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The Exfoliation of Graphene in Liquids by Electrochemical, 
Chemical, and Sonication-Assisted Techniques: A 
Nanoscale Study
 The different exfoliation routes of graphite to produce graphene by sonication 
in solvent, chemical oxidation and electrochemical oxidation are compared. 
The exfoliation process and roughening of a fl at graphite substrate is directly 
visualized at the nanoscale by scanning probe and electron microscopy. The 
etching damage in graphite and the properties of the exfoliated sheets are 
compared by Raman spectroscopy and X-ray diffraction analysis. The results 
show the trade-off between exfoliation speed and preservation of graphene 
quality. A key step to achieve effi cient exfoliation is to couple gas production 
and mechanical exfoliation on a macroscale with non-covalent exfoliation and 
preservation of graphene properties on a molecular scale. 
  1. Introduction 

 As a one-atom-thin carbon sheet, graphene has been inten-
sively studied due to its impressive mechanical, thermal, optical 
and electronic properties. High-quality monolayers of graphene 
can be obtained on wafer scale by chemical vapor deposition or 
epitaxial growth. Though, massive production of graphene on 
ton scale, possibly with eco-friendly techniques, will be needed 
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to allow good processability and low costs 
applications in composites, batteries, inks, 
etc. 

 Luckily, Nature has provided us with 
large amounts of high-quality graphene 
sheets, stacked inside mineral graphite; 
all we need to fi nd is a convenient way to 
effi ciently exfoliate it into single sheets, 
preserving its nice conjugated honeycomb 
structure. To do this, we should overcome 
the non-covalent, weak but signifi cant 
interactions present between graphene 
sheets ( ≈ 43 meV/atom). [  1  ]  Furthermore, 
to exploit the high surface area of gra-
phene as a substrate for catalysis, sensing, 
hydrogen or charge storage, a thorough understanding of the 
exfoliation mechanisms of graphene in liquids is needed. 

 Nowadays, graphite can be exfoliated by different chemical 
methods in liquid phase. One of the simplest approaches to dis-
perse graphene sheets is ultrasonic treatment in organic solvents. 
Some dipolar aprotic solvents (e.g.,  N , N′ -dimethylformamide 
(DMF) or  N -methylpyrrolidone (NMP)) or surfactants in 
aqueous solutions revealed to be effective to stabilize graphene 
in solution without re-aggregation. [  2  ,  3  ]  The mechanism of 
graphene dispersion in these solvent is not defi nitively clear 
on a molecular scale and fl ake dimensions are mostly below 
1  μ m. [  2  ,  4  ]  

 A more effective but disruptive approach to solubilize 
graphene is by covalent modifi cation, in particular by the for-
mation of graphene oxide (GO). In presence of strong oxidants, 
the aromatic carbon network is oxidized with the creation of 
hydroxyl, carboxyl and epoxy moieties. [  5  ]  The hydrophilic nature 
of these moieties on GO facilitates the solution processing of 
highly concentrated single sheets on different substrates. [  6  ]  The 
GO sheets can be then reduced back to give conductive reduced 
graphene oxide (rGO), to be used in working microelectronic 
devices. [  7  ,  8  ]  However, numerous defects on GO are not fully 
restored after reduction and the electronic properties of rGO 
are poorer compared to those of the pristine graphene. 

 Another more controllable, slightly less disruptive approach 
to exfoliate graphite takes advantage of electrochemistry. By 
adjusting the driving potential in suitable electrolytes, graphite 
electrodes can be either negatively or positively intercalated to 
give graphene intercalation compounds (GICs), and then exfoli-
ated by solvent decomposition directly during electrochemical 
treatment or by further thermal treatment. [  9  ]  
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     Figure  1 .     AFM image of soluble fl akes obtained by a) sonication-assisted exfoliation-SE, b) chemical exfoliation-CE and c) electrochemical exfoli-
ation-EE. The fl akes have been spin coated on SiOx/Si from solution. The insets show a zoom-in taken in the white square areas. Height profi les 
taken along the white lines in the insets are shown in the Supporting Information, Figure S13. Z-range: (a) and inset of (a) 20 nm; (b) and inset of 
(b) 5 nm; (c) and inset of (c) 15 nm.  
 Even if some of these techniques have been intensively 
studied in recent years, [  10  ]  a comprehensive comparison of the 
different exfoliation mechanisms is still needed. The commonly 
accepted rational about graphene exfoliation is (roughly) that 
the more defects are introduced in the lattice, the more soluble 
are the sheets, the more effi cient is the exfoliation. Sheet solu-
bility is for sure fundamental to stabilize graphene in solution; 
however, the exfoliation process itself is a complex phenom-
enon that takes place on nanometer and mesoscopic scales and, 
in analogy to other solubilization processes, [  11  ]  will depend on 
a complex competition between chemical, electrostatic and van 
der Waals interactions, as well as fl uid dynamics on the micro-
scale. The fi nal result will always depend not only on thermody-
namics, but on kinetic factors as well. A clear evidence of this 
is that, even if the single GO sheets are highly hydrophilic, dry 
powders of GO often need intense sonication to be exfoliated 
in water. 

