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Abstract 

The electrochemical exfoliation of graphite in aqueous medium stands out as an 

attractive, scalable approach for the production of graphenes for different applications, 

due to its simplicity, cost-effectiveness and environmental friendliness. In particular, 

cathodic exfoliation in water should allow access to high quality, non-oxidized 

graphene flakes, as it avoids the intrinsic oxidizing conditions that typically plague the 

anodic route, but this possibility has been limited by a poor intercalation ability of 

aqueous cations. Here, we demonstrate that with a proper choice of starting graphite and 

electrolyte, high quality graphene flakes can be obtained in substantial yields via 

cathodic delamination in water. Graphites having some pre-expanded edges and 

interlayer voids (e.g., graphite foil) were found to be critical for a successful exfoliation. 

Large differences in the efficiency of a range of aqueous quaternary ammonium-based 

electrolytes were observed, quantitatively compared and rationalized on the basis of 

their chemical structure. Graphene yields up to 40–50 wt% were attained with the most 

efficient cations (tetrapropylammonium and hexyltrimethylammonium). Hydrophobic 

sponges made up of cathodic graphene-coated melamine foam exhibited a notable 

capacity towards the sorption of oils and organic solvents from water with good re-

usability. Hybrids comprised of cathodically exfoliated graphite and a small amount of 

vertically oriented cobalt oxide nanosheets displayed good electrochemical charge 

storage behavior. Overall, the ability to access graphene flakes in considerable yields by 

the aqueous cathodic route disclosed here should raise the prospects of cathodic 

exfoliation as a competitive method for the industrial manufacturing of high quality 

graphene for practical applications. 
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1. Introduction 

 Current efforts on the research field of graphene are mostly focused on translating 

its attractive features to a plethora of relevant technological applications. Indeed, its 

high surface area and electrical conductivity, make it a promising candidate for 

applications in the fields of energy conversion and storage [1–3] and water remediation 

[4,5], among others. However, for a successful performance in those applications, the 

individual accessible area of each graphene nanosheet has to be preserved. Typical 

strategies have involved assembling the two-dimensional (2D) graphene nanosheets into 

three-dimensional structures through complex, time-consuming and costly processes 

[6,7]. An interesting alternative to such strategies could be the production of graphene 

by electrochemical exfoliation of graphite [8–13], which directly provides three-

dimensional networks of loosely connected graphene sheets [14] by a simple, quick, 

cost-effective and scalable process. This top-down approach relies on the delamination 

of a graphite electrode triggered by intercalation of ions from an electrolytic medium 

upon application of a DC bias voltage. By its own nature, the electrochemical 

exfoliation method can be implemented under two distinct operation modes, namely, the 

anodic mode and the cathodic mode. The former is typically carried out in aqueous 

electrolytes of common inorganic acids (e.g., H2SO4) or their salts [(NH4)2SO4, Na2SO4, 

etc], and generally affords well exfoliated graphene nanosheets (< 5 monolayers thick) 

in high yields [10,11]. Nonetheless, these electrolytes tend to give anodically exfoliated 

graphene that is substantially oxidized due to attack by highly reactive oxygen radicals 

(e.g., ·OH) generated from the anodic oxidation of water molecules, thus compromising 
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its utility in applications that demand high quality materials. Although recent work has 

demonstrated that such an oxidative attack can be avoided to a considerable degree, it 

normally requires resorting to more complex and expensive electrolytes and/or 

electrolyte additives, which act as oxygen radical scavengers [15–17], but this strategy 

can also risk a lower efficiency of the intercalation/exfoliation process itself [14,16]. 

 On the other hand, extensive oxidation of graphene is inherently averted in cathodic 

exfoliation due to the fact that the graphite electrode is subjected to reducing conditions 

(negative potential). This delamination mode has been demonstrated to yield high 

quality, largely defect-free graphenes using electrolytic media that are typically based 

on lithium [18,19], sodium [20], alkylammonium [21–23], alkylimidazolium [24,25] or 

alkylpyrrolidinium [24,26,27] salts in such organic solvents as propylene carbonate, 

acetonitrile, dimethyl sulfoxide or N,N-dimethylformamide. However, carrying out 

cathodic exfoliation in aqueous (rather than organic) electrolytic media would be highly 

desirable, as it would make the production process easier to scale-up as well as more 

environmentally friendly and affordable, but, with the exception of a very recent work 

[28], this possibility has been seldom reported [29]. A likely reason behind this state of 

affairs is that because the graphite electrode does not oxidize under the applied cathodic 

potential, its hydrophobic interlayer spaces cannot be efficiently intercalated by the 

hydrated cations from the electrolyte (as opposed to the case of the hydrated anions in 

anodic exfoliation). As a result, only “naked”, de-hydrated cations will be probably able 

to intercalate the graphite cathode, and if they cannot enter in sufficient numbers and/or 

they do not have the right molecular size, the graphite layers will not be pushed apart 

from each other to an extent enough to allow exfoliation. 

 When cathodic exfoliation is accomplished in organic solvents, the efficiency of 

graphite delamination is known to depend not only on the specific type of intercalating 
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cation used, but also on the organic solvent itself, i.e., the success of exfoliation is 

determined by the choice of a proper cation/organic solvent combination [30,31]. We 

hypothesized that a similar situation could be in place for aqueous electrolytes, implying 

that, among other possible factors, the selection of the intercalating cation should be 

crucial for an effective exfoliation in water. Indeed, there is some evidence in the recent 

literature suggesting that this hypothesis is correct [32]. More specifically, aqueous 

tetrabutylammonium cations were shown to increase the delamination yield of graphite 

electrodes in conjunction with sulfate anions in a combined anodic/cathodic process, 

whereas such an effect was much weaker or even not present at all with other tested 

cations (i.e., tetramethylammonium and ammonium). However, to the best of our 

knowledge a thorough survey aimed at identifying the most efficient cations in purely 

cathodic exfoliation processes has not yet been undertaken. 

 We have investigated a broad range of ammonium-based cations as prospective 

intercalating/exfoliating agents for the cathodic delamination of graphite into graphene 

in aqueous medium, the results of which are reported here. Very large differences in the 

ability of these chemical species to intercalate and expand the graphite electrode were 

observed, quantitatively compared and rationalized on the basis of their chemical make-

up. More significantly, the tested cations that turned out to be the most efficient in terms 

of their expanding power were shown to afford graphene nanosheets in competitive 

yields, which should facilitate the future industrial implementation of the cathodic route 

as a method of choice for the manufacturing of high quality graphenes. We demonstrate 

the potential of this type of graphene nanosheets in practical applications with two 

specific examples, namely, (1) the sorption of oils and organic solvents either using the 

as-prepared, stand-alone graphene material directly obtained from the cathodic process 

or using melamine foam coated with the cathodically exfoliated nanosheets, and (2) the 
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use of the cathodic graphene in combination with cobalt oxide nanosheets as an 

electrode for electrochemical charge storage. 

 

2. Materials and methods 

2.1. Materials and reagents 

 Three types of high-purity graphite were used in the electrochemical exfoliation 

experiments, namely, graphite foil, graphite rod and highly oriented pyrolytic graphite 

(HOPG). Graphite foil (Papyex I980) with a thickness and mass density of ~500 m and 

