.1 M NaCl (or KCl) 

while at the same time this additive prevented to a large extent the oxidation of the 

graphite anode, which on the other hand is assumed as a prerequisite for exfoliation to 

occur. In this regard, a couple of points have to be considered. First, it is quite likely 

that the only strict requirement for anodic exfoliation to proceed is the oxidation of the 

graphite edges, but not of its basal planes. This oxidation would locally increase the 

interlayer spacing at the graphite edge, thus facilitating the penetration of hydrated 

anions from the electrolyte. Once a number of hydrated anions have been inserted into 

the interlayer space at the edges, further oxidation of the graphite lattice (i.e., at 

locations other than the edges) would not be strictly necessary, as the inserted ions and 

water molecules themselves (or their electrolyzed products) would readily trigger the 

interlayer expansion (exfoliation) of the material increasingly further away from the 

edges by acting as a sort of wedge. Under this scenario, only the edges of the exfoliated 

graphene nanosheets would have to be necessarily oxidized for anodic exfoliation to 

take place. Considering that the fraction of edge atoms in graphene nanosheets with 

sizes in the micrometric and submicrometric range is low (a few percent at most), the 

overall extent of oxidation in the resulting nanosheets should be correspondingly small, 

provided that only edges become oxidized. Second, as suggested above, we believe that 

the oxidation-preventing action of the Cl
-
 anions must be driven not only by 

thermodynamic but also by kinetic factors regarding the reactions that take place 

between Cl
-
 anions, oxygen radicals and graphite anode. More specifically, it is well 

known in carbon science that graphite edges and basal planes possess quite different 

reactivities towards attack by oxygen radicals [32], the former being substantially more 

reactive than the latter. Such a difference in reactivity should imply a faster attack of the 

edges by the oxygen radicals compared to basal planes. In the presence of a chemical 

species, such as the Cl
-
 anion, with an ability to neutralize (reduce) the oxygen radicals 

and thus avert attack (oxidation) of the graphite anode, radical neutralization will 

effectively take place only if the concentration of this chemical species is sufficiently 
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high so that it can reach and neutralize the oxygen radical before the latter can attack the 

graphite anode. From this reasoning, it follows that the concentration of oxidation-

preventing species required to avert attack by oxygen radicals will be higher in the case 

of graphite edges (faster attack by radicals) than in the case of basal planes (slower 

attack). Consequently, there should be a range of concentrations below a certain 

threshold for which oxidative attack is prevented in the basal plane but not at graphite 

edges. In this case, exfoliation of the graphite anode would be able to take place, giving 

rise to graphene products with a low extent of oxidation. This was indeed the case of 

NaCl and KCl at a concentration of 0.1 M. On the other hand, if the concentration of the 

oxidation-preventing agent in the electrolytic medium is sufficiently high, oxidative 

attack will also be arrested at the graphite edges, and hence we would expect no 

exfoliation of the graphite anode at all. As a matter of fact, this was the situation 

observed for NaCl and KCl at a concentration of 1 M. 

 Furthermore, we note that graphite foil could be anodically exfoliated using NaCl 

or KCl as the only electrolyte (i.e., in the absence of Na2SO4) [33]. However, in this 

case the delamination process was somewhat inefficient, yielding comparatively small 

amounts of graphene, which can be ascribed to a poor ability of the chloride anion to 

intercalate graphite on its own. Furthermore, exfoliation was possible just in a very 

narrow range of chloride concentrations (around 0.05 M, but not at 0.01 and 0.1 M) and 

the process was substantially less efficient in averting graphene oxidation (O/C ratio of 

the resulting graphene ~0.06). Hence, the use of NaCl or KCl as an additive (co-

electrolyte) of a main electrolyte (Na2SO4) is clearly advantageous over their use as the 

only electrolyte for anodic exfoliation. We surmise that the sulfate anions act as a sort of 

advance party in the intercalation and exfoliation of the graphite anode, triggering the 

expansion of the interlayer space to a point where the subsequent entry of the oxidation-

preventing chloride anions is greatly facilitated. Likewise, the use of commercial table 

salt (typically made up of 97-99 wt% NaCl plus some anticaking and other added agents 

as minor components) as an additive led to anodically exfoliated graphenes with the 

same characteristics as those of graphenes derived from the pure, analytical-grade NaCl. 