 Typical studies on graphite exfoliation mechanism focus on 
the solubilized sheets obtained during the exfoliation. Usu-
ally, they use graphite powder or fl akes as starting material 
and then analyze the obtained sheets by Raman spectroscopy, 
to quantify defect density and exfoliation grade, and different 
microscopy techniques to measure sheets’ size and thickness 
distribution. [  4  ]  A table summarizing the results obtained in dif-
ferent exfoliation studies is available in Supporting Informa-
tion. This approach, although highly effective in quantifying 
the exfoliation effi ciency, can hardly give useful information on 
the exfoliation mechanism that generates the different types of 
graphene and graphene oxide. 

 Here, we present a different approach to the study of graphite 
exfoliation by the above techniques. We analyze not only the 
graphene successfully dispersed, but focus our attention on the 
graphite that is left behind after the exfoliation process. 

 For this, rather than using graphite powder or microscopic 
fl akes, we choose as starting substrate the fl at surface of highly 
oriented pyrolytic graphite (HOPG). 

 In this way, the surface exfoliation process can be easily fol-
lowed by optical microscopy (OM), atomic force microscopy 
(AFM) and scanning electron microscopy (SEM). X-rays diffrac-
tion (XRD) and Raman spectroscopy are also used to monitor 
substrate damage on atomic scale, and the effectiveness of the 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4684–4693
intercalation process. The electrochemical exfoliation process is 
also characterized by cyclic voltammetry (CV). 

 The exfoliated sheets, once dispersed in solution, are re-de-
posited as single sheets to be analyzed by AFM, or re-stacked in 
thick layers and studied again by AFM, XRD and Raman. 

 Following the changes in morphology and roughness of the 
HOPG surface on the proper scale, we observe the similarities 
and differences in mechanisms that lead to exfoliation, and 
how effectively they can be used to produce highly exfoliated 
graphene sheets.   

 2. Results 

   Figure 1   shows the typical sheets obtained by sonication assisted 
exfoliation (SE) in DMF, chemical exfoliation (CE) by Hummers 
method and electrochemical exfoliation (EE) in diluted sulfuric 
acid. AFM profi les of the sheets are also reported in SI. Details 
on the preparation of each sample are reported in the experi-
mental section at the end of this paper. It is evident that sheet 
lateral size of different fl akes obtained varies greatly among 
the different techniques, decreasing in the following order: CE-
HOPG ( ≈ 10  μ m)  >  EE-HOPG ( ≈ 1  μ m)  >  SE-HOPG (several 
hundred nm), and the result is consistent with the numerous 
works published on each exfoliation technique (a table summa-
rizing some published works on the topic is reported in Sup-
porting Information, Figure S1). Sonication in DMF, being the 
only technique among the three that does not involve covalent 
modifi cation, yields very small fl akes with several thick aggre-
gates. Chemical oxidation yields the sheets with larger lateral 
size that, in agreement with previous results, can be processed 
without any signifi cant aggregation, and deposited on sub-
strates being nearly 100% monolayers. [  6  ,  7  ]  The sheets exfoliated 
by chemical oxidation have a uniform thickness of ca. 1 nm, 
typical of chemically exfoliated GO, in agreement with previous 
results. [  7  ]   

 Electrochemical exfoliation yields sheets with a smaller lat-
eral size respect to chemical oxidation and larger thickness, 
with the presence of several bi- and multilayers. 

 While the differences observed in the exfoliated sheets can 
be easily attributed to the different amount of chemical damage 
4685wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     AFM images of HOPG basal surface after treatment by a) sonication-assisted (SE-HOPG), b) chemical (CE-HOPG) and c) electrochemical 
(EE-HOPG) exfoliation of HOPG. Z-range: a) 400 nm, b) 600 nm, c) 1  μ m. d–f) Gradient-fi ltered version of each image. g–i) Schematic representation 
of the structure of the HOPG substrate after exfoliation procedures. j–l) Height profi les taken along the lines shown in (a–c).  
of the sheets, the exact exfoliation mechanism can be under-
stood only by watching at the graphite substrates from where 
the sheets have been exfoliated. 

   Figure 2  a–c shows AFM images of the HOPG substrate 
remaining after partial removal of graphene sheets by the three 
liquid exfoliation techniques. In order to show all fi ne details 
of the surface, the corresponding gradient-fi ltered images are 
reported as well (Figure  2 d–f). The difference between the three 
processes is clearly visible also in the AFM profi les shown in 
the insets below each image and schematized in the cartoons 
in Figure  2 g–i, where dashed or colored lines indicate the dif-
ferent kind of damage or intercalation of the sheets.  

 SE yields a surface similar to original graphite, with the 
presence of larger steps and higher roughness. CE exfoliation 
gives roughness on nano- and microscale, with the formation 
of small and large rounded areas raised above the substrate, 
i.e., blisters due to sub-surface gas production. EE yields as well 
blister formation, and presence of a large amount of ripples due 
to surface cracking, blister explosion and macroscopic deforma-
tion of the surface. 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 Each process will be described in better detail in the fol-
lowing sections, before directly comparing the three processes.  