1.1 g cm
-3

, respectively, was acquired from Mersen. Graphite rod (diameter: 3.05 mm; 

density: 1.7 g cm
-3

) was purchased from Alfa Aesar, whereas HOPG (grade ZYH, 

density: 2.25 g cm
-3

) was obtained from Advanced Ceramics. Unless stated otherwise, 

all the chemicals used throughout the study (salts, organic solvents, reagents, etc) were 

received from Sigma-Aldrich. The following salts were used for the preparation of the 

aqueous electrolytic media for cathodic exfoliation: ammonium chloride (ACl), 

trimethylamine hydrochloride (TMAHCl), tetramethylammonium chloride (TMACl), 

tetraethylammonium chloride (TEACl), tetrapropylammonium chloride (TPACl), 

tributylamine hydrochloride (TBAHCl), tributylmethylammonium chloride (TBMACl), 

tetrabutylammonium chloride (TBACl), hexyltrimethylammonium bromide (HTMABr), 

octyltrimethylammonium bromide (OTMABr), dodecyltrimethylammonium bromide 

(DDTMABr), hexadecyltrimethylammonium bromide (HDTMABr), 

phenyltrimethylammonium chloride (PhTMACl) and benzyltrimethylammonium 

chloride (BzTMACl). Critical micelle concentration (cmc) in mM for some of the 

previous salts which, being soluble amphiphiles, can undergo micellization and act as 

cationic surfactants are: ~0.993 (HTMABr), ~264 (OTMABr), 16 (DDTMABr), 0.9 

(HDTMABr) [33,34]. Organic solvents for colloidal dispersion of the cathodic graphene 
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nanosheets: N-methyl-2-pyrrolidone (NMP), N-ethyl-2-pyrrolidone (NEP), N-vinyl-2-

pyrrolidone (NVP), N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), 1,3-

dioxolane and pyridine. Organic liquids for sorption tests: toluene, heptane, dodecane, 

tetrahydrofuran, acetone and chloroform. Oils for sorption tests: Commercial olive oil, 

commercial rotary vane pump. Commercial melamine foam (density ~8–10 mg cm
-3

) 

was used as a scaffold for graphene in sorption tests. Other chemical reagents, 

surfactants and salts for synthesis: cobalt (II) acetate tetrahydrate, 

hexamethylenetetramine and Pluronic P123 (block copolymer surfactant). Milli-Q 

deionized water (resistivity: 18.2 M·cm; Millipore Corporation) was used in all the 

experiments.  

 

2.2. Cathodic exfoliation experiments 

 The cathodic exfoliation tests were undertaken in a two-electrode configuration, 

using a graphite piece as the cathode, platinum foil (dimensions: 25 × 25 × 0.025 mm
3
) 

as the anode, and an aqueous solution of a given ammonium-based salt as the 

electrolytic medium. Most of the experiments were carried out with graphite foil (55 × 

30 × 0.5 mm
3
), although for comparative purposes HOPG (10 × 5 × 0.5 mm

3
) and 

graphite rod (diameter: 3.05 mm; length: 40 mm) were also employed. The graphite 

cathode and platinum foil were immersed in the electrolytic solution (80 mL) at a 

distance of ~2 cm from each other and connected to the current source (Agilent 6614C 

DC power supply) through crocodile clips. A negative potential (typically -10 V) was 

subsequently applied to the graphite electrode for 2 h, during which the material was 

generally seen to swell and expand in different proportions depending on the specific 

salt used as an electrolyte, with some expanded graphite fragments of millimeter 

dimensions detaching from the cathode and being left to float on the aqueous solution. 
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After the electrolytic treatment, the fraction of the graphite foil that was expanded was 

gently scrapped from the cathode with a spatula and collected together with the 

detached graphite fragments. This product was then extensively washed with water (1.5 

L) through filter paper to remove remnants of the ammonium-based salt, and finally 

allowed to dry at room temperature in air for one day and overnight under reduced 

pressure at 60 °C. To extract individual graphene nanosheets from the expanded 

product, the latter product was transferred to a certain organic solvent (NMP, NEP, 

NVP, DMF, DMSO, 1,3-dioxolane or pyridine) or to an aqueous solution of the 

surfactant Pluronic P123 (0.7 mg mL
-1

) and sonicated for 3 h in an ultrasound bath 

cleaner (J.P. Selecta Ultrasons system, 40 kHz). The resulting suspension was left to 

stand undisturbed for 24 h or, alternatively, centrifuged at 100g for 20 min, after which 

the supernatant was collected and stored for further use, with the sediment being 

discarded. Following previously reported procedures [35]
 
the concentration of graphene 

nanosheets in the supernatant dispersion was estimated by means of UV-vis absorption 

spectroscopy on the basis of the Lambert-Beer law, measuring the absorbance of the 

dispersion at a wavelength of 660 nm and using an extinction coefficient value of 660 = 

2440 mL mg
-1

 m
-1

. 

 

2.3. Characterization techniques 

 The samples were characterized by UV-vis absorption spectroscopy, field-emission 

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

(STEM), atomic force microscopy (AFM), Raman spectroscopy and X-ray 

photoelectron spectroscopy (XPS). UV-vis absorption spectra were obtained with a 

double-beam Heios  spectrophotometer (Thermo Spectronic). FE-SEM and STEM 

images were recorded on a Quanta FEG 650 apparatus (FEI Company) working at a 
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voltage of 20–25 kV. Specimens for FE-SEM were directly mounted onto metallic 

sample holders using double-sided carbon adhesive tape, whereas for STEM the 

samples were first dispersed in a water/isopropanol mixture (50/50, v/v) by bath-

sonication for 3 h (J.P. Selecta Ultrasons system, 40 kHz, power ~20 W L
-1

) and then 

drop-cast (~150 L) onto a copper grid (200 square mesh) covered with a thin, 

continuous carbon film (Electron Microscopy Sciences). AFM imaging was carried out 

in the tapping mode of operation with a Nanoscope IIIa Multimode microscope 

(Veeco), using silicon cantilevers with nominal spring constant and resonance 

frequency of ~40 N m
-1

 and 250–300 kHz, respectively. HOPG was employed as a 

supporting substrate for AFM, onto which an aqueous dispersion of the sample 

(prepared by bath-sonication) was deposited by drop-casting. Raman spectroscopy was 

conducted in a LabRam apparatus (Horiba Jobin Yvon) with a laser excitation 

wavelength of 532 nm. For XPS, a SPECS apparatus working at a pressure of 10
-7

 Pa 

and using a non-monochromatic Mg K X-ray source (11.81 kV, 100 W) was 

employed. Specimens for both Raman and XPS analysis were prepared by drop-casting 

graphene dispersions onto a metallic sample-holder pre-heated at ~50–60 ºC and 

allowing them to dry under ambient conditions until a uniform film was seen to cover 

the substrate. For the measurement of electrical conductivity, free-standing paper-like 

films were prepared by vacuum-filtration of graphene dispersions in NMP through a 

hydrophilic PTFE membrane filter (47 mm in diameter and 0.1 m of pore size, from 

Merck Millipore). Then, 12 × 12 mm
2
 square pieces were cut from the film and their 

conductivity determined by the van der Pauw method using a homemade setup (Agilent 

6614C DC power source and Fluke 45 digital multimeter). The thickness of the films 

was estimated by FE-SEM and independently with a digital micrometer. 
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2.4. Testing of cathodically exfoliated graphene as a sorbent for oils/organic solvents 

and as an electrode for capacitive energy storage  

 The cathodic graphenes were tested as sorbents for organic solvents and oils, and as 

electrodes for electrochemical charge storage. Two types of graphene-based materials 

were tested as sorbents: (i) the as-expanded materials obtained with 0.3 M TPACl and 

0.3 M HTMABr, i. e., the products directly obtained from the cathodic delamination 

process without a subsequent sonication step (only washed with water to remove 

remnants of the electrolyte), and (ii) cathodic graphene nanosheets extracted from the 

as-expanded product (0.3 M TPACl) through sonication and coated onto melamine 

foam. To prepare the graphene-coated melamine foam, a graphene dispersion at a 

concentration of ~0.25 mg mL
-1

 was first prepared by bath sonication of the as-

expanded graphite in pyridine for 3 h. Then, a ~1 cm
3
 cube of commercial melamine 

foam was soaked into the dispersion for 1 min and subsequently heated on a hot plate 

for 5 min to evaporate the solvent. The graphene loading was determined as the weight 

difference between the uncoated and the coated melamine foam cube. The 

soaking/evaporation process was repeated three or four times up to graphene loadings of 

4 mg cm
-3 

onto the foam. For the sorption of oils and organic solvents, a certain mass of 

powdery, expanded material (typically 10–15 mg) was first put in a 1.5 mL vial. Then, 

small known volumes of a given oil/solvent (usually ~50 L) were successively 

dropped on the material, which took them up until a point was reached where the 

sorbent became saturated and the liquid was seen to overflow the powder by the naked 

eye. Such a saturation point allowed estimating the total volume of oil/solvent retained 

by the sorbent. Similarly, the sorption capacity of the graphene-coated foams was 

calculated from the maximum volume of liquid that they were seen to absorb without 

dripping, which was transformed into the weight of adsorbed oil/solvent using the 
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following densities for each liquid: toluene (0.865 g cm
-3

), n-hexane (0.63 g cm
-3

), 

dodecane (0.75 g cm
-3

), tetrahydrofuran (0.886 g cm
-3

), acetone (0.79 g cm
-3

), 

chloroform (1.492 g cm
-3

), olive oil (0.91 g cm
-3

) and pump oil (0.86 g cm
-3

). The 

sorption capacities of both types of sorbent are given as the weight of solvent/oil 

retained per weight of sorbent, that is, per weight of as expanded material in the former 

case and per weight of graphene-coated foam in the latter. For the reusability tests, the 

foams were regenerated through extraction of the absorbed liquid by squeezing the foam 

between the handles of a pair of tweezers and gathering the desorbed liquid on 

absorbent paper.  