Particularly, high quality graphene with a very low degree of oxidation could be 

similarly attained with a proper concentration of table salt, i.e., 6 mg mL
-1

 (amounting 

to ~0.1 M of its NaCl component). Considering that up-scaling the production of 

electrochemically exfoliated graphene to the tonne scale is expected in the near future 

[34], the present results bode well for the industrial implementation of the anodic 
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approach towards high quality, low-oxidized graphene, as only very cheap and abundant 

source materials are required. 

2.2. Further characterization of the low-oxidized anodic graphene 

 The improved structural quality of the anodic graphenes obtained using NaCl or 

KCl as an electrolyte additive was confirmed by their high resolution C 1s X-ray 

photoelectron spectra as well as by Raman spectroscopy. Fig. 2a shows the C 1s 

photoelectron spectrum of graphene prepared with 0.1 M NaCl additive (red trace). For 

comparison purposes, the spectra for the starting graphite foil (black trace) and the 

control sample (graphene exfoliated only with 0.1 M Na2SO4, orange trace) are also 

given. The survey spectra of these three samples are also presented in Fig. S2 of the 

ESM. In all cases, the C 1s envelope was dominated by a component centered at a 

binding energy of about 284.6 eV, corresponding to carbon atoms in unoxidized 

graphitic environments (sp
2
-based C=C species). Nonetheless, while the relatively 

oxidized control sample exhibited significant additional components in the 285-288 eV 

range, ascribed to carbon atoms in different oxidation states (C-O and C=O species) 

[7,11,20,29], such components were almost absent from the graphene sample obtained 

using the NaCl additive, as noticed by comparing its C 1s envelope with that of the 

starting graphite foil. This result further supports the conclusion that very few carbon 

atoms from the graphene lattice become oxidized during anodic exfoliation in the 

presence of proper amounts of chloride anions. Moreover, the water contact angle for 

paper-like graphene films (~20-25 m thick) obtained through vacuum filtration of the 

NaCl-derived graphene nanosheets dispersed in water/isopropanol was determined to be 

116±4º (inset to Fig. 2a), indicating that the material was hydrophobic as expected from 

its very low oxidation degree. Significantly, this contact angle was much larger than that 

of its counterpart prepared from graphene nanosheets anodically exfoliated in the 

absence of NaCl (60±8º; see Fig. S2 in the ESM). Such a result was consistent with the 

higher hydrophilicity expected for the latter graphene material on account of its 

substantially larger degree of oxidation relative to graphene prepared in the presence of 

NaCl as a co-electrolyte. On the other hand, the contact angle measured for the starting 

graphite foil (60±2º; Fig. S2 in the ESM) was virtually the same as that determined for 

the graphene film obtained in the absence of NaCl, even though we could have expected 

it to be more comparable to that of the graphene film obtained in the presence of NaCl 

due to their similar (very low) extent of oxidation. However, we note that the contact 

angle of the starting graphite foil cannot be directly compared to that of the anodically 
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exfoliated graphene films, because in addition to surface chemistry, the wettability of 

surfaces is also known to depend on their morphology/roughness. While the two 

graphene films can be expected to possess a similar surface morphology (they are made 

up of graphene nanosheets with similar lateral size and thickness, and assembled using 

the very same filtration method), the surface morphology of the starting graphite foil 

should be different, as it is made up of collections of much larger and thicker roll-

pressed graphite particles. 

 The Raman spectra of graphene obtained with 0.1 M NaCl additive (red trace), 

starting graphite foil (black) and control sample (orange) are presented in Fig. 2b. Their 

first-order region (1100-1700 cm
-1

 range) incorporated the well-known G and defect-

related D bands characteristic of graphite- and graphene-based materials [35,36], which 

were located at ~1582 and ~1350 cm
-1

, respectively. An additional, weaker defect-

related band (D´ band) appeared in some cases as a shoulder on the high wavenumber 

side of the G band at ~1620 cm
-1

. The second order region (2300-3300 cm
-1

) was 

dominated by the 2D band (~2700 cm
-1

). As a quantitative proxy of structural quality 

and defect density [36], the integrated intensity ratio of the D and G bands (ID/IG ratio) 

was used to reveal the possible introduction of structural imperfections in the graphene 

samples upon anodic exfoliation. The ID/IG ratio for graphene prepared with 0.1 M NaCl 

additive was determined to be 0.21±0.06, which was significantly smaller than that of 

the control sample (1.3±0.2) and consistent with the higher structural quality expected 

for the former as a result of its lower extent of oxidation. By contrast, the ID/IG ratio for 

the starting graphite foil was a meager 0.03±0.02. Rather than arising from basal plane 

defects induced by oxidation, we infer that the significant increase in ID/IG ratio 

observed for the NaCl-derived graphene relative to the starting graphite stems mostly 

from the presence of a larger fraction of edges in the exfoliated nanosheets, which in 

turn can be ascribed to their relatively small (micrometric/submicrometric) size. Such a 

conclusion was supported by measurement of the ID/ID
,
 ratio, the magnitude of which 

has been proposed to reflect the type of prevailing defect in graphene materials [37,38]. 