 2.1. Sonication Assisted Exfoliation in Organic Solvent 

 HOPG surface has been exfoliated by sonication in DMF, 
a typical method used to obtain sheets of non-defective 
graphene. [  2  ,  4  ]  

 The effect of the sonication time on the amount of material 
dispersed, the size of the exfoliated sheets and the fraction of 
graphene monolayers obtained have already been the subject 
of a systematic and comprehensive study, [  4  ]  and will not be dis-
cussed here; we will focus on the effect of sonication on the 
macroscopic graphite. SE graphite (Figure 2a) is quite similar 
to original graphite, with fl at areas and straight steps. However, 
tens of nanometer high steps are observed on the surface, and 
the root mean square (RMS) roughness increases with exfo-
liation time, due to the removal of small fragments induced 
by sonication. Different snapshots of the evolution of HOPG 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4684–4693
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     Figure  3 .     a) Evolution of RMS roughness of SE-HOPG in DMF for different times (for each 
time bar, we collected at least 12 AFM images with 15  μ m  ×  15  μ m size). b) Evolution of power 
spectrum density (PSD) of SE-HOPG in DMF for different times.  
morphology with sonication are reported in Supporting Infor-
mation Figure S2; the increase of RMS roughness with soni-
cation time, as measured by AFM on different areas of the 
sample, is shown in  Figure    3  a.  

 The leading process for sonication assisted exfoliation is a 
surface removal of material that leaves fl at terraces similar to 
the ones observed in the pristine HOPG. There is no visible 
deformation of the graphite structure, and absence of mechani-
cally deformed areas. Raman, visible absorption and FT-IR 
analysis do not show evidence of extensive chemical damage of 
the HOPG substrate ( Figure    4  a, Supporting Information Figure 
S3): only a very low-intensity D band develops at 1330 cm  − 1  in 
the Raman spectrum. On the other hand, the Raman signature 
of exfoliated fl akes (black line in Figure  4 a) show intense D and 
D ′  (1617 cm  − 1 ) bands, respectively related to short and long 
range type disorder.  

 It is known that the D-band originates from inter-valley 
double resonance processes, due to very short-range disorder 
potentials (e.g., adatoms, vacancies, defects), [  12  ]  while D ′ -band 
originates from intra-valley double resonance processes induced 
by long-range disorder (ripples, dislocations or charged impuri-
ties). The small size of the fl akes (100–500 nm) relative to the 
size of the Raman probe (5  μ m) may infl uence this result as a 
consequence of large edge-scattering contribution. [  13  ]  

 The exfoliation mechanism of the surface is evident by fol-
lowing the increase of the RMS roughness of the substrate, 
as measured by AFM (Figure  3 a). While maintaining local 
fl atness on the 1–10 nm scale, the substrate is eroded into 
fl at terraces having typical size of hundredths of nm, and 
depth of tens of nm. In this case, the exfoliation process is 
very superfi cial and slow; exfoliation and substrate rough-
ening become relevant only after several hours of sonica-
tion. This latter point is confi rmed by power spectrum den-
sity analysis (PSD); this is a Fourier-based, surface analysis 
tool that allows quantifying surface roughness on different 
spatial frequencies ( f ) in reciprocal space, corresponding to 
different length scales (  λ  ) in real space. PSD is calculated 
as the angular average of the squared Fourier transform of 
a surface (form a more detailed description of the technique 
see ref. [  14  ] ). Figure  3 b shows the PSD of graphite substrates 
after different sonication times in DMF, obtained by aver-
aging the PSD of different AFM images. In this case, the PSD 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 4684–4693
gives the roughness on length scales (  λ    =  2 
  π  / f ) ranging roughly form 10 to 1000 nm. 
No signifi cant roughening is observed on 
small and large scale even after 1 h sonica-
tion; for longer sonication time, an initial 
roughening on   λ    >  16 nm ( f   <  0.4 nm  − 1 ) is 
observed, then followed by a general rough-
ening increase on all length scales. 

 XRD analysis of the SE-HOPG substrates 
after exfoliation ( Figure    5  a) confi rms that SE 
does not affect the graphite bulk in depth. 
Among the fl akes exfoliated by SE, there is 
a low yield of few-layer sheets, while most of 
the material is composed of thick fragments.   
  2.2. Chemical Exfoliation 

 The chemical exfoliation (CE) of HOPG has been performed by 
a modifi ed Hummers’ method (for details see ref. [  6  ] ). 

 Samples prepared at four different oxidation times (10 s, 60 s, 
10 min and 30 min) are characterized by optical microscopy, 
AFM and Raman spectra. Optical microscopy and AFM images 
of CE-HOPG show the formation of irregular blisters ( Figure    6  ). 
After just 10 s of treatment we observe a large amount of blis-
ters formed on the surface. Additional blisters and wrinkles 
appear for 60 s treatment. For longer oxidation time (10 min 
and 30 min), further growth and merging of blisters is clearly 
observed.  

 AFM measurements show also in better detail the formation 
of the blisters with a diameter of few  μ m and height up to 400 nm 
(Figure  6 e–h). Blisters present both rounded and irregular, 
elongated shapes, likely due to the presence of local defects 
(steps, highly oxidized regions) that favor directional layer exfo-
liation and blister growth in specifi c directions (Figure  6 a). In 
some cases, preferential exfoliation along defects is so strong to 
follow steps on the surface, yielding a network of raised ridges 
that run along the surface (Figure  6 f). 