 The electrochemical energy storage experiments were carried out in a three-

electrode configuration with a Swagelok-type cell, using either as obtained expanded 

graphite or cobalt oxide-coated expanded graphite as the working electrode, a 

commercial activated carbon fiber as the counter electrode, Hg/HgO (1 M NaOH) as the 

reference electrode and aqueous 6 M KOH as the electrolyte. Cobalt oxide-coated 

cathodically expanded graphite was prepared by synthesizing cobalt oxide nanosheets in 

the confined 2D space of lamellar reverse micelles as reported elsewhere [36] but here 

in the presence of the cathodically expanded graphite. Specifically, 200 mg of Pluronic 

P123 were dissolved in 17.5 mL of a mixed ethanol/water (33/2, v/v) solvent under 

stirring. Subsequently, 250 mg of cobalt (II) acetate tetrahydrate, 70 mg of 

hexamethylenetetramine and 50 mg of cathodically expanded graphite were added to 

the resulting mixture. After 15 min, 13 mL of ethylene glycol were poured into the 

suspension. After 30 min of continuous stirring, the mixture was allowed to statically 

age for 24 h. The aged suspension was then transferred to a Teflon-lined autoclave 

(capacity: 40 mL) and heat-treated at 170 ºC for 2 h. The resulting slightly greenish 

solid product was thoroughly washed by repeated cycles of centrifugation (2000 g for 
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20 min, J.P. Selecta Meditronic centrifuge in 30 mL tubes) and re-suspension first in 

water and then in ethanol (3 cycles for each solvent), and finally dried at room 

temperature under a vacuum. The amount of cobalt oxide incorporated to the 

cathodically expanded graphite was determined from the difference between the 

elemental analyses of expanded graphite alone and combined with cobalt oxide (LECO 

Truspec Micro CHN microanalyses apparatus with a LECO Truspec Micro O accessory 

for direct O determination). For the electrochemical charge storage tests, the working 

electrode was prepared by pressing uncoated or cobalt oxide-coated expanded graphite 

powder onto circular graphite foil pieces (~1 cm in diameter). Typical loadings onto the 

graphite foil support were ~1 mg cm
-2

. The counter electrode was obtained in the form 

of a paste that incorporated, in addition to the activated carbon fiber, 

polytetrafluoroethylene as a binder and carbon black as a conductive additive, in a 

weight ratio of 90:5:5. A circular piece (~1.3 cm in diameter) of nylon membrane filter 

(0.45 m of pore size, from Whatman) was used as the electrode separator. Before the 

cell was assembled, the working and counter electrodes as well as the separator were 

individually soaked in 6 M KOH and vacuum-degassed. Prior to the measurements, the 

assembled cell with the electrolyte was also vacuum-degassed. The measurements were 

carried out in a VSP potentiostat (Bio-Logic Science Instruments), recording cyclic 

voltammograms at different voltage scan rates, and galvanostatic charge/discharge 

curves at different current densities. Electrochemical impedance spectra were also 

recorded for the fully discharged cell in the frequency region between 100 kHz and 10 

mHz at a voltage amplitude of 10 mV. 

 

3. Results and discussion 

3.1. Screening of efficient electrolytes for the cathodic exfoliation of graphite in water 
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 The electrochemical exfoliation of graphite in aqueous medium to afford graphene 

nanosheets is usually accomplished under anodic conditions, whereby the graphite 

electrode is efficiently delaminated upon application of a positive voltage in the 

presence of a proper electrolyte (typically, a sulfate-based one) [10,11]. This process is 

believed to be driven, at least in its early stages, by the oxidation of graphite at edges, 

grain boundaries and other defects, which in turn is induced by highly reactive oxygen 

radicals generated from the oxidation of water molecules at the graphite anode [37,38]. 

In particular, the oxidative attack of graphite edges and their subsequent decoration with 

hydrophilic oxygen functional groups can be expected to lead to a local increase in the 

interlayer spacing, thus facilitating the intercalation of hydrated anions from the 

electrolyte (i.e., anions surrounded by a bound shell of water molecules) into the 

interlayer galleries of the material. These intercalated species could then act as a sort of 

molecular wedge to trigger the separation of the constituting graphene sheets from one 

another (i.e., to trigger their exfoliation), probably assisted by the electrolytic 

decomposition of the water molecules into gaseous products (e.g., O2). 

 On the other hand, such a course of events is not expected to occur in a prospective 

cathodic exfoliation with an aqueous electrolyte, because in this case water-derived 

oxygen radicals will not be generated at the graphite cathode under the applied reducing 

conditions. As a result of the lack of oxidative attack, the graphite edges will remain 

unexpanded and hydrophobic, therefore hindering the intercalation of hydrated cations 

and so the electrode exfoliation. A possible way to circumvent this issue and allow 

cathodic exfoliation in water could be to use graphite materials with pre-expanded edges 

and interlayer voids, which would expedite the entrance of ionic species from the 

electrolyte without the need to resort to oxidation processes. To this end, graphite foil 

appeared to be a good candidate [39].
 
Indeed, prior studies have indicated that anodic 
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intercalation and exfoliation processes are promoted in graphite foil compared to other 

graphite types, such as highly oriented pyrolytic graphite (HOPG) or graphite rod, 

powder and flakes [14,39] suggesting that similar effects could be in place for cathodic 

processes. As will be discussed and rationalized below, the choice of graphite foil as the 

electrode material turned out to be one of the critical factors for the success of cathodic 

exfoliation in water. 

 As potential electrolytes for the exfoliation experiments, we selected a number of 

ammonium-based salts, where the ammonium cation was derivatized with different 

alkyl or phenyl groups and the counterion was typically a halide (Cl
-
 or Br

-
). We note 

that at least in organic solvents, several ammonium-based cations are known to 

intercalate and exfoliate graphite efficiently under cathodic potentials [21–23,30,40]. 

Table 1 lists the names, acronyms used and chemical structures of the tested species. To 

provide an initial, quantitative proxy for the ability of these electrolytes to 

intercalate/exfoliate the graphite electrode, we carried out benchmark experiments 

whereby a piece of graphite foil of fixed dimensions (55 × 30 × 0.5 mm
3
) was subjected 

to cathodic treatment (bias voltage: -10 V) for 2 h in a two-electrode setup using Pt foil 

as the counter electrode in an aqueous solution of a given electrolyte at a certain molar 

concentration (see Experimental section for details of the treatment and Table 1 for the 

molar concentrations tested with each electrolyte). In many cases, the graphite cathode 

was seen to progressively swell and expand upon application of the negative potential, 

to an extent that depended on the particular electrolyte and electrolyte concentration 

tested. To illustrate this point, Fig. 1a shows digital photographs of the cross-section of 

graphite foil pieces before (left) as well as after cathodic treatment in 0.3 M PhTMACl 

(middle) and 0.3 M HTMABr (right). Upon completion of the electrolytic step, the 

expanded products were collected, thoroughly washed with water to remove remnants 
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of the ammonium-based salt, dried under reduced pressure and finally the resulting 

fluffy, low density (30–45 mg cm
-3

) powders were weighed to estimate the efficiency 

(yield) of the expansion process. Comparison of field-emission scanning electron 

microscopy (FE-SEM) images of the starting graphite foil, which appeared mostly 

planar and featureless on the millimeter scale (Fig. 1b), with those recorded for the 

expanded material obtained with an efficient electrolyte, such as 0.3 M HTMABr (Fig. 

1c and d), revealed that the cathodic treatment led to a dramatic expansion of 

micrometer-sized graphite particles (presumably along the c axis of their atomic lattice) 

to give worm-like objects (Fig. 1c). Closer inspection of the latter indicated that they 

were made up of thin, corrugated sheets separated by micrometer- to nanometer-wide 

voids (Fig. 1d). Such a morphology was very similar to that previously reported in 

efficient processes of anodic [15,14,37,41,42] and cathodic (in organic solvent 

[18,21,23]) delamination of graphite to give graphene nanosheets, suggesting that a 

satisfactory exfoliation can also be attained in aqueous medium under cathodic 

conditions. This point will be corroborated further below. 