Specifically, ID/ID´ values around 13, 7 and 3.5 have been associated to graphenes with 

imperfections dominated by basal plane sp
3
-defects, vacancy defects and 

boundaries/edges, respectively. ID/ID´ was calculated to be ~4.5 for the NaCl-derived 

graphene, thus suggesting that the increase in ID/IG ratio for such a sample relative to the 

starting graphite foil referred to above was largely due to the generation of exfoliated 

nanosheets with relatively small sizes (increased fraction of edges). Furthermore, when 
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using the measured ID/IG ratio to estimate the average lateral size of the graphene 

nanosheets (<L>) by way of the formula recently proposed by Backes et al [39], which 

assumes the intensity of the D band to arise mostly from edges and not from basal plane 

defects, we obtained <L> values in the range between a few and several hundreds of 

nanometers. This result was in good agreement with the typical sizes of the nanosheets 

as imaged by scanning transmission electron microscopy (STEM; Fig. 2c) and atomic 

force microscopy (AFM; Fig. 2d). By contrast, the values of <L> derived from ID/IG for 

the control sample were substantially smaller (~50-100 nm), even though the actual size 

of the corresponding nanosheets was very similar to that of their NaCl-derived 

counterparts (images not shown). Hence, unlike the case of the latter, the nanosheets 

from the control sample were concluded to possess a significant amount of basal plane 

defects generated from the anodic delamination process, as could be anticipated on the 

basis of their substantial oxidation degree. 

 As illustrated by the line profiles from Fig. 2d, AFM was also used to assess the 

thickness of the exfoliated nanosheets deposited onto SiO2/Si substrates. Apparent 

thickness values were determined to be typically between ~1.5 and 2.5 nm. Taking into 

account that this technique introduces a positive offset of ~1 nm in the measurement of 

graphene thickness, as is well known [40-42], we estimated the actual thickness of the 

nanosheets to be between ~0.5 and 1.5 nm. This result implies that such nanosheets 

were mostly single- to few-layered (< 5) objects, which in turn indicates that the 

efficiency of the anodic exfoliation process was not compromised by the use of NaCl as 

an electrolyte additive. The electrical conductivity ( of the paper-like, NaCl-derived 

graphene films was measured to further emphasize their high structural quality, yielding 

 ~34000 S m
-1

. This figure was similar to, or even higher than, those previously 

reported for films of high quality, low-oxidized anodic graphene obtained with other 

oxidation-preventing electrolytes, such as sulfonated naphthalenes ( ~46000 S m
-1

) 

[20], or electrolyte additives (e.g., TEMPO;  ~10000 S m
-1

 [18]), and generally higher 

than those determined for as-prepared (without post-treatment) films of pristine 

graphene derived from direct, ultrasound- or shear-induced exfoliation in organic 

solvents ( ~5400-20000 S m
-1

) [38-44]. 

 

2.3. Applications of the low-oxidized anodic graphene in water/oil remediation and 

capacitive energy storage 
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 A high quality, low-oxidized graphene produced in large amounts in powder form, 

like the one developed here by anodic exfoliation with NaCl as an electrolyte additive, 

could find practical use in water and oil remediation applications, where hydrophobic 

sorbents are typically required [45-47], and in electrochemical energy storage, where 

electrodes with a high electrical conductivity are needed [48-50]. Indeed, as discussed 

above, this graphene material was highly hydrophobic and electrically conductive. To 

explore such possibilities, we have examined its performance as an adsorbent of dyes 

from the aqueous phase and as a sorbent for oils and non-polar organic solvents, as well 

as an electrode for capacitive energy storage (see ESM for details on the experimental 

procedures). To this end, we used the as-exfoliated product (Fig. 1b), i.e., the material 

directly obtained from the anodic treatment (only washed with water and dried) that was 

not submitted to sonication in any solvent to separate individual graphene nanosheets 

from one another. Such a material was a fluffy, low density powder (~30-40 mg cm
-3

) 

that could be manipulated for the intended purposes more conveniently than the 

individual, solvent-dispersed nanosheets. 

