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High voltage electrochemical exfoliation of
graphite for high-yield graphene production†
Sarah Roscher, * René Hoﬀmann, Mario Prescher, Peter Knittel
and Oliver Ambacher
We demonstrate a highly eﬃcient, single-step, cathodic exfoliation process of graphite to produce singleto few-layer graphene with a yield of over 70% from natural graphite ﬂakes. By employing boron-doped
diamond electrodes high potentials up to 60 V can be applied which was found to greatly increase the
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yield. The produced graphene ﬂakes are partially hydrogenated during the electrochemical treatment
likely aiding in their exfoliation. The resulting ﬂakes have a large lateral size with up to 50 mm diameter.
Due to the reversibility of the hydrogenation by thermal treatment the graphene ﬂakes possess a low
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defect density as judged by the Raman D/G ratio yielding highly conductive ﬁlms with sheet resistances
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of 100 to 3200 U ,1 at 10 to 70% transparency.

Introduction
Graphene, the two-dimensional form of sp2 hybridized carbon,
has attracted tremendous interest from both research and
industry due to its many outstanding properties.1 Graphene
akes, obtained by exfoliation of graphite, have shown great
potential for applications like transparent, conductive lms,2
electrodes for energy storage devices,3 or as conductive inks.4,5
While many methods for exfoliation have been reported,6–8 like
the mechanical exfoliation via scotch tape,9 for the industrial
application of graphene, however, a suitable production
method is needed which delivers large amounts of graphene in
good quality, i.e. high degree of exfoliation, large lateral ake
size, and low defect density,10,11 since its quality determines the
performance of the device.12 Liquid-phase exfoliation and the
reduction of graphene oxide are able to produce large quantities
of graphene. However, they require long sonication treatment
and/or the use of toxic, environmentally harmful chemicals.
Electrochemical routes on the other hand are more eco-friendly
while also being scalable.13 Most reported successful electrochemical exfoliations occurred by anodic treatment.14–16 The
resulting graphene, however, generally suﬀers from oxidation,
which is known to result in irreversible damage.14 Averting
oxidation is possible but requires the use of additives.17
Therefore, the cathodic exfoliation is a more promising
approach. Inspired by the degradation of graphite in lithiumion batteries containing propylene carbonate (PC) electrolytes,
Wang et al.18 successfully exfoliated HOPG. Zhong and Swager19
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increased the graphite expansion by adding the larger TBA
cations. Other works have also used ammonium-based electrolytes for graphite exfoliation.20,21 Nevertheless, extensive
sonication over hours is always needed to actually separate the
graphene layers. Because even 30 min sonication greatly
reduces the lateral graphene ake size,22 it is preferable to avoid
sonication treatment. Another critical point is the type of
graphite used for exfoliation since, especially in electrochemical
exfoliation, the size of the resulting graphene is also determined
by the crystal size of the graphite.14 The most commonly used
HOPG is the easiest to exfoliate due to its high crystal orientation, but is very costly and thus not suitable for industrial
production. Preformed graphites are more versatile for electrode design, but, while easier to exfoliate, the resulting graphene akes are very small with submicrometer diameters.21
Furthermore, scalability may be limited.23 As Zhong et al.24
noted, the major limitation on the electrochemical route is the
need to provide an unbroken voltage bias to the graphite. Since
intercalation occurs not layer-by-layer but simultaneously,
multi-layered graphite chunks are separated, lose electrical
contact and will not be further exfoliated. Hence, there is
a fundamental need to engineer a set up to allow continuous
electrical contact.
Here we report successful exfoliation in a scalable reactor
that allows the use of natural graphite akes as starting material
and overcomes the problem of premature material separation.
By using boron-doped diamond (BDD) electrodes we are able to
apply high negative potentials without degrading the electrode,
leading to an overall graphene yield of more than 70% without
any need for sonication treatments. The graphene akes are
partially hydrogenated due to the strong cathodic potentials as
observed by infrared spectroscopic measurements. Contrary to
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oxidation, hydrogenation is reversible upon thermal annealing
resulting in graphene akes with a low defect-density.