 

 

Table 1. Name, acronym, chemical structure and the different molar concentrations 

assayed for each ammonium-based salt tested as an electrolyte in the cathodic 

exfoliation of graphite. The corresponding yields of expanded graphite obtained after 2 

h of electrochemical treatment, calculated as the weight of expanded graphite relative to 

the weight of the starting graphite foil piece, are also indicated. 
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Electrolyte  

(acronym) 

 

 

Structure 

 

 

Conc 

 

Yield  

of expanded graphite 

  (M) (wt%) 

    

Ammonium chloride  

(ACl) 
 

0.02 0 

0.1 0 

0.3 0 

    

Trimethylamine hydrochloride  

(TMAHCl) 

 0.02 0 

0.1 0 

0.3 0.5 

    

Tetramethylammonium chloride  

(TMACl)  

0.02 2.0 

0.1 8.7 

0.3 15 

    

Tetraethylammonium chloride  

(TEACl) 

 0.02 3.3 

0.1 12 

0.3 28 

    

Tetrapropylammonium chloride  

(TPACl) 

 

0.02 7.0 

0.1 13 

0.3 44 

    

Tributylamine hydrochloride   0.02 0 
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(TBAHCl) 0.1 0 

0.3 0 

    

Tributylmethylammonium 

chloride  

(TBMACl) 

 0.02 5.3 

0.1 12 

0.3 25 

    

Tetrabutylammonium chloride  

(TBACl) 

 

0.02 5.7 

0.1 13 

0.3 33 

    

Hexyltrimethylammonium 

bromide  

(HTMABr) 

 0.02 0.4 

0.1 18 

0.3 46 

    

Octyltrimethylammonium 

bromide  

(OTMABr) 

 

0.02 1.8 

0.1 13 

0.3 26 

    

Dodecyltrimethylammonium 

bromide  

(DDTMABr) 

 0.02 2.9 

0.1 8.0 

0.3 13 

    

Hexadecyltrimethylammonium  0.02 0 
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bromide  

(HDTMABr) 

0.1 

(*) 

4.6 

 

    

Phenyltrimethylammonium 

chloride  

(PhTMACl)  

0.02 2.2 

0.1 2.8 

0.3 14 

    

Benzyltrimethylammonium 

chloride 

(BzTMACl) 

 

0.02 0.7 

0.1 7.5 

0.3 25 

    

(*) The solubility of HDTMABr lies below 0.3 M. 

 

 

Figure 1. (a) Digital photographs of the cross-section of graphite foil pieces before 

(left) and after cathodic treatment in 0.3 M PhTMACl (middle) and 0.3 M HTMABr 

(right). (b-d) Typical FE-SEM images of (b) the starting graphite foil and (c,d) the 

c 

1 mm 

d 

b 

1 mm 

a 

10 m 
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cathodically expanded material obtained from it after cathodic treatment for 2 h using 

0.3 M HTMABr as the electrolyte. 

 

 The yield of expanded product, calculated as its weight relative to the weight of the 

starting graphite foil piece, was taken as a quantitative measure of the efficiency of the 

cathodic treatment, and the values determined for the tested electrolytes at different 

concentrations are given in Table 1. First of all, we note that for almost any given 

electrolyte the yield of expanded material tended to increase with the electrolyte 

concentration, which was a clear indication of the central role played by these ionic 

species in the expansion of the material. Second, large differences in yield values were 

noticed between the different electrolytes. In particular, some of the tested species, i.e. 

ACl, TMAHCl and TBAHCl, gave very small or even virtually negligible yields. We 

interpret this result to be related to the fact that one or more hydrogen atoms were 

directly connected to the N
+
 site in the corresponding cation. This type of cation should 

be readily reduced at the graphite cathode to afford a stable, electrically neutral product 

and molecular hydrogen (e.g., 2NH4
+
 + 2e

-
  2NH3 + H2 in the case of ACl) [43,44]. If 

the cation is reduced promptly to a neutral species after contacting the electrode, it will 

lose its electrophoretic mobility and hence most of its ability to intercalate the graphite 

material. As a result, no or very little expansion of the latter should take place. On the 

other hand, the electroreduction of cations without bound hydrogen atoms (i.e., with 

only alkyl or phenyl moieties bound to the N
+
 site) can be expected to be a less likely 

event, so that their intercalation into the graphite electrode would not be so much 

hampered by the loss of electrophoretic mobility. Such an interpretation was supported 

by the observation that when the TMAHCl and TBAHCl electrolytes were replaced by 

TMACl and TBMACl, respectively, which only differ from the former in the 
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substitution of a methyl group for the N
+
-bound hydrogen, very substantial yields of 

expanded product could be attained. 

 The results collected in Table 1 also provided some insight into the effect that the 

size of the alkyl groups appended to the N
+
 site of the electrolyte has on its ability to 

induce expansion of the graphite cathode. In principle, larger alkyl chains should be 

more conducive to an efficient separation of neighboring sheets in the graphite electrode 

upon cation intercalation, as a stronger wedge effect can be expected for bulkier species. 

However, the ability of cations from the electrolyte to enter the interlayer space of 

graphite in the first instance should be limited by their size, both in a direct way (i.e., if 

the cations are too large, steric effects should prevent them from penetrating the 

interlayer spaces) and indirectly through constraints on their electrophoretic mobility, 

which is largely determined by their charge/mass ratio [17]. For instance, the mobility 

of tetraalkylammonium cations in water is known to decrease with the alkyl chain 

length (i.e., methyl > ethyl > propyl > butyl) [45,46]. Based on these considerations, it 

can be anticipated that the intercalation and expansion of the graphite cathode should be 

most effective with ammonium-based cations of a certain intermediate size. This 

conclusion was substantiated by comparing the yields of expanded material within 

specific sets of the electrolytes from Table 1. More specifically, for the case of the 

tetraalkylammonium-based electrolytes with the four alkyl chains in the cation being 

identical (i.e., TMACl, TEACl, TPACl and TBACl), the measured yields clearly 

increased in the order TMACl < TEACl < TPACl, but the performance of their butyl-

based counterpart (TBACl) was similar or even lower (at the higher electrolyte 

concentration) than that of TPACl. Indeed, TPACl turned out to be a very efficient 

electrolyte, boasting yields up to 44 wt% (i.e., almost half of the graphite foil piece was 

converted to expanded product). 
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 A similar behavior was noticed for the series of electrolytes with the cation 

comprising three methyl groups and a fourth alkyl chain of variable length, namely, 

methyl, hexyl, octyl, dodecyl or hexadecyl (i.e., TMACl, HTMABr, OTMABr, 

DDTMABr and HDTMABr). For these alkyltrimethylammonium species, the highest 

expansion efficiency was attained with the hexyl-based cation and was similar to that of 

TPACl (e.g., a yield of 46 wt% at 0.3 M HTMABr), declining significantly for cations 

with longer chains. Likewise, replacing the alkyl group in the ammonium cation with an 

aryl moiety was detrimental to its ability to intercalate and expand the graphite cathode. 

This can be seen by comparing the yields of expanded product obtained with HTMABr 

(hexyl group) to those afforded by PhTMACl (phenyl group), where both groups 

possess the same number of carbon atoms (and thus the cations have very similar 

molecular weights) but the latter gave substantially lower yields. As a tentative 

explanation for such a result, it can be argued that the phenyl moiety forces the cation to 

take on a relatively flat conformation upon intercalation into graphite, in order to 

maximize its interaction with the carbon surface. With a flat configuration, the ability of 

the intercalated cation to act as a molecular wedge and expand the graphite cathode 

would be decreased. This interpretation was supported by the observation that when the 

phenyl group was replaced by a benzyl moiety (i.e., the BzTMACl electrolyte), which 

can be expected to hinder the adoption of flat configurations by the cation, higher yields 

of expanded material were attained. 