 Fig. 3a shows the measured adsorption capacities of the graphene product towards 

five different dyes, namely, rose bengal, methylene green, basic fuchsin, methylene blue 

and methyl orange. The adsorption values ranged between ~130 mg g
-1

 (for rose bengal) 

and ~450 mg g
-1

 (for methyl orange). These figures were similar to, or even better than, 

those of many graphene-based adsorbents previously reported in the literature 

[45,51,52] (see Table S1 in the ESM for a detailed comparison of adsorption 

capacities). The good adsorption performance of the present graphene powder can be 

ascribed to its characteristic morphology consisting of very thin rippled sheets separated 

by micrometer- to nanometer-sized voids (Fig. 1d), which in turn should be associated 

to a large exposed surface area. Indeed, the dye adsorption capacities of the as-

exfoliated graphene following a sonication step, whereby many individual graphene 

nanosheets are physically detached from the bulk powder, were not very different to 

those determined before sonication, thus suggesting that the surface area available for 

dye adsorption was already well developed in the as-exfoliated (non-sonicated) 

material. Concerning the sorption of oils and non-polar organic solvents, the measured 

capacities were typically between 15 and 30 g g
-1

 (Fig. 3b). Even though these values 

were relatively modest compared to those obtained with very lightweight graphene-

based sorbents [45,47] (a detailed comparison of different sorbents is given in Table S2 

of the ESM), they were nonetheless consistent with what could be expected for a 
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material with a density of 30-40 mg cm
-3

. Moreover, very lightweight graphene-based 

sorbents are commonly obtained through the production and processing of graphite 

oxide, which in turn involves time-consuming and relatively complicated procedures 

[46,47]. By contrast, the anodic graphene material investigated here can be prepared in a 

short time by a very simple process, thus making its use particularly attractive from an 

applied perspective. 

 The results of testing the low-oxidized anodic graphene as an electrode for 

capacitive energy storage are presented in Fig. 3c-f. The measurements were carried out 

in a three-electrode configuration, using a commercial activated carbon as a counter 

electrode and Ag/AgCl (3 M KCl) as a reference electrode (see ESM for details). Fig. 

3c shows the cyclic voltammogram of the graphene electrode recorded at a potential 

scan rate of 3 mV s
-1

. Even at such a low scan rate, the voltammogram exhibited a 

nearly rectangular shape with no significant redox peaks (except for some slight 

oxidation/reduction humps at ~0.4-0.5 V vs Ag/AgCl), indicating that charge storage in 

the electrode was mostly dominated by the formation of an electric double layer with 

little contribution from Faradaic processes (i.e., pseudocapacitance). This observation 

was in agreement with the very limited amount of oxygen functional groups (and indeed 

of any other heteroatoms) detected by XPS for this graphene sample, the presence of 

which is generally ascribed to the emergence of pseudocapacitance in carbon materials 

[48,49]. Furthermore, the rectangular shape of the voltammograms was largely retained 

upon increasing the voltage scan rate (Fig. 3d), although some degree of distortion 

became apparent at the highest rates (i.e., 300 and 500 mV s
-1

). The latter would 

indicate that access of the electrolyte ions to certain areas of the electrode is somewhat 

sluggish, which in turn could be due to the particular morphology of the graphene 

product that is obtained from the anodic process. More specifically, the FE-SEM images 

of the anodically expanded material (e.g., Fig. 1d) suggest that there could be very 

narrow voids between parallel sheets at some specific points, creating two-dimensional 

slit pores where ion adsorption/desorption can take place. Because the anodic treatment 

does not lead on its own to a complete separation of the graphene layers, we can expect 

many of these two-dimensional voids to be closed at one of their ends, thus creating cul-

de-sac porosities that hamper ionic transport to/from these pores. 

 Typical galvanostatic charge/discharge curves recorded at different current 

densities between 0.05 and 10 A g
-1

 are presented in Fig. 3e. The curves displayed 

mostly triangular and symmetrical shapes, this being again consistent with capacitive 



15 
 

processes as the main driving force behind charge storage in the graphene electrode. As 

shown in Fig. 3f, the gravimetric capacitance values derived from the discharge curves 

were highest (around 120 F g
-1

) at the lowest current densities and decreased down to 

~50 F g
-1

 at a current density of 10 A g
-1

. These figures lay within the range of values 

measured for many graphene-based materials that have previously tested as electrodes 

for capacitive energy storage [48,50] (see Table S3 in the ESM for a comparative list). 