 Even if blisters often have irregular shapes, we observe (by 
an extensive statistical analysis of AFM images) that the blis-
ters’ shape changes during oxidation.  Figure    7   shows the ratio 
between blister radius  L  and height  h , measured by AFM (for 
the irregular blisters, we have always measured the lateral 
dimension in the narrower part). More than 220 blisters have 
been measured for the initial stages of oxidation (t  =  10 s and 
t  =  60 s). While  L  and  h  vary on a large range of sizes, their ratio 
  δ   (  δ    =   L / h ) is fairly constant, and different for the two different 
samples. The contact angle  x  of the blister between the blister 
edge and the plane can be calculated from  h  and  L  values (see 
Supporting Information Figure S4 for details):

 
sin x = 2hL

L 2 + h2
= 2δ

δ2 + 1   
(1)

     

 Initial oxidation stages (t  =  10 s) give blisters that have small 
radius size ( L   <  450 nm) but high  h  values (up to 350 nm), thus 
having a high curvature radius and a high contact angle  x   =  
79 °   ±  12 °  (  δ   =   1.21  ±  0.20). The blister growth is not always 
stable, especially in the fi rst stages of exfoliation, as suggested 
by the presence of “relaxed” blisters, having large  L , low  h , and 
4687wileyonlinelibrary.comheim
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     Figure  4 .     Raman analysis of a) graphite sonicated in DMF for 10 h; 
b) graphite chemically exfoliated at different times; and c) graphite elec-
trochemically exfoliated at different voltages. Each image shows the 
spectra measured on the solid HOPG (colored lines) and on the solubi-
lized fl akes (black line below).  
irregular   δ   (black points in Figure  7  with  h   <  100 nm). Their 
shape can be due to gas leakage, or more likely to a relaxation 
of the graphite sheets, which detach due to pressure, increasing 
blister width and reducing blister height. 

 After 60 s of treatment, the size of all blisters has changed 
signifi cantly, with a general relaxation of blister structure, 
increase in  L  and decrease in  h  (Figure  7 ). The blisters’ contact 
angle decreases to  x   =  14 °   ±  0.5 °  (  δ   =   7.92  ±  0.22), suggesting 
a larger delamination of the graphite upper-layers to reduce 
internal pressure. [  15  ]  For longer treatment times (10 min and 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
30 min), irregular blisters and wrinkles cover most of the 
HOPG surface with an increase of surface roughness, and sta-
tistical analysis of blisters is not possible. 

 Samples exfoliated by chemical oxidation show a complex 
Raman signal (Figure  4 b), with multiple peaks structure in the 
G-band zone. 

 Initially, only the typical G peak due to in-plane E 2g  optical 
phonon mode of graphite is observed at 1577 cm  − 1 ; upon oxida-
tion, this peak decreases, while two other peaks at 1600 cm  − 1  
and 1617 cm  − 1  appear and grow in time. To avoid any ambi-
guity, in Figure  4  we number P1, P2, P3 the peaks at 1577 cm  − 1 , 
1600 cm  − 1  and 1617 cm  − 1  respectively. 

 The P1 and P2 peaks are attributed to two different E 2g  due 
to the C-C stretching mode of atoms composing the sheets in 
bulk graphite and atoms in the sheets adjacent to the interca-
lated layer. P1 is due to the inner ,  non-intercalated graphite 
layers (E 2g2 ( i ) mode), while P2 is due to the bounding graphite 
layers, adjacent to HSO 4   −   intercalants (E 2g2 ( b ) mode). [  16  ]  

 The intensity ratio of the P1 and P2 peaks can be related 
to the intercalation stage index  n  by means of P2/P1  =  
  σ  i  /  σ  b    ∗  ( n -2)/2, [  17  ]  where   σ  i  /  σ  b   (assumed equal to 1) is the ratio 
of the cross-section of Raman scattering from interior and 
bounding layers. The intercalation stage index extracted from 
the spectra in Figure  4 b decreases from  n   ≈  8 (10 s) to  n   ≈  5 
(60 s) increasing with treatment time ( Figure    8  a shows an 
evolution of each peak with treatment time). For longer times 
(10 min, 30 min) there is no increase of the intercalation but 
rather a slight decrease, likely due to exfoliation of the superfi -
cial intercalated layers, while a strong broadening of the bands 
due to deep chemical oxidation is observed. Raman signal P3 
instead could be identifi ed with the previously mentioned D ′  
band (not completely resolved from the broadened G-band in 
these measurements), which is caused by large scale damage 
and deformation of the substrate induced by oxidation. [  16  ,  18  ]   

 The Raman spectra of exfoliated fl akes of CE (black line 
in Figure  4 b) are comparable to the ones previously obtained 
on chemically exfoliated GO. For instance the FWHM of the 
D peak of the CE-fl akes (Figure  4 b) is  ≈ 110 cm  − 1 , to be com-
pared with  ≈ 110 cm  − 1  of GO we measured in one of previous 
works, [  7  ]   ≈ 110 cm  − 1  measured in ref. [  19  ]  and  ≈ 130 cm  − 1  meas-
ured in ref. [  20  ]  Also the relative intensity of the D peak with 
respect to the one of G peak observed in the present sample 
is comparable with what observed in the abovementioned 
references.   

 2.3. Electrochemical Exfoliation 

 HOPG samples have been partially exfoliated in 0.5 M H 2 SO 4  
solution by applying increasing voltages. The electrochemical 
exfoliation has two main effects: i) the bulk graphite swells 
macroscopically, due to electrolyte intercalation and decomposi-
tion, producing gas and creating a highly expanded structure, 
and ii) exfoliated material is detached from the bulk solid due 
to the gas eruption, and dispersed in solution. 