 Nevertheless, we note that the ability of some of the alkyltrimethyl-based 

electrolytes to intercalate and expand the graphite cathode could be affected by their 

tendency to form micelles above a certain concentration (referred to as the critical 

micelle concentration, or cmc), giving rise to more complex behaviors. This should be 

particularly the case for the two longer-chain species (DDTMABr and HDTMABr), 
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which are broadly used cationic surfactants and have cmc values lying below the range 

of concentrations tested here for the cathodic expansion experiments (see cmc values in 

the Experimental Section). More specifically, at concentrations above the cmc 

threshold, the number of surfactant monomers in the solution (i.e., those molecules that 

remain as stand-alone, non-associated entities) is known to be approximately invariant 

with respect to surfactant concentration, whereas the number of molecules associated in 

micelles increases monotonically with surfactant concentration [33].
 
It is reasonable to 

assume that the monomeric entities contribute most effectively to the expansion of the 

graphite cathode, as they are readily available cations for intercalation. On the other 

hand, the actual contribution of surfactant cations assembled into micelles to the 

graphite expansion is much less obvious: while surfactant micelles are dynamic objects, 

with individual molecules continuously incorporating to and detaching from the 

assembly, intercalation of a molecule (cation) from a micelle into graphite should 

involve overcoming first a certain barrier associated to its detachment from the micelle. 

As a result, the micelle-assembled cations should be less available for intercalation than 

their stand-alone, monomeric counterparts. Consequently, at least part of the mediocre 

to poor performance of DDTMABr and HDTMABr as electrolytes for the cathodic 

expansion of graphite (Table 1) should be ascribed to this effect. Such a situation was 

not believed to be in place in the case of the relatively shorter chain alkyltrimethyl-

ammonium cations (octyl and hexyl), since their corresponding cmc values were above 

the tested range of electrolyte concentrations (see cmc values in the Experimental 

Section). Nonetheless, the extent to which micellization of DDTMABr and HDTMABr 

limited their ability to intercalate and expand the graphite cathode is currently unknown 

and its determination lies beyond the scope of the present work. 

3.2. Physicochemical characteristics of the cathodically exfoliated graphenes 



23 
 

 While some of the tested aqueous electrolytes (e.g., HTMABr and TPACl) 

demonstrated a good ability to intercalate the graphite cathode and give high yields of 

expanded product, the actual amount as well as the characteristics of graphene 

nanosheets that could be extracted from the latter were a priori unknown and needed to 

be determined. Nanosheet extraction from electrochemically exfoliated graphites is 

typically accomplished through a sonication step in proper solvents [10,47]. To this end, 

a certain amount of expanded material was transferred to a solvent medium, where it 

was subjected to mild sonication to separate loosely attached, thin nanosheets from 

poorly exfoliated, relatively thick platelets, and finally either centrifuged at 50 g for 20 

min or allowed to stand undisturbed overnight, with the resulting supernatant 

(dispersion) being collected for further studies and the sediment being discarded (see 

Experimental section for details). Fig. 2a shows a digital photograph of several 

successful dispersing solvents, where the supernatant material could be stably 

suspended for days to weeks, as denoted by their dark grey or black tone. These 

solvents included N-methyl-2-pyrrolidone, N-vinyl-2-pyrrolidone, N-ethyl-2-

pyrrolidone, N,N-dimethylformamide, pyridine, 1,3-dioxolane, dimethyl sulfoxide, 

ethlylene glycol and water with the non-ionic surfactant Pluronic P123 (triblock 

copolymer). Other tested solvents that turned out to be ineffective for dispersion 

comprised pure water (as could be expected for low-oxidized nanosheets), 

water/isopropanol mixtures and ethanol. Representative UV-vis absorption spectra of 

the material suspended in some successful solvents, specifically, ethylene glycol (red 

trace), and water /P123 (blue trace), are presented in Fig. 2b. It is dominated by a strong 

absorption peak located at about ~270 nm, together with substantial, slowly decreasing 

absorbance at longer wavelengths. These features are known to be characteristic of 

graphitic, sp
2
-based carbon nanostructures with limited oxidation, including pristine 
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graphene and well reduced graphene oxide nanosheets, but not (unreduced) graphene 

oxide [39,48,49]. In particular, the peak at ~270 nm has been ascribed to 
*
 

transitions in electronically conjugated domains of carbon materials with sizes larger 

than those typical of the conjugated domains in graphene oxide (i.e., larger than a 

couple of nanometers) [39,50]. The UV-vis spectra of the rest of the successful solvents 

are not shown as their absorption saturates the signal in the UV range, thus precluding 

the observation of graphene characteristic adsorption peak at ~270 nm. 
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Figure 2. Physicochemical characterization of the cathodically exfoliated graphenes 

isolated by ultrasonication of the expanded product in solvent media: (a) Digital picture 

of graphene dispersions in different solvents. From left to right: N-methyl-2-

pyrrolidone, N-vinyl-2-pyrrolidone, N-ethyl-2-pyrrolidone, N,N-dimethylformamide, 
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pyridine, 1,3-dioxolane, dimethyl sulfoxide, ethylene glycol and water with the non-

ionic surfactant Pluronic P123 (0.5 wt%). (b) UV-vis absorption spectra of graphene 

dispersions obtained with 0.3M HTMABr in ethylene glycol (red trace), and water 

/P123 (blue trace). (c-e) Representative STEM images recorded for cathodic graphene 

flakes. (f) Typical AFM image of graphene flakes deposited onto HOPG substrate from 

their dispersion. A representative line profile (black line) taken along the marked white 

line is shown overlaid on the image. Histograms of (g) lateral size and (h) apparent 

thickness of graphene flakes derived from a pool of 50 flakes measured from AFM 

images. (i) Background-subtracted, normalized high resolution XPS C 1s core level 

spectra recorded for graphene obtained with 0.3 M HTMABr (red trace) and 0.3 M 

TPACl (green trace). The spectrum of the starting graphite foil has been added as a 

reference (black trace). (j) Raman spectra of graphene obtained with 0.3 M HTMABr 

(red trace) and with 0.3 M TPACl (green trace). The main bands have been labeled for 

clarity. 

 

 The physicochemical characteristics of the solvent-dispersed objects (e.g., lateral 

size and thickness, presence of structural defects and chemical composition) were 

analyzed by both microscopic and spectroscopic techniques. Direct evidence of the 

efficient generation of graphene nanosheets from the aqueous cathodic process was 

gathered by scanning transmission electron microscopy (STEM) and atomic force 

microscopy (AFM). Figure 2c-e shows typical STEM images recorded for graphene 

flakes obtained using 0.3 M HTMABr as. In all cases, the observed flakes exhibited an 

irregular polygonal shape with typical lateral sizes of several hundreds of nanometers, 

as shown in the histogram of flake lateral size in Fig. 2g. The apparent thickness of the 

flakes derived from representative AFM height profiles ranged from a few to several nm 



27 
 

(Fig. 2f and 2h). However, detailed inspection of the AFM images revealed that the 

flakes were decorated by discrete features about 1 nm high, which could be ascribed to 

remnants of electrolyte and/or organic solvent molecules that remain adsorbed on the 

graphene surface despite the washing. The detection of small amounts of nitrogen (<1 

at%) by X-ray photoelectron spectroscopy (XPS) analysis of paper-like films prepared 

by filtration of the graphene dispersions (see Fig. S1a of the Supplementary material) 

provided further evidence of the presence of electrolyte and/or organic solvent 

molecules adsorbed on their surface. Indeed, this effect has been previously reported for 

cathodically exfoliated graphite obtained with ammonium-based salts in organic 

medium [21]. It was thus reasonable to assume that the measured apparent thickness of 

the flakes included a contribution of up to about 2 nm (i. e., ~1 nm from each face of the 

flake) from adsorbed electrolyte/organic solvent. Consequently, the actual thickness of 

the flakes would be below 8 nm, typically comprising a few to several graphene layers. 