Results and discussion
Electrochemical set up
As shown in Fig. 1 natural graphite akes were placed into
a one-pot type reactor and pressed onto a BDD electrode with
a porous membrane that allows diﬀusion of the electrolyte from
and to the graphite akes. This membrane was designed to
enable movement during the electrochemical procedure to
compensate for the volume expansion of the graphite. We found
that if this movement was hindered, also the full exfoliation of
the graphite was hampered. With this design natural graphite
akes can be used as starting material instead of uneconomical
HOPG or graphite foils and rods that possess a far smaller
lateral crystal structure.21 Employing BDD as electrodes allows
the application of high potentials up to 60 V. As far as we

Fig. 1 (a) Schematic of the reactor used to exfoliate natural graphite
ﬂakes. (b) Current response during the exfoliation at 60 V applied
across the reactor, i.e. between the two diamond electrodes. (c)
Schematic of the exfoliation process.
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know, graphite exfoliation under such high potentials has never
been investigated before. In so far published reports, Pt is
commonly used as electrode. However, Pt is not completely
resistant and dissolves, especially under anodic conditions.25
This may lead to impurities in the graphene akes and makes
the expensive electrode a wearing part. BDD on the other hand
is known for its exceptional stability even when applying high
potentials,26 is readily available at large scale through, e.g.,
chemical vapour deposition,27 and is easily reconditioned. Tetrabutylammonium hexauorophosphate (TBA PF6) solved in PC
was used as electrolyte. PC has a surface tension of 40 mJ m2
(ref. 28) which is close to that of graphite (around 55 mJ m2
(ref. 29)) and thus ideal to solvate the exfoliated graphene layers
and hinder reaggregation.14 Furthermore, PC presents a more
environmentally-friendly alternative to commonly used nonaqueous solvents like DMF or NMP. It was also shown that PC
does not form a solid electrolyte interphase layer, which would
protect the graphite layers from exfoliation.30–32
The graphite was exfoliated by applying a constant potential
of 60 V across the cell for 24 h.
Exfoliation of the graphite is assumed to occur due to two
main processes as depicted schematically in Fig. 1c. First the
TBA+ from the electrolyte intercalates between the graphite
layers. TBA as cation was chosen, since it has been demonstrated to intercalate graphite and form graphite intercalation
compounds (GICs).31,33 Cyclic voltammetry (CV) was carried out
to conrm the intercalation (see ESI Fig. S9†). Advantageously
to Li, TBA is sterically larger thus leading to an increased
expansion of the graphite layers. Due to this, co-intercalation of
the PC becomes possible.18,31 Once intercalated the PC decomposes due to the applied high negative potential forming propene and carbonate gas.34,35 The corresponding CV is also
depicted in the ESI.† The graphite expansion and partial exfoliation due to this solvent co-intercalation and subsequent
decomposition has been studied before.21,31,36 This observed gas
evolution can cause a tremendous pressure that overcomes the
van der Waals attraction between the graphite layers and forces
exfoliation of the sheets.37
We found that increasing the applied voltage from 30 V to
60 V we could increase the graphene yield dramatically from
10% to over 70% (plot shown in ESI Fig. S7†). We assume that
higher potentials lead to accelerated reaction rates and more
violent gas evolution facilitating the separation. In the
commonly reported set ups with single bulk graphite electrodes
this leads to premature separation of chunks that then loose
electrical contact and are not further exfoliated.38 Whereas in
our design those chunks remain in contact and can be further
exfoliated. At the lower potential of 30 V we observed mostly
GIC formation without full exfoliation indicating that the
vigorous gas evolution by electrolyte decomposition may play
a crucial role in exfoliation. Another factor may be the onset of
graphene hydrogenation, which will be discussed below.
The current response at an applied voltage of 60 V is shown
in Fig. 1b. In the rst stages the recorded current drastically
increases reaching a steady state aer approximately 1 h. This
increase is associated with capacitive charging and the intercalation process of the TBA ions. The intercalation results in an
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increase of the cathode surface area, i.e. the graphite on BDD,
which in turn leads to self-enhancing of both processes due to
more easily accessible surface area and the dependence of
current on electrode area.39 Additionally the decomposition of
PC will lead to a background current depending on the available
electrode area and the cell potential (i.e. the applied potential
compensated for the IR-drop). Eventually the current decreases
due to an increasing resistance of the cathode caused by the
continuously occurring hydrogenation and separation of graphene akes as well as the likely presence of trapped gas.
Characterisation of the produced graphene akes
The resulting graphene akes were rst characterised via
Raman spectroscopy. The representative spectra before and
aer the electrochemical treatment are shown in Fig. 2. The
starting material graphite shows three signicant peaks.40 The
G band around 1590 cm1 arises due to in-plane vibrations of
sp2 hybridized carbon atoms and is a doubly degenerate
phonon mode at the Brillouin zone centre. The D band around
1350 cm1 originates from the breathing modes of the six-atom
rings of the graphene lattice and requires a defect for its activation. The D/G band ratio is, therefore, a qualitative indicator
for the material's defect density.41 The graphite akes show
a very small D band indicating a low defect density in the
starting material. The 2D band at around 2680 cm1 arises due
to a two phonon intervalley double resonance scattering near
the boundary of the Brillouin zone and is closely linked to the
electronic band structure.40 This band becomes asymmetric for
more than 10 layers as is the case for the graphite akes. Aer
the electrochemical process the D band strongly increases
indicating the introduction of a large number of sp3 defects by
our method. This also causes the 2D band to broaden and
atten. In addition a new peak emerges at around 2900 cm1
(shown in ESI†), which is the combination of D + D0 . We propose
that this transformation is caused by a hydrogenation of the
graphene lattice during the electrochemical reduction under