   Figure 9   shows OM and AFM images of a typical exfolia-
tion process as observed at different times and relatively high 
bias on the same sample, which help understanding how large 
amounts of materials are detached from the substrate. Even 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4684–4693
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     Figure  5 .     XRD patterns of a) the residual HOPG samples and b) the exfoliated sheets, suc-
cessfully transferred in solution. The fl akes were then re-stacked in thick layers by drop-casting 
on quartz, to obtain a measurable XRD signal. All the spectra are normalized on the 002 peak, 
except the spectra of EE-fl akes in (b).  
in this case the exfoliation proceeds by gas production and 
blister formation, but the speed and scale of the process are 
larger than what observed in CE. Relevant blister formation 
is observed even after few-seconds treatment when suffi cient 
voltage is applied; the blisters have a large size, up to several 
tens of  μ m, and tend to cluster together; the gas formation 
process is so strong to deform the upper layers, which bend 
upward, and form a network of cracks visible by OM and by 
AFM (Figure  9 d,h). The blisters grow continuously upon explo-
sion or gas release, then collapse forming the network of rip-
ples visible on the surface by AFM.  

 The exfoliation is effective enough to be visible by 
naked eye even after a few minutes treatment. The stacked 
graphite sheets swell due to visible gas formation and bub-
bling, yielding expanded structures that resemble (on a 
macroscopic scale) open books (Supporting Information 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  6 .     OM (a–d) and AFM (e–h) images of graphite chemically exfoliated at different reactio
Z-ranges for images (e–h) are 350 nm, 350 nm, 400 nm, and 400 nm, respectively.  

Adv. Funct. Mater. 2013, 23, 4684–4693
Figure S11a,b); on a microscopic scale a foam-
like structure is instead observed (Supporting 
Information Figure S12). The increase of 
sample volume can be relevant, creating 
highly expanded sheets that have a volume 
more than 40 times the original volume 
(Supporting Information Figure S11b). The 
amount of material released in solution is 
also relevant, and makes the solution dark 
(Supporting Information Figure S11c). 

 The microscopic structure of the exfoliated 
HOPG, as analyzed by SEM, shows clearly 
the effect of the treatment, with large sheets 
of multi-layer graphene having  ≈ 100 nm 
thickness (Supporting Information Figure 
S12 and Figure S5). 

 The expanded sheets are at dis-

tance of many  μ m apart, and form a self-standing, 
robust structure with pretty high surface area. Even if 
it is not possible to measure precisely the sheet thick-
ness, we have measured a specifi c surface area (SSA) of 
6.6 m 2  g  − 1 ; this is about three orders of magnitude higher 
than the surface area of the original HOPG material (in good 
agreement with the increase of active surface observed by vol-
tammetry, see below), but still orders of magnitude lower than 
the maximal theoretical area achievable by perfect exfoliation 
of graphene (2600 m 2  g  − 1 ), indicating that bulk exfoliation has 
acted mostly on a mesoscopic scale, and not at single sheets 
level. From the ratio between measured and theoretical surface 
area, an average thickness of  ≈ 400 monolayers can be estimated 
for the material swelled, but still in solid phase. 

 OM and AFM observations of the EE-HOPG surface confi rm 
the presence of blisters on all the samples exfoliated at potentials 
4689wileyonlinelibrary.comheim
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     Figure  7 .     Statistical analysis of height and lateral size of blisters obtained 
by chemical exfoliation of graphite.  
above 1.6 V (see also CV results here below and Supporting 
Information Figure S6). At low voltage, some blisters already 
appear on the EE-HOPG basal planes with average lateral size 
of 0.3–1.0  μ m and height 10–100 nm; differently from CE sam-
ples, no constant height-width ratio is observed (statistics about 
170 blisters from AFM images are shown in Supporting Infor-
mation Figure S7). For 1.8 V bias, more blisters are visible in 
AFM and OM images. Many tiny blisters are observed around 
the step defects always present on the surface of HOPG indi-
cating a preferential intercalation of the solvent in correspond-
ence of sheet edges (Supporting Information Figure S6). It is 
known that blisters come from the intercalation of electrolyte 
and water into HOPG followed by subsurface gas evolution. [  21  ]  
The intercalation process preferentially etches the step defects, 
grain boundaries and edge sites with weak van der Walls 
interactions and then yields gas production in correspondence 
of these sites. 

 Even if both CE and EE processes proceed through blister 
formation, the treated materials give signifi cantly different 
results as analyzed by XRD and Raman. 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm

     Figure  8 .     a) Evolution with increasing etching time of Raman P1, P2 and 
HOPG samples. b) Evolution with increasing applied bias of Raman P1, P2 
EE-HOPG samples.  
 EE-HOPG samples show evidence of the intercalation pro-
cess. XRD data in Figure  5 a, red line, show a sharp XRD peak 
due to inner, undamaged graphite and a broader peak due to the 
more disordered surface, which has been attacked by the treat-
ment. This broad peak is slightly shifted towards smaller angles 
as compared to HOPG (2  θ    =  26 °  d  =  0.35 nm), with a modest 
increase of the interlayer spacing and a strong increase of peak 
width due to the drastic reduction of crystal (domain) size. As 
comparison, CE-HOPG samples do not show this feature, even 
after long treatments time (Figure  5 a, green line) indicating a 
more disordered, non periodic intercalation. Raman analysis 
gives an increasing P2 signal as well, confi rming the intercala-
tion process, together with a P3 signal indicative of disorder. 
Figure  4 c and Supporting Information Figure S8 shows the 
evolution of P1, P2, P3 peaks for increasing exfoliation voltage. 
Figure  8 b,c shows the evolution of P1, P2, P3 peaks in CE and 
EE samples respectively. P2 ratio increases with applied bias 
indicating a larger amount of intercalated layers on the HOPG 
surface. 