Chemical analysis by XPS of the graphene flakes processed into films revealed that 

carbon was the dominant element, although some amount of oxygen and nitrogen, as 

mentioned above, was also found (see Fig. S1a of the Supplementary material). The 

O/C atomic ratio was 0.05–0.08, similar to the values reported for prior cathodically 

exfoliated graphenes obtained in organic media [19,21]. These values are lower than 

those usually found for anodically exfoliated graphite or reduced graphene oxide, with 

O/C atomic ratio values typically ranging between 0.10 and 0.20 but much higher than 

those of pristine graphene flakes derived from direct exfoliation routes (O/C ratios 0.01) 

[12]. Fig. 2i shows high resolution C 1s core level spectra for graphene obtained with 

0.3 M HTMABr (red trace) and 0.3 M TPACl (green trace). For comparison purposes, 

the corresponding spectrum for the starting graphite foil is also shown (black trace). As 

clearly seen, the difference between the spectra of the cathodically exfoliated graphenes 
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and the starting graphite are marginal (see difference spectra in Fig. S1b of the 

Supplementary material). Indeed, the C 1s band for the cathodically exfoliated 

graphenes was sharp and centered at ~284.6 eV (C=C structures in non-oxidized 

graphitic domains), and displayed only a minor contribution from oxidized species (e. 

g., hydroxyl or epoxide C-O groups) centered at ~286.5 eV [39]. These results 

corroborated that the cathodic graphenes obtained in aqueous medium were oxidized 

only to a rather limited extent.  

 The structural quality of the cathodic graphenes was evaluated by Raman 

spectroscopy, as illustrated in Fig. 2j for materials obtained with 0.3 M HTMABr (red 

trace) and 0.3 M TPACl (green trace) as electrolytes. The spectra were dominated by 

three bands: the G band characteristic of graphite/graphene materials (~1582 cm
-1

), the 

defect-related D band (~1350 cm
-1

) and its overtone, the 2D band (~2700 cm
-1

) [51]. 

The integrated intensity ratio of the D and G bands (ID/IG ratio), which is widely 

adopted as a quantitative measure of the amount of defects present in graphitic 

structures [51], yielded values of 0.2–0.3 for the cathodically exfoliated graphenes. 

These values are comparable to, or even lower than, those usually reported for 

graphenes obtained by direct liquid-phase exfoliation of graphite. Although such ID/IG 

ratios were significantly larger than that of the starting graphite foil (~0.03), they are not 

thought to arise from a greater number of basal plane defects in the exfoliated graphene 

flakes, but from the relatively small lateral dimensions of the flakes. Given that the 

diameter of the Raman laser spot (a few micrometers) was larger than the typical flake 

size (see Fig. 2c–f and discussion above), the flake edges must have contributed 

substantially to the intensity of the defect-related D band [52,53]. 

 Taken together, the characterization results allow concluding that the dispersions 

obtained via aqueous cathodic exfoliation were comprised of few- to several-layer 



29 
 

graphene flakes that largely retained the chemical and structural integrity of their parent 

material. Such high structural quality and limited oxidation was expected to imply the 

retention of high electrical conductivity. Indeed, the conductivity of films obtained by 

vacuum-filtration of the present cathodic graphene dispersions obtained using, e. g., 0.3 

M HTMABr as the electrolyte was 1.5×10
4
 S m

-1
. This figure compared favorably with 

the values previously reported for graphene films obtained by direct exfoliation of 

graphite via ultrasonication in organic solvents or water-surfactant systems (~2×10
2
–

5×10
4
 S m

-1
 [35,52–55]) and was similar to the values obtained beforehand for films of 

high-quality, low-oxidized anodic graphene obtained with oxidation-preventing 

electrolytes or electrolyte additives (~1×10
4
 –4.6×10

4
 S m

-1
 [16,17,38]). 

 

3.3. Overall yield of the exfoliation process and relevance of the starting graphite type 

 The overall yield of graphene nanosheets produced with the best-performing 

aqueous electrolytes (i.e., the mass of graphene extracted from the expanded material 

relative to the mass of the starting graphite foil piece) was estimated by determining the 

concentration of the corresponding dispersions in a good solvent such as N-methyl-2-

pyroolidone. Dispersion concentrations were assessed following previously reported 

protocols based on the use of UV-vis absorption spectroscopy (Lambert-Beer law 

[17,35]). For many electrolytes, roughly one third to one half of the mass of the 

expanded product could be extracted as graphene nanosheets, implying that the overall 

graphene yield was about one third to one half of the corresponding yield of expanded 

material. This was particularly the case of the best electrolytes, namely, TPACl and 

HTMABr, which boasted overall yields of ~15–20 wt%. It is important to note that the 

yield of expanded product and thus the overall graphene yield were highly dependent on 

the thickness of the graphite foil piece used in the experiments, thinner foils affording 
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higher yields of expanded material. The yields of expanded product collected in Table 1 

were obtained with ~500 m thick graphite foil, whereas in many instances in the 

literature substantially thinner foils (e.g., between 100 and 250 m) have been used for 

electrochemical exfoliation experiments (both anodic and cathodic [16,19,25,32,37,56]). 

Indeed, carrying out the cathodic treatment in 0.3 M TPACl or HTMABr with ~70 m 

thick foil pieces led to yields of expanded product close to 100 wt%, and thus to overall 

graphene yields of ~40–50 wt%. These overall yields were commensurate with, or even 

better than, the graphene yields previously reported for the cathodic exfoliation of 

different types of graphite (foil, rod, powder, etc) in organic solvents [18,24,26,27
,
57–

59] indicating that the present water-based cathodic approach is competitive with those 

implemented in non-aqueous media. The increase in yield obtained by departing from 

thinner foils could also be attained using ~500 m thick graphite foil by repeating the 

process in consecutive steps. Indeed, the foil did not lose its integrity after cathodic 

expansion and could be re-used as cathode after gently scrapping the fraction that was 

expanded from its surface. In each consecutive step, a similar amount of graphite was 

detached and expanded from the graphite foil. Thus, as could be expected, the yield of 

expanded product became nearly 100% after 2 steps at 0.3 M TPACl and 0.3 M 

HTMABr, after 3 steps at 0.3 M TBACl and 0.3 M TEACl, and after 4 steps at 0.3 M 

BzTMACl. 

 As briefly noted above, a critical issue for the successful attainment of graphene 

through cathodic exfoliation in water was a proper choice of the graphite type to be used 

as an electrode. While substantial amounts of expanded product and then graphene 

nanosheets could be generated with certain electrolytes and graphite foil as the cathode 

(Table 1), the same was not true when graphite foil was replaced by other types of 

graphite, such as graphite rod or HOPG. In these cases, almost no expansion of the 
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cathode was observed even if using the best-performing electrolytes (for HOPG, a very 

slight expansion could be noticed), so that graphene nanosheets could not be extracted 

in any significant quantities. We believe the ultimate origin of such a discrepancy 

between graphite foil and other graphite types to be in the different packing 

configurations of the graphene layers in the materials. For HOPG, graphite rod and 

other graphite varieties (powder, flakes), the graphene layers are very tightly stacked 

onto each other, leaving essentially no interlayer voids or openings [39]. In the absence 

of oxidation processes at the graphite electrode during the electrolytic treatment, which 

are only expected to occur under anodic conditions, the interlayer spaces adjacent to the 

graphite edges should remain mostly hydrophobic and unexpanded, thus preventing the 

entry of hydrated cations from the electrolyte and thus the electrode expansion (Fig. 3a). 

 

 

 

Figure 3. Schematic of the cathodic exfoliation process for (a) graphite with tightly 

stacked graphene layers, such as graphite powder, flakes, rod, etc. and (b) graphite 

containing local areas with expanded interlayer spacing, such as graphite foil. In (a), 

a 

b 

 

hydrated cation from the electrolyte 

= 



32 
 

hydrated cations from the electrolyte are not able to enter the interlayer spaces, as the 

latter remain hydrophobic and unexpanded due to the absence of oxidizing conditions in 

the electrolytic treatment. As a result, no expansion and exfoliation of the material is 

attained. In (b), pre-formed interlayer openings and voids in the graphite material 

facilitate the entry of hydrated cations, then triggering its expansion and exfoliation. 

 

 On the other hand, graphite foil is known to possess a large number of nanometer-

sized interlayer voids and packing imperfections, i.e., local areas with expanded 

interlayer spacing, which arise from its production process (roll compaction of 

expanded graphite particles [39]). Indeed, FE-SEM images of the surfaces of HOPG 

and graphite foil observed at an angle of ~ 45° in respect of the basal plane (see Fig. S2 

in the Supplementary material) reveal, respectively, the absence and presence of voids 

and imperfections. In particular, the interlayer voids located adjacent to graphite edges 

should act as selective entry points and facilitate the initial intercalation of a number of 

hydrated cations from the electrolyte (Fig. 3b). The latter would then behave as a sort of 

advance party, playing the role of a molecular wedge and triggering a further expansion 

of the interlayer spacing at increasing distances from the edges into the graphite particle. 