However, different to the case of these prior graphene materials, many of which were 

obtained through complex preparation and processing steps (e.g., via the graphite oxide 

route, or by chemical vapor deposition for very high quality graphenes), a practical 

advantage of the present approach was its simplicity of operation and the use of 

inexpensive, environmentally friendly and widely available reagents. Moreover, the 

stability of the graphene electrode was demonstrated by noting that about 98% of its 

initial capacitance could be retained after 10000 consecutive charge/discharge cycles at 

2 A g
-1

 (inset to Fig. 3f). 

 

3. Conclusions 

 We have demonstrated the production of high quality and low-oxidized graphene 

nanosheets by anodic exfoliation of graphite in water using NaCl (table salt) as an 

electrolyte additive (co-electrolyte) with a remarkable efficiency in preventing the 

oxidation of the nanosheets that is commonly associated to such a process. Different to 

previous instances, where relatively complex and expensive electrolyte additives were 

employed to avert the oxidation of anodically exfoliated graphene, the present work has 

introduced a particularly cheap, straightforward and readily available substance as an 

alternative oxidation-preventing co-electrolyte. The high efficiency of this additive in 

curtailing oxidative attack of the exfoliated nanosheets was particularly significant, 

yielding anodic graphene with the lowest extent of oxidation reported to date (O/C ratio 

~0.02-0.03). The as-prepared, low-oxidized graphene material also demonstrated its 

potential practical utility as a sorbent of dyes and non-polar organic solvents for 

water/oil remediation processes, as well as an electrode for capacitive energy storage, its 

simplicity of preparation and processing being an additional asset compared to other 

graphene-based materials. Finally, because only inexpensive raw materials that are 

available in large quantities were required for its production, we believe the anodic 

route is now better positioned as a competitive approach in the efforts to industrialize 

the manufacturing of high quality graphene for different applications.   
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Table 1. O/C atomic ratios determined from XPS data for anodic graphene obtained in 

the presence of 0.1 M Na2SO4 as the main electrolyte and different molar concentrations 

of a second compound used as an additive (co-electrolyte). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electrolyte 

additive 

Concentration 

(M) 

O/C 

ratio 

None 0.00 0.09 

NaCl 0.01 0.24 

 0.05 0.05 

 0.10 0.03 

 0.20 0.03 

 0.50 0.03 

KCl 0.01 0.13 

 0.05 0.02 

 0.10 0.04 

 0.25 0.02 

NaBr 0.01 0.19 

 0.10 0.11 

NaI 0.01 0.16 

 0.10 0.13 

Na2SO3 0.01 0.19 

 0.10 0.12 

Sodium citrate 0.01 0.14 

 0.10 0.05 

Sodium 

ascorbate 

0.01 0.12 

NaBH4 0.01 0.16 

Ethanol 1.7 0.20 

 4.3 0.21 

 17.3 0.24 

 35.0 0.23 

 44.0 0.24 

 53.0 0.09 

 71.5 0.06 
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Figure 1. (a) Schematic of the anodic exfoliation of graphite using different compounds 

as additives (co-electrolytes) of Na2SO4 (main electrolyte) in the potential role of 

oxidation-preventing agents. (b-d) Digital photograph (b) as well as low (c) and high (d) 

magnification FE-SEM images of the as-prepared graphene product obtained with NaCl 

as a co-electrolyte with scale bars of 1mm (c) and 20 μm (d). (e) Digital photograph of 

graphene obtained with NaCl as a co-electrolyte and colloidally dispersed in 

water/isopropanol mixture (left cuvette), N,N-dimethylformamide (center) and water 

with flavin mononucleotide stabilizer (right) after mild sonication of the as-prepared 

material. (f) UV-vis optical absorption spectrum of the graphene dispersion in 

water/isopropanol mixture.  
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Figure 2. (a,b) High resolution C 1s core-level spectra (a) and Raman spectra (b) of the 

starting graphite foil (black trace), graphene anodically exfoliated in 0.1 M Na2SO4 

electrolyte (orange trace) and graphene anodically exfoliated in 0.1 M Na2SO4 with 0.1 

M NaCl as a co-electrolyte (red trace). Inset to a: digital photograph of a water droplet 

(~2 L) deposited onto a vacuum-filtered film of graphene prepared by anodic 

exfoliation in the presence of NaCl co-electrolyte. (c,d) STEM (c) and AFM (d) images 

of graphene nanosheets produced by anodic exfoliation with NaCl co-electrolyte. A 

typical line profile of a nanosheet taken along the marked white line is shown overlaid 

on the AFM image. 
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Figure 3. Applications of the as-prepared, low-oxidized anodic graphene obtained with 