Fig. 2 Raman spectra of the graphite ﬂakes (black line), the material
after electrochemical exfoliation (blue) and after subsequent thermal
treatment above 600  C (red).
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the applied high cathodic potential. Hydrogenated graphene
produced by Birch reduction of graphite42 as well as by plasma
treatment hydrogenated graphene43,44 show remarkably similar
spectra. As possible source for the hydrogen we propose the
used TBA ion. It was shown that it can act as proton donor in
aprotic solvents like PC45 and the hydrogenation of graphene by
electrochemical reduction with ammonium ion containing
electrolytes was previously demonstrated.46,47
To conrm the presence of hydrogen IR spectroscopy was
carried out (Fig. 3). Neither C–O (around 1050 cm1) nor C]O
(1700–1750 cm1) vibrational bands are visible proving that the
defects are not induced by oxidation. Instead, distinctive peaks
in the range of 2800 to 2900 cm1 are visible which indicates the
formation of C–H bonds. Similar features have also been reported by other hydrogenated graphenes.42,47
The expansion and exfoliation of the graphite has been
further investigated by X-ray diﬀraction (XRD). Graphite shows
two prominent reections (Fig. 4). One is at 2q ¼ 26.3 corresponding to the (002) crystal planes of graphite with an interlayer distance of 3.35 Å and one at 54.4 corresponding to the
(004) crystal planes. Aer electrochemical exfoliation those
reections almost disappear. This indicates the loss of stacking
order along the c-axis and conrms successful expansion of the
majority of graphite. Instead, a broad peak appears at around
19.2 corresponding to an inter-layer distance of the graphene
layers of around 4.6 Å. This is in accordance with the calculated48 and experimentally found42 inter-layer distance of
hydrogenated graphene.
Hydrogenation of the graphene as cause for the observed
induced defects as indicated by the Raman D peak is further
supported by the fact that the D peak decreases upon thermal
annealing (Fig. 2), since it is known that hydrogenation is
reversible by annealing.43,44 Aer annealing at over 600  C the
Raman D peak is signicantly reduced and a low D/G ratio can

Fig. 3 FTIR spectrum of the graphene ﬂakes. The silicon substrate
signal was used for baseline correction giving rise to the peaks in the
range below 1700 cm1. The uncorrected spectra for both substrate
and the graphene sample are shown in the ESI.† The shaded areas
mark the presence of C–H vibrations and the absence of C–O bands.
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Fig. 6
Fig. 4 XRD pattern of the graphite ﬂakes before (black) and after (red)
electrochemical exfoliation.

be achieved. Statistical analysis of the annealed material reveals
an average D/G ratio of around 0.15 with the majority being
below 0.2. The histogram is depicted in the ESI.† The remaining
defects may be caused by stress due to deformation during
hydrogenation and intercalation or slight damage caused by the
evolving gas during the electrochemical reduction of the electrolyte. Nevertheless, the D/G ratio aerwards is only slightly
higher than that of the starting material (which has an average

ﬂakes.

Distribution of the graphene ﬂakes' area of more than 600

of 0.1), which means that our method induces only few defects.
A Raman mapping of graphene akes and the D/G ratio before
and aer annealing is shown in the ESI Fig. S8.†
The thickness of the exfoliated akes was investigated by
atomic force microscopy (AFM) as depicted in Fig. 5. The akes
show heights from around 0.8 nm to 2.5 nm. Taking the presence of a hydration layer between the SiO2 substrate and graphene with a thickness around 1 nm (ref. 9) into account, the
akes with thicknesses around 0.8 nm can be identied as

Fig. 5 (a–d) AFM height images of hydrogenated graphene ﬂakes on SiO2 (300 nm)/Si substrates. The proﬁle lines shown in (a) and (b) are
depicted in (e) and (f) respectively.
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Fig. 7 Sheet resistances of the produced 2  2 cm2 graphene ﬁlms in

relation to the transparency at 550 nm.