 A main advantage of the electrochemical exfoliation of 
HOPG compared to graphite powders is that the whole sample 
remains electrically connected; thus, after the expansion stage 
when exfoliation takes place on mesoscopic scale, the thin layer 
of graphene oxide formed on the surface of the exfoliated areas 
can be reduced back by simply applying a negative bias to the 
sample (Supporting Information Figure S9). Electrochemical 
expansion was investigated by monitoring the anodic current 
variation through electrochemical voltammetry. HOPG is stable 
up to 1.5 V vs SCE. The oxidation peak that occurs around 1.6 V 
may be attributed to the combination of the water electrolysis 
and graphite oxidation, consistent with previous works [  15  ,  21  ]  
(Supporting Information Figure S9a). The exfoliation process 
can also be followed in real time by chronoamperometric meas-
urements. Supporting Information Figure S9b shows a typical 
response curve of HOPG upon exfoliation at 2.0 V; fi rst, a steep 
increase of current is observed due to the increase of active 
surface area upon expansion, followed by a decrease indicative 
of predominant oxidation on the surface by side reactions (see 
also Raman measurements). The material obtained in this way 
has a relatively high surface area, and is stable upon voltage 
cycling, showing a current  ≈ 500 times higher than the original 
HOPG samples (Figure  9 d), in agreement with surface area 
measurements.   
bH & Co. KGaA, Wei

P3 peaks for CE-
and P3 peaks for 
 2.4. Comparison of the Exfoliation Processes 
and Discussion 

 We should underline that, in all the three 
studied processes, exfoliation is always pro-
moted by some kind of mechanical action 
acting at the mesoscale. In SE the mechan-
ical action arises from cavitation bubbles, 
with radius of hundreds of  μ m, which gen-
erate high strain rates in the surrounding 
liquid upon implosion. [  3  ,  22  ]  However, AFM 
data (Figure  2  and Supporting Information 
Figure S2) show that these bubbles, being 
formed in the liquid phase, do not have 
nheim Adv. Funct. Mater. 2013, 23, 4684–4693



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  9 .     OM (a–d) and AFM (e–h) images of a graphite sample electrochemically exfoliated at 2.5 V for different reaction times: a,e) 10 s; b,f) 1 min, 
c,g) 2 min, d,h) 5 min. Z-range: e), f), h) 1.0  μ m, g) 2.5  μ m.  
visible effects on the surface of sonicated graphite, where fl at ter-
races morphology is maintained. The process induces minimal 
mechanical damage to graphite, but acts only on the very sur-
face, thus it is pretty slow and shows visible effects (increase of 
roughness) only for sonication times of several hours (Figure  3 ). 

 SE treatment affects only the fi rst few nm of the graphite sub-
strate, and proceeds through removal of small graphitic frag-
ments having size  < 1  μ m (Figure  1 a) from the exposed surface 
of graphite, with no action on the inner bulk, no mechanical 
expansion and no in-depth intercalation, thus requiring many 
hours of sonication to give low concentrations and small pieces 
of disordered graphene sheets in solution. Even if the disper-
sion of the sheets is thermodynamically favorable, the lack of 
mechanical expansion and the shallow penetration depth of 
the solvent molecules oblige to introduce in the system a lot of 
ultrasonic energy, so that the lateral size of the sheets is signifi -
cantly reduced. [  4  ]  

 In CE and EE treatment, mechanical exfoliation is also due 
to bubble formation, but the pressures come from inside the 
material. Both chemical and electrochemical oxidations proceed 
through unstable graphite intercalation compounds (GICs) as 
intermediate. [  23  ]

  C HSO H Oy4 2+ + HSO H Oy4 2
.p C + + e.p

− − −  (2)    

 Then, main irreversible oxidative reactions [  21  ]  take place, 
such as graphite oxide formation:

 C HSO H O
4

2
2+ +

H OS2 4

OH (sp )p Cp
+ 3

OH(sp )Cp
−

−
−

  (3)   

electrochemical carbon dioxide formation:

 C 2H O2 2+ CO 4H 4e+ +p Cp-1 + + −  (4)   

or chemical carbon dioxide formation:
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4684–4693
 5C 2Mn O 8H+ +
2 27 2+ 5CO 4Mn 4H O++p 5C p-1 + 2+

  (5)   

in case of the electrochemical process, water electrolysis also 
takes place, with more gas generation:

 2H O  O22 4H 4e+ +
+ −  (6)    

 The chemical oxidation process is an aggressive way to 
destroy graphite crystallites. After reversible chemical intercala-
tion step, oxidation in CE is performed by the strong oxidant 
Mn 2 O 7  created in solution by the reaction of potassium per-
manganate with sulfuric acid. [  24  ]  

 Intercalation and gas production are therefore important 
factors favoring exfoliation; though, the amount of damage 
they introduce in graphene lattice could in principle be very 
small. [  15  ]  Mechanical exfoliation does not need extensive 
graphite oxidation, or disruption of material conjugation. A 
mesoscopic blister 1  μ m wide by 100 nm high can be generated 
by oxidizing only 0.02% of the carbon atoms within the blister 
footprint in electrochemical way. [  21  ]  