NaCl as a co-electrolyte. (a,b) Histograms showing the adsorption capacity of the 

material towards different dyes in aqueous solution (a) as well as its sorption capacity 

towards different oils and non-polar organic solvents (b). (c) Cyclic voltammogram 

recorded at a potential scan rate of 3 mV s
-1

. (d) Cyclic voltammograms recorded at 

potential scan rates between 3 and 500 mV s
-1

. (e) Galvanostatic charge/discharge 

curves recorded at different current densities between 0.05 and 10 A g
-1

. (f) Gravimetric 

capacitance values determined at different current densities from the discharge curves in 

e. Inset to f: evolution of capacitance values (in percentage) of the electrode measured at 

a current density of 2 A g
-1

 for consecutive charge/discharge cycles (up to 10000). 
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S1. Electrochemical exfoliation experiments 

 Unless otherwise stated, all the materials and chemicals used throughout this study 

were obtained from Sigma-Aldrich. Milli-Q deionized water (Millipore Corporation; 

resistivity: 18.2 M·cm) was employed in all the experiments. The electrochemical 

(anodic) exfoliation experiments were carried out in a two-electrode setup consisting of 

a high purity graphite foil piece (Papyex I980, acquired from Mersen; dimensions: ~40 

× 25 × 0.5 mm
3
) as the working electrode and a platinum foil (thickness: 0.025 mm) as 

the counter electrode. Both electrodes were immersed in an aqueous electrolyte solution 

(80 mL) incorporating 0.1 M Na2SO4 as the main electrolyte and a given molar 

concentration of another chemical species as the electrolyte additive. Although best 

results in terms of preventing oxidation of the exfoliated graphene nanosheets were 

obtained with NaCl, other electrolyte additives tested included KCl, KBr, KI, NaBH4, 

Na2SO3, sodium citrate, vitamin C and ethanol. To trigger its delamination, a positive 

voltage (10 V) was applied to the graphite foil electrode for 60 min by means of an 

Agilent 6614C DC power supply, while keeping the platinum counter electrode parallel 

to the graphite foil surface at a distance of about 2 cm. During the electrolytic process 

the outer layers of the graphite electrode were seen to swell and expand, giving rise to 

many millimeter-sized fragments that detached from the electrode and tended to float on 

the aqueous solution. Subsequently, these fragments as well as the swollen graphitic 

material that had not yet detached from the electrode (retrieved by gently scraping with 

a spatula) were collected, rinsed off with copious amounts of water through filter paper 

and dried overnight at room temperature under reduced pressure. The resulting product 

was transferred either to a water/isopropanol mixture (65/35 v/v%), to an aqueous 

solution of the dispersant flavin mononucleotide (FMN, 1 mg mL
-1

) or to the organic 

solvent N,N-dimethylformamide (DMF), sonicated in an ultrasound bath cleaner (J.P. 

Selecta Ultrasons system, 40 kHz) for 3 h and finally centrifuged at 200 g for 20 min 

(Eppendorf 5424 microcentrifuge) to obtain a colloidal suspension (supernatant) of 

graphene nanosheets in these solvents. 

 

 

S2. Characterization techniques 
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 The obtained materials were characterized by field emission scanning electron 

microscopy (FE-SEM), scanning transmission electron microscopy (STEM), atomic 

force microscopy (AFM), UV-vis absorption spectroscopy, Raman spectroscopy, X-ray 

photoelectron spectroscopy (XPS) and measurement of electrical conductivity and water 

contact angle. FE-SEM and STEM images were recorded in a Quanta FEG 650 

microscope (FEI Company) at 25 kV. Specimens for STEM were prepared by drop-

casting ~40 L of graphene dispersed in water/isopropanol onto copper grids (200 

mesh) covered with a thin continuous film of amorphous carbon. AFM imaging of the 

graphene nanosheets was performed in the tapping mode of operation with a Nanoscope 

IIIa Multimode apparatus (Veeco Instruments), using rectangular silicon cantilevers 

(spring constant: ~40 N m
-1

; resonance frequency: 250-300 kHz). To this end, the 

nanosheets were deposited onto pre-heated (~50-60 ºC) highly oriented pyrolytic 

graphite (HOPG) substrates by drop-casting their colloidal dispersion in 

water/isopropanol. UV-vis absorption spectroscopy was accomplished in a double-beam 