In turn, this process should favor the subsequent intercalation of more hydrated cations, 

which would continue cleaving the layers to finally give expanded products from which 

graphene nanosheets can be readily extracted. The reduction of the water molecules that 

hydrate the cations would generate hydrogen and the gas pressure built-up in the 

interlayer spaces could contribute as well in some extent to the expansion. Overall, it 

can be concluded that a pre-requisite for the successful exfoliation of graphite in water 

under both anodic and cathodic conditions is the presence of expanded edges that 

facilitate the intercalation of hydrated ions. However, whereas expanded edges can be 
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generated in situ under anodic conditions as a result of built-in oxidation processes 

[11,37], they have to be pre-formed by some means for cathodic exfoliation, for 

instance, by applying a proper pre-expansion step to the graphite material, as was the 

case of graphite foil. We also note that the need to use this type of graphite should not 

constitute a significant problem with a view to the industrial implementation of cathodic 

exfoliation in water for the production of high quality graphene. Graphite foil is 

manufactured annually by the ton as a modestly priced commodity (less than U.S. $0.1 

per gram, compared to about U.S. $100 per gram for HOPG), which should contribute 

to the affordability of the aqueous cathodic route.  

 

2.4. Application of cathodically exfoliated graphene as sorbent in oil absorption and 

electrochemical energy storage 

 The high-quality, low-oxidized, and electrically conductive graphene obtained here 

by aqueous cathodic exfoliation could find use, e. g., as a sorbent in water/oil 

remediation, where hydrophobicity is a requisite, or as an electrode for energy storage, 

where a high electrical conductivity is needed. A large specific surface area would be an 

additional requirement for both applications that graphene-based materials could in 

principle fulfill. Among our materials, those subjected to sonication after cathodic 

expansion would in principle display higher exposed surface areas in liquid media. 

However, when these well-separated graphene nanosheets are removed from their 

dispersing solvent or when the (non-sonicated) cathodically expanded graphite materials 

are removed from their electrolytic and washing media to handle them as bulk solid 

products for practical uses, they tend to re-stack into more compact configurations, with 

the subsequent decrease in surface area and performance in such uses [60]. To alleviate 

this issue, proper assembling strategies must be put in place, which frequently involve 
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the construction of three-dimensional structures with the aid of components other than 

graphene [61]. Here, we have investigated two such protocols for the present cathodic 

graphene in the context of its use as a sorbent for oils/organic solvents and as an 

electrode for energy storage (supercapacitors). Fig. 4a shows the sorption capacity of as-

expanded (non-sonicated) materials obtained via cathodic exfoliation of graphite using 

0.3 M HTMABr (red bars) and 0.3 M TPACl (green bars) towards several organic 

solvents and oils, namely, toluene, heptane, dodecane, tetrahydrofuran, acetone, 

chloroform, olive oil and pump oil. As expected from their hydrophobic nature, these 

materials were good sorbents for such liquids, with measured sorption capacities 

ranging between ~8 and 20 g/g, comparable to those reported for light weight graphene-

based sorbents of similar density (30–45 mg cm
-3

 [14]) (see Table S1 in the 

Supplementary material for a comparative list). Nevertheless, it is noteworthy that the 

much simpler and faster preparation of the present materials constitutes an asset over 

those prior graphene-based sorbents. To improve these sorption figures with cathodic 

graphene, though, it is clear that macroscopic structures of a lower density must be 

used. To this end, we resorted to commercial melamine foam (density: ~8–10 mg cm
-3

) 

as a scaffold that was coated with a thin layer of graphene nanosheets [62]. Coating was 

accomplished by repeatedly soaking the foam into a (sonicated) dispersion of cathodic 

graphene nanosheets in pyridine and drying at moderate temperature, giving rise to 

graphene loadings on the foam of up to 4 mg cm
-3

 (see Experimental section for 

details). This was considered as the optimal loading, that is, the minimum needed to 

avoid absorption of water by the foam. Fig. 4b shows digital photographs of the starting 

melamime foam (white dices) and the graphene-coated one (blackish dices) after casting 

droplets of acetone and water with yellow and magenta dye, respectively, to facilitate 

observation of their fate. The neat, non-coated melamine foam, which was originally 
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both hydrophilic and oleophilic, and thus would not be fitted as sorbent for water 

remediation, as it would indiscriminately adsorb water and pollutant, became highly 

hydrophobic after coating with graphene. Indeed, the water contact angle for the 

graphene-coated material was determined to be ~120° (inset to bottom panel of Fig. 4b). 

FE-SEM imaging provided insight into the structural origin of the observed change: the 

starting (hydrophilic) surface of the foam (Fig. 4c) became largely covered with the 

(hydrophobic) graphene nanosheets after dip-coating (Fig. 4d). These results indicate 

that the graphene-coated foam can be used as a selective sorbent for, e. g., removing oil 

spills from water, as illustrated by the series of successive (from left to right) digital 

photographs shown in Fig. 4e, where the oil phase originally floating on water was 

removed by dipping the graphene-coated foam. The measured sorption capacities of the 

graphene-coated foam towards the different solvents ans oils are given in Fig. 4f, with 

typical values ranging between 60 and 150 g/g, i. e., 3 to 10 times larger than those 

determined for by the as-expanded material (compare Figs. 4a and f). This improvement 

must come from the lower density (~12–14 mg cm
-3

) of the former sorbent. Another 

advantage of the graphene-coated foam over the as-obtained powdery solid lies in its 

easier handling. Indeed, as seen in the digital photographs in Fig. 4e, oil contamination 

could readily be removed from water just by dipping the coated foam sorbent into the 

liquid for a few seconds. The regeneration of the foam could be performed very 

conveniently as well, just by squeezing it and gathering the desorbed liquid on 

absorbent paper. Furthermore, the sorption capacity for the oils after ten 

sorption/desorption cycles was retained to a large extent, as indicated by the re-usability 

tests gathered in Fig. 4g. We note that the ability of the cathodic graphene-coated foam 

to retain its oil sorption capacity after repeated use was much better than that of 

previously reported melamine foam coated with graphene derived from chemically 
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expanded graphite, where an ~80% decrease in oil sorption capacity was measured 

during the first few cycles [62],
 
thus highlighting the practical advantage of the present 

materials. These re-usability tests also provided indirect evidence of the stability of the 

sorbents, and thus of the durability and strength of the adhesion between graphene 

coating and melamine foam. 
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Figure 4. (a) Sorption capacity for different organic solvents and oils of as-expanded 

graphite materials obtained via cathodic exfoliation of graphite foil using 0.3 M 

HTMABr (red bars) or 0.3 M TPACl (green bars) as the electrolyte. (b) Digital pictures 

of droplets of acetone (top) and water (bottom) deposited on the surface of melamine 

foam (white dice) and graphene-coated melamine foam (blackish dice). A dye (yellow 

for acetone and magenta for water) has been added to the droplets to render them more 

readily visible. Inset: magnified photograph of a water droplet on the surface of 

graphene-coated melamine foam. (c,d) FE-SEM images of the neat, non-coated 

melamine foam (c) and melamine foam coated with graphene (d). (e) Digital 

photographs of: olive oil floating on water (left), a graphene-coated melamine foam 

adsorbing the oil phase (middle), and the final oil-free water after extraction of the 

sorbent (right). (f) Sorption capacity of graphene-coated melamine foam towards 

different organic solvents and oils. (g) Histogram for the re-usability of the graphene-

coated foam for the sorption of oils. 