 The pressure generated between the graphene layers by 
these reactions can be very high. For chemically exfoliated 
GO single sheet, the separation pressure to overcome Van der 
Waals force is 25 bar, [  25  ]  while for single graphene sheets the 
encapsulated pressure is as high as 720 bar. In the case of mul-
tilayer sheets, the pressure could be even much higher, over 
several thousands bar. [  21  ]  With such a high pressure, the gener-
ated forces in the form of blisters can elastically deform the gra-
phene multilayers, and even erupt from deep inside graphite 
to rip several-hundred layers mechanically forming large area 
blisters of elastically deformed graphene multilayers on the 
graphite surface, hundreds of nm high and tens of  μ m wide. [  21  ]  

 Both electrochemical and chemical oxidation under harsh 
conditions (high voltage or strong oxidant) give effi cient exfo-
liation, with dissolution of macroscopic amounts of material 
4691wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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and high yield of few-layer sheets in solution (see Figure  1  
and ref. [  7  ] ). The process can readily expand bulk amounts of 
graphite, increasing the amount of substrate in contact with the 
solution, thus allowing dispersion of large quantities of mate-
rial in short times. 

 Once transferred in solution, the graphitic material obtained 
with the three processes has different size and quality. We have 
performed XRD analysis of the exfoliated sheets, after re-stacking 
them in thick layers by drop-casting from solution on quartz, to 
obtain a material similar to GO paper, which gives a measurable 
XRD signal (Figure  5 b). The re-deposited thick fi lms prepared 
from the three types of sheets are clearly different from each 
other, as seen also by AFM (Supporting Information Figure S10). 

 CE-fl akes are fully oxidized and re-stack with no graphitic 
peaks, only two peaks (2  θ   1   =  9.6 ° , 2  θ   2   =  18 ° ) that are typical 
fi rst and second order of the interlayer distance of GO, corre-
sponding to layer distance of 0.92 nm. In EE fl akes, the (002) 
refection of the  π – π  stacked layers is slightly shifted towards 
smaller angles (2  θ    =  22 ° ) with a slightly increased graphene 
interlayer distance of 0.41 nm, and the intensity is much weaker 
than the original HOPG, suggesting the drastic reduction of 
crystal (domain) size. SE fl akes show the typical diffraction peak 
of graphite, not due to re-stacking of single sheets, but rather to 
the strong signal coming from graphite like multilayers. 

 Overall, we see that exfoliation by sonication in DMF pro-
ceeds on a layer-by-layer basis; only the upper part of the 
HOPG is interested, and the process is slow, requiring several 
hours to have visible effects on the substrate roughness. Elec-
trochemical exfoliation proceeds by mechanical expansion due 
to gas formation. Whole areas of the substrate rise up due to 
gas formation, tearing apart the superfi cial layers and removing 
large amounts of material. The process acts in depth in the 
material, and readily expands even bulk amounts of HOPG up 
to 40 times their initial volume. Damage to HOPG is relevant 
and proportional to the applied bias, with disruption of crystal-
line stacking. Exfoliation is fast and relatively effi cient, yielding 
many mono- and bi-layers, which do not re-stack effi ciently. 

 CE is the most damaging treatment for HOPG, destroying 
signifi cantly the crystalline layer through deformation and 
intercalation; though, the process acts on a smaller scale as 
compared to EE, oxidizing the upper layers of the HOPG sub-
strate with less cracking and swelling on macroscopic scale; the 
obtained sheets are mostly monolayers, highly soluble, which 
tend to re-stack giving a more uniform, layered material. 

 The ideal technique to exfoliate graphene would need to act 
with different driving forces on different length scales; fi rst, 
using mechanical exfoliation on mesoscopic scale to penetrate 
in depth in the material, with minimal damage of graphene 
sheets, possibly using gas production reactions that do not 
involve removal of carbon atoms. This expansion step should 
be coupled or followed by exfoliation on molecular scale by sur-
factants or suitable solvents, exploiting supramolecular interac-
tions, to avoid damage of graphene.    

 3. Conclusions 

 We have studied the most common liquid phase exfolia-
tion methods of graphene from bulk graphite. By using a 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
macroscopic HOPG crystal as starting material, it is possible 
to study the structure of both the exfoliated and the non-exfoli-
ated fractions on nanometric and mesoscopic scale. Among the 
three methods, chemical oxidation is a very effective but disrup-
tive way to exfoliate graphite. Electrochemical oxidation allows 
a fast exfoliation and in depth disruption of bulk quantities of 
graphite, but does anyhow yield defective graphene. Sonication 
in organic solvents gives graphene of best quality, but acts only 
on the uppermost few nanometers of the surface, requiring 
thus long treatment times. 

 The differences observed between the three methods show 
very well the existing trade-off between speed and effi ciency of 
exfoliation on one side, and preservation of the material quality 
on the other. A key step to develop effi cient exfoliation will be to 
couple gas production, mechanical exfoliation on macro-scale 
with non-covalent exfoliation and preservation of graphene 
chemistry on molecular scale.   