Heios  spectrophotometer (Thermo Spectronic). Raman spectra were acquired in a 

Horiba Jobin-Yvon LabRam instrument at a laser excitation wavelength and incident 

power of 532 nm and 2 mW, respectively. XPS was carried out on a SPECS apparatus 

under a pressure of 10
-7

 Pa using a non-monochromatic Al K X-ray source (11.81 kV, 

100 W). Specimens for both Raman spectroscopy and XPS were prepared by drop-

casting graphene dispersions in water/isopropanol onto pre-heated (~50-60 ºC) stainless 

steel disks 12 mm in diameter until a thin, continuous graphene film with a lustrous 

gray tone became visible to the naked eye. The electrical conductivity of paper-like 

graphene films was measured on the basis of the van der Pauw method using a home-

made setup consisting of an Agilent 6614C DC power supply and a Fluke 45 digital 

multimeter. The graphene films were prepared by vacuum filtration of graphene 

dispersions in water/isopropanol through polycarbonate membrane filters (Whatman; 

diameter: 25 mm; pore size: 0.2 m) and were cut into 12 × 12 mm
2
 square pieces for 

the measurements, with their thickness being estimated by both FE-SEM and a high 

precision electronic caliper (Digimatic Micrometer, model MDC-25PX, from 

Mitutoyo). Measurement of water contact angles was carried out on the paper-like 

graphene films by carefully dropping 2 L of water on the films with a pipette and 

immediately taking images of the droplet using a standard digital camera attached with 
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a macro lens. Contact angles were determined from the recorded images through 

analysis with ImageJ software. 

 

 

S3. Applications of the high quality, anodically exfoliated graphene  

 To explore their possible applications, the high quality graphene materials 

developed in this work were tested as adsorbents for water-soluble dyes and as sorbents 

for non-polar organic solvents and dyes, as well as electrodes for capacitive energy 

storage. In this case, the as-exfoliated graphene materials, i.e., the products directly 

obtained from the anodic delamination process without a subsequent sonication step 

(only washed with water to remove remnants of the electrolyte) were used, as they 

exhibited a powdery, three-dimensional morphology that was convenient for their 

manipulation. The dye adsorption tests were carried out by adding ~1.5 mg of graphene 

material to 1.5 mL of an aqueous solution of a given dye at room temperature and pH 

~6, followed by gently stirring with a magnetic bar for 24 h to ensure the attainment of 

adsorption equilibrium and centrifuging the solution (20000 g, 20 min) to sediment the 

graphene component. The concentration of the dye in the resulting supernatant was then 

determined by means of UV-vis absorption spectroscopy and contrasted with that of the 

starting dye solution, which in turn allowed the amount of dye adsorbed on the graphene 

sample to be estimated. The adsorption experiments were performed with the following 

dyes (wavelengths given in parenthesis correspond to the position of the absorption 

peak used to measure the dye concentration): methyl orange (460 nm), methylene blue 

(660 nm), basic fuchsin (540 nm), methylene green (660 nm) and rose bengal (560 nm). 

To determine the maximum adsorption capacities of the graphene materials, different 

starting concentrations of the dye (typically up to 2-3 mg mL
-1

) were probed in the tests. 

For the sorption of oils and non-polar solvents, a certain mass of graphene material 

(typically ~5 mg) was first put into a 1.5 mL centrifuge tube. Then, small known 

volumes of a given oil/solvent (usually around 100 L) were successively added to the 

tube. Such volumes were readily taken up by the graphene sample until a point was 

reached where the latter became saturated, which in turn allowed to estimate the total 

volume of oil/solvent retained by the sorbent. Sorption tests were conducted with the 

following substances: toluene, hexane, dodecane, tetrahydrofuran, acetone, chloroform, 

ethylene glycol, ethanol, olive oil, as well as unused and used pump oil. 
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 Testing of the high quality anodic graphene as an electrode for capacitive energy 

storage was accomplished in a three-electrode configuration with a Swagelok-type cell, 

using a paste based on a commercial activated carbon (ACF A20) as the counter 

electrode and Ag/AgCl (3M KCl) as the reference electrode in an acidic aqueous 

electrolyte (1 M H2SO4). The counter electrode paste consisted of a mixture of the 

activated carbon, polytetrafluoroethylene (PTFE) as a binder and carbon black as a 

conductive additive in a weight ratio of 90:5:5. The graphene working electrode was 

prepared by pressing the as-prepared anodic graphene under a moderate force (1 ton for 