 

 The cathodically exfoliated material was also tested as an electrode for capacitive 

energy storage. Again in this case, the dried, as-expanded non-sonicated graphite 

material (0.3 M HTMABr) was preferred to the its solvent-sonicated counterpart for 

direct use as the electrode material, due to its easier processing and handling. The 

electrochemical charge storage experiments were carried out in a three-electrode 

configuration with aqueous 6M KOH as the electrolyte (see Experimental Section for 

details). Fig. 5a shows the cyclic voltammetry (CV) curves recorded for the as-

expanded material at different potential scan rates. The voltammograms exhibited 

nearly rectangular shape with no redox peaks, indicating that charge storage in the 

electrode was dominated by the formation of an electric double layer, with no 
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significant contribution from Faradaic processes (i. e., pseudocapacitance). This is the 

expected behavior for carbon materials with low heteroatom content (including the 

present cathodic graphene), and thus low amounts of electroactive species (e.g., certain 

oxygen-containing functional groups) [60]. Fig. 5b shows typical galvanostatic 

charge/discharge curves recorded at different current densities for the as-expanded 

material. The curves displayed nearly symmetrical shapes and linear slopes, which is 

again consistent with electrochemical double-layer capacitive processes as the 

prevailing charge storage mechanism. As displayed in Fig. 5e (red squares), the 

gravimetric capacitance values calculated from the discharge curves for this material 

were ~25 F g
-1

 at 0.3 A g
-1

 and decreased down to ~5 F g
-1

 at a current density of 20 A 

g
-1

. These figures were rather low in comparison with those reported for other graphene 

materials previously tested as electrodes for capacitive energy storage (see Table S2 in 

the Supplementary material for a comparative list). We interpret such a poor 

performance to be the result of significant re-stacking taking place in the material 

during its processing to form the electrodes. More specifically, re-stacking could readily 

arise from the drying and pressing of the cathodically expanded graphite. This re-

stacking, together with the hydrophobic nature of the low-oxidized cathodic graphene 

layers, should prevent an effective wetting of interlayer spaces by the electrolyte, hence 

seriously limiting the capacitance of the electrode.  
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Figure 5. Electrode performance tests for catodically exfoliated graphite both alone and 

in combination with cobalt oxide nanosheets. Cyclic voltamograms recorded at potential 

scan rates between 1 and 500 mV/s for cathodic graphene alone (a) and cathodic 

graphene combined with cobalt oxide (c). Galvanostatic charge/discharge curves 

recorded at current densities between 0.3 and 20 A/g for cathodic graphene alone (b) 

and cathodic graphene combined with cobalt oxide (d). (e) Gravimetric capacitance 

values determined at different current densities from the discharge curves in b (red 

squares) and d (black squares). Inset to e: capacitance retention (in percentage) 

measured at a current density of 2 A/g for consecutive charge/discharge cycles (up to 

10000) of the electrodes prepared from cathodic graphene alone (red trace), and 

cathodic graphene in combination with cobalt oxide (black trace). (f) Electrochemical 

impedance spectra of cathodic graphene alone (red trace) and cathodic graphene 

combined with cobalt oxide (black trace). Inset to f: detailed view of the high frequency 

region of the spectra. 
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 To improve the capacitive performance of the cathodically expanded material, we 

combined it with a small amount of an electroactive material (cobalt oxide) in nanosheet 

morphology, which could provide a two-fold benefit: (1) to contribute 

pseudocapacitance to the hybrid electrode, and (2) to act as a spacer material within the 

expanded graphite, thus alleviating to some extent the issue of re-stacking during the 

electrode processing [60,63]. We synthesized cobalt oxide nanosheets following the 

general solvothermal method originally proposed by Sun et al for the preparation of 

stand-alone transition metal oxide nanosheets [36], but  with the novelty that here the 

wet synthesis was performed in the presence of cathodically expanded graphite (see 

Experimental Section for details). The fact that the originally grey material acquired a 

slightly greenish tone after the process pointed to the successful generation of cobalt 

oxide [64]. Indeed, the amount of metal oxide present in the hybrid structure was 

determined to be ~5 wt% by elemental analysis. By comparison of the FE-SEM images 

of the surface of the as-expanded graphite before (Fig. 6a and c) and after (Fig. 6b and 

d) the solvothermal synthesis, we inferred that the small elongated features that 

uniformly decorated the surface of the latter correspond to cobalt oxide lamellae. 

Indeed, the nanosheets were seen to be attached sideways on to the expanded graphite 

plane, instead of lying flat on its surface. This morphology should be beneficial for the 

use of the material for capacitive energy storage, as it should increase the surface 

exposed to the electrolyte and improve accessibility of the ions. The presence of cobalt 

oxide on the expanded graphite was confirmed by XPS. Indeed, the recorded high 

resolution Co 2p3/2 core level spectrum (Fig. 6d) was that expected for cobalt in an 

oxidation state of +2 [65]. Indeed, the Co 2p3/2 band comprised a main peak located at a 

binding energy of ~781 eV, and a second, less intense satellite band at ~786 eV typical 

of cobalt (II) species. 
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Figure 6. FE-SEM images of cathodically espanded graphite alone (a,c) and the same 

material coated with cobalt oxide nanosheets (b,d). (e) High resolution Co 2p3/2 XPS 

spectrum of the expanded graphite-cobalt oxide hybrid. The background (dashed line), 

and the two components obtained upon peak-fitting of the spectrum (dotted lines) are 

also indicated. 
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delivered current (see Fig. 5c) and gravimetric capacitance values (Fig. 5e), the latter 

being 50–140 F g
-1

 for current densities ranging between 20 and 0.3 A g
-1

. The 

occurrence of Faradaic redox reactions, in addition to purely capacitive processes, was 

confirmed by the appearance of oxidation and reduction humps visible in the CVs 
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Hg/HgO, respectively. The corresponding galvanostatic charge/discharge curves (Fig. 

5d) were less symmetrical than those of its cobalt oxide-free counterpart (Fig. 5b), 

which was expected from the fact that some of the charge will be stored by ionic 

intercalation (pseudocapacitance) into the electrode and not just by the formation of an 

electrical double layer on its surface. This hybrid electrode was also stable, retaining its 

capacitance after 10,000 consecutive charge/discharge cycles at 2 A g
-1

 (black trace in 

the inset to Fig. 5e). 

 Information on ionic diffusion and electronic conductivity of the tested electrodes 

(with and without cobalt oxide), was obtained by electrochemical impedance 

spectroscopy. Fig. 5f shows Nyquist plots of the two electrodes. At high frequencies 

(inset to Fig. 5f) both materials behaved similarly, showing equivalent series resistance 

of ~0.1  and ~0.5 for the electrodes with and without cobalt oxide, respectively. In 

the case of the cobalt oxide-containing materials, there was a short segment at 45° phase 

angle related to diffusion-controlled Faradaic reactions, followed by a nearly vertical 

line, indicative of an almost ideal capacitive behavior. However, the curve for the cobalt 

oxide-free material (red trace) exhibited a lower, similar phase angle largely 

independent of the frequency. This behavior has been previously observed for some 

porous carbon-based double-layer capacitors and is thought to have a non-diffusional 

origin related to the presence of a distributed resistor-capacitor network due to the 

porous nature of the electrode, where slit- and/or wedge-shaped pores lead to the kind of 

curve envelope observed here [66]. Indeed, such types of pore shape are the ones 

expected for graphenes obtained through electrochemical exfoliation (see Fig. 3).  

  

4. Conclusions 
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 We have demonstrated that high quality graphene nanosheets can be obtained in 

substantial yields (up to ~40–50 wt%) through cathodic exfoliation of graphite in water-

based electrolytes. Two aspects were found to be critical for a successful and efficient 

aqueous cathodic exfoliation, namely, the type of starting graphite and the electrolyte. 

In the absence of oxidizing conditions during the electrolytic treatment such as those 

typically found in anodic exfoliation processes, the use of graphite materials having pre-

expanded edges and interlayer voids (e.g., graphite foil) was seen to be essential for an 

effective intercalation of the material by aqueous cations. As for the electrolyte, 

quaternary ammonium-based cations of a certain intermediate size (e.g., 

tetrapropylammonium or hexyltrimethylammonium) exhibited an optimum ability to 

expand the graphite cathode and give graphene nanosheets in competitive yields. The 

exfoliated material could be colloidally dispersed in different media and was made up of 

few- to several-layer nanosheets with low defect content and limited oxidation. 

Melamine foam coated with cathodic graphene nanosheets was tested as a hydrophobic 

sorbent for the removal of oils and organic solvents from water, exhibiting good 

sorption capacities and a high re-usability. Likewise, combination of the cathodically 

exfoliated material with a small amount of vertically oriented cobalt oxide nanosheets 

afforded hybrids with good capacitive charge storage characteristics. Overall, we 

believe that the water-based route developed here should raise the prospects of cathodic 

exfoliation as a competitive approach in the efforts to industrialize the production of 

high quality graphene for use in different practical applications. 

  

Supplementary material. Additional XPS characterization of the materials; additional 

FE-SEM characterization of graphite foil and HOPG; tables gathering a comparison of 
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the sorption capacity and gravimetric capacitance values of the materials prepared in 

this work with those previously reported for other graphene-based materials. 
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