 4. Experimental Section 
  Materials : HOPG (12 mm  ×  12 mm  ×  2 mm, Grade ZYH) was 

purchased from GE Advanced Ceramics and cut into thin pieces of 
size 12 mm  ×  12 mm  ×  0.3 mm. Potassium permanganate (Sigma-
Aldrich, 99%), sodium nitrate (Sigma-Aldrich, 99%) and sulfuric acid 
(Sigma-Aldrich, 95–97%) were used for the oxidation of HOPG surface. 
 N,N -Dimethylformamide (Sigma, 99%) was used as solvent in ultra-
sonication procedures. 

  Sonication of HOPG in DMF : HOPG fl akes dispersed in DMF (10 mL) 
were sonicated in a water bath (Elmasonic P 70 H, 37kHz, 220 W) for 
different times (1 h, 5 h and 10 h). After each period, the sonication 
exfoliated sample (SE-HOPG) surface was analyzed by AFM to check 
the morphology changes. After 10 h, the DMF solution containing the 
exfoliated sheets was centrifuged. 

  Chemical Exfoliation of HOPG without Electric Potential : The HOPG 
was chemically exfoliated by using a modifi ed Hummers method, as 
previously described. [  6  ]  Different geometries were used to expose to the 
solution only the fl at surface of the HOPG or the edges as well. 

 The HOPG sample was cleaved with an adhesive paper tape and 
fi xed onto a glass Petri-dish. For the fl at-side-only oxidation process, a 
drop of the oxidizing solution (prepared from 10 mL of sulfuric acid, 
0.1 g of sodium nitrate, and 0.6 g of potassium permanganate) [  6  ]  was 
deposited onto the HOPG surfaces. The reaction was run on different 
samples with different reaction times: 10 s, 1 min, 10 min and 30 min, 
respectively. Then, the oxidized samples (CE-HOPG) were rinsed with 
5 wt% H 2 SO 4  and 1 wt% H 2 O 2  mixture, 5 wt% HCl and deionized (DI) 
water respectively, then blow-dried with dry nitrogen for 2 min. 

 Using a macroscopic HOPG crystal instead of graphite powder the 
surface exposed to the solvent is much lower; the exfoliation yield is also 
much lower. Large amounts of CE fl akes in high concentration were thus 
obtained by keeping HOPG samples in the oxidizing solution for 5 days 
without stirring, and then treating the sample as previously described. 
Here, the much longer time is to guarantee comparable amounts of 
dispersed fl akes after reaction. [  6  ]   

 Electrochemical Expansion and Exfoliation of HOPG : The surface of 
HOPG samples was cleaved with scotch tape before each experiment, to 
have a clean starting surface, and connected to a metallic clamp. Then, 
half of the graphite was immersed into a proper solution (vide infra). An 
Au wire was used as counter-electrode with an electrode separation of 
1 cm. The ionic solution was prepared by taking 4.8 g of sulfuric acid and 
diluted in 100 mL of DI water ( c   ≈  0.5 M). The electrochemical exfoliation 
process was carried out for 0.5 hours by applying DC bias on graphite 
electrode at potentials ranging from 0 V to  +  2.6 V. After reaction, the 
electrochemically exfoliated graphite samples (EE-HOPG) were washed 
with DI water several times and blow-dried with dry nitrogen for 2 min. 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4684–4693
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 Solutions of electrochemically expanded sheets were produced by 
electrochemical treatment under 3.5 V for 0.5 h, and then purifi ed by 
fi ltration and repeated washing with DI water. After drying, these particles 
were re-dispersed in DMF solution, mildly sonicated for 10 min to 
disperse large aggregates and then spin coated on silicon substrates for 
analysis. 

  Voltammetry Study of Electrochemical Exfoliation of HOPG : Cyclic 
voltammetry studies (CV) were carried out in water (Milli RO 15 Water 
Purifi cation System, 0.56  μ S cm  − 1 ) 0.5 mol L  − 1  H 2 SO 4  with an AMEL 5000 
electrochemical system. The working electrode was HOPG. The reference 
electrode was aqueous Saturated Calomel Electrode (SCE), and the auxiliary 
electrode was Pt wire separated from the working electrode by a glass frit. 

  Characterization : AFM measurements were carried out using a Digital 
Instruments AFM (NT-MDT), Nanoprobe cantilevers (Model: RTESP, 
Material: 1-10 Ohm-cm Phosphorus (n) doped Si, f0: 27-309 kHz, k: 
20-80 N/m; from Veeco) operating in tapping mode. Optical microscopy 
(OM) images were measured by Optech Technology microscopy. 
The SEM images were obtained with a ZEISS 1530 instrument. XRD 
measurements were collected with a PANalytical X’PertPro instrument in 
Bragg-Brentano refl ection mode ( λ   =  0.1542 nm, X’Celerator detector). 
IR data were acquired on a Perkin-Elmer Spectrum BX FT-IR system. 
Raman scattering measurements were carried out with a micro-Raman 
spectrometer (Model: LabRAM from Horiba Jobin-Yvon), using a 50  ×  
objective (laser spot diameter  ≈  5  μ m), laser excitation wavelength of 
632.8 nm and laser power  ∼  4 mW. 

 The BET specifi c surface area (SSA) and porosity (the latter based 
on BJH method) were measured on an ASAP 2020 Micromeritics 
instrument, using N 2  as absorbent at the liquid N 2  temperature (77 K). 
Before measurements, the EE-HOPG sample (98 mg) was degassed at 
403.15 K for 24 h.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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