15 s) onto a graphite foil support by means of a hydraulic press. Two pieces of glass 

microfiber filter (grade 934-AH, from Whatman) were used as the separator. Prior to 

assembling the cell, the working electrode, counter electrode and separator were soaked 

in the electrolyte and vacuum-degassed. The assembled cell with the electrolyte was 

also vacuum-degassed before the measurements, which were conducted in a Biologic 

VSP potentiostat. Both cyclic voltammograms at different potential scan rates and 

galvanostatic charge/discharge curves at different current densities were recorded. 
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S4. Additional figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. XPS survey spectra of the starting graphite foil (black trace), graphene 

anodically exfoliated in 0.1 M Na2SO4 electrolyte (orange trace) and graphene 

anodically exfoliated in 0.1 M Na2SO4 with 0.1 M NaCl as a co-electrolyte (red trace). 

 

 

 

 

 

 

 

 

 

 

Figure S2. Digital photographs of water droplets (1–2 L) deposited onto the starting 

graphite foil (a), and vacuum-filtered films of graphene prepared by anodic exfoliation 

in the absence (b) and presence (c) of 0.1 M NaCl as a co-electrolyte. 
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S5. Additional tables 

 

 

Table S1. Adsorption capacities of different dyes (methyl orange, methylene blue, 

methylene green, basic fuchsin and rose bengal) with a range of graphene-based 

materials. 

 

Material Adsorbate Adsorption 

capacity (mg g
-1

) 

Ref. 

Graphene oxide Methyl Orange 17 S1 

CoFe2O4 functionalized graphene Methyl orange 72 S2 

Graphene oxide/Ni-Al LDH Methyl orange 84 S3 

Graphene oxide/Ni-Cr LDH Methyl orange 160 S4 

Graphene oxide/chitosan Methyl orange 567 S5 

As-prepared anodic graphene Methyl orange 457 This work 

Reduced graphene oxide Methylene blue 154 S6 

Graphene oxide Methylene blue 244 S7 

Citric acid functionalized magnetic 

graphene oxide 

Methylene blue 316 S8 

Agar/graphene oxide composite aerogel Methylene blue 578 S9 

Porous graphene oxide/hydrogel 

nanocomposite 

Methylene blue 714 S10 

As-prepared anodic graphene Methylene blue 415 This work 

As-prepared anodic graphene Methylene green 343 This work 

Reduced graphene oxide Basic fuchsin 34 S11 

β-cyclodextrin–carboxymethyl cellulose–

graphene oxide composite 

Basic fuchsin 59 S12 

Reduced graphene oxide/ PSSMA Basic fuchsin 388 S13 

Graphene/β-cyclodextrin composite Basic fuchsin 426 S14 

Graphene oxide/polyacrylamide Basic fuchsin 1034 S15 

As-prepared anodic graphene Basic fuchsin 361 This work 

Graphene oxide/sodium 

alginate/polyacrylamide hydrogel 

Rose Bengal 6 S16 

Graphene Oxide@PLA@HA Composite Rose Bengal 53 S17 
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Microcapsule 

Graphene sheets/graphene 

quantum dots 

Rose Bengal 587 S18 

As-prepared anodic graphene Rose Bengal 130 This work 

 

 

Table S2. Range of sorption capacities of different graphene-based materials towards 

oils and non-polar organic solvents. 

 

Material Retention capacity (g/g) Ref. 

Magnetic graphene foam 7-27 S19 

Hydrothermal graphene sponge 20-35 S20 

Graphene–carbon nanotube aerogel 20-35 S21 

GO foam 5-40 S22 

N-doped graphene aerogel 40-110 S23 

Graphene sponge 80-160 S24 

As-prepared anodic graphene 15-30 This work 

 

 

Table S3. Gravimetric capacitance values of a range of graphene-based materials 

determined at different current densities. 

 

Material Current density (A/g) Capacity (F/g) Ref 

rGO 0.3 57 S25 

rGO/carbon black 1 79 S26 

rGO 0.5 82 S27 

rGO 1 116 S28 

rGO foam 5 125 S29 

rGO 1 130 S30 

graphene hydrogel 1 186 S31 

graphene/PANI 

nanofibers 

0.3 210 S25 

Highly crumpled N-doped 

graphene nanosheets 

1 246 S32 

Anodic graphene 0.3 105 This work
 

Anodic graphene 0.5 100 This work
 

Anodic graphene 1 94 This work 

Anodic graphene 5 63 This work 
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