single-layer graphene.49 We found that they also show a at
morphology and thus likely better adherence to the substrate.
Considering the inter-layer distance of hydrogenated graphene
of 0.46 nm a height of 2.5 nm likely corresponds to four-layer
graphene. Oentimes though, the akes are wrinkled, likely
due to stress induced by hydrogenation, as can be seen in Fig. 5c
and d. The wrinkled morphology is more pronounced in multilayer graphene akes. This makes accurate determination of the
layer number diﬃcult. Furthermore, the akes tend to
agglomerate.
Therefore, to get a statistically more relevant information of
the whole material, we analysed the shape of the Raman 2D
band as described elsewhere50 since this method is independent
of agglomeration and sample preparation. The Raman 2D band
shows a clear distinction between graphene (few-layer graphene) and graphite in its symmetry or asymmetry, respectively,
and can be used to discern the two. From this evaluation of over
800 spectra we nd that over 70% of the investigated material
consists of few-layer graphene. Having extracted the whole
material aer electrochemical treatment, we can draw conclusions to the yield of our process. Therefore, we determine the
exfoliation eﬃciency of our method to yield more than 70%
graphene. Since the hydrogenation aﬀects the shape of the 2D
band,42 we determined the yield aer annealing. Thermal
annealing may assist in further exfoliation of akes where
intercalation and/or hydrogenation was insuﬃcient to lead to
full exfoliation, but it may also lead to re-graphitization of the
akes and thus inuence the measured yield in either direction.51 Observations of akes before and aer annealing indicate that suﬃciently hydrogenated akes with a D/G ratio above
0.5 show a symmetric 2D band aer dehydrogenation.
Assuming this to be the case the majority of times we also
estimated the yield by a D/G ratio over 0.5 to be around 80%.
This value approximately matches the yield aer annealing.
Another important property of graphene akes is the lateral
size.10,11 As is always the case for graphene obtained by graphite
exfoliation,52 the material consists of akes with various diameters. As visible in the AFM images the akes show diameters
from around 2 mm to 15 mm. An evaluation of more than 600
akes from optical microscope images is shown in Fig. 6. The
akes' area follows an asymmetric distribution with an average
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ake area of 55 mm2. Flake sizes up to 2000 mm2 can be
observed, which corresponds to a diameter of about 50 mm.
Finally, the electrical conductivity of the prepared graphene
akes was investigated. For this transparent lms were
prepared by Langmuir–Blodgett technique onto 2  2 cm2
quartz glass substrates and annealed at over 600  C to remove
the graphene akes' hydrogenation. The electrical resistance
was measured by the van der Pauw method. The sheet resistance of lms with diﬀerent transparencies is plotted in Fig. 7.
For lms with around 70% transmittance at 550 nm the sheet
resistance ranges from about 1.6k to 3.2k U ,1. The variation
is caused by how well the akes overlap in the lm. With less
transparent lms the sheet resistance decreases, dropping to
550 U ,1 at 48% transparency and as low as 105 U ,1 at
10%.

Conclusions
We introduced an electrochemical one-pot reactor that enables
the use of natural graphite akes and their exfoliation under
high cathodic potentials by employing BDD electrodes. With
that the production of graphene akes with an eﬃciency of over
70% could be achieved. During this process we found a hydrogenation of the graphene akes to occur, which may aid in the
exfoliation of graphite. The resulting graphene akes are of
high quality, consisting of predominantly few-layer graphene,
possessing large ake areas with on average 55 mm2 and up to
2000 mm2, and a low defect density due to the reversibility of the
occurring hydrogenation. Transparent lms could be prepared
with sheet resistances from 100 to 3200 U ,1.

Experimental
Materials and electrochemical set up
The natural graphite akes (Schunk Hoﬀmann Carbon Technologies AG, Austria) were exfoliated in a two-electrode electrochemical reactor. The graphite akes were pressed onto the
cathode with a permeable ceramic. For both cathode and anode
boron-doped diamond (BDD) was used. For the cathode, prime
grade 400 silicon wafers with a resistivity in the range of 0.01–
0.02 U cm (p-type, Si-Mat, Germany) were overgrown with BDD.
Prior to growth, nanodiamond seeding was carried out using
4 nm hydrogen-terminated nanodiamonds (G01 grade, Plasmachem GmbH, Germany) following a procedure described
elsewhere.53 Diamond growth was carried out in an ellipsoidal
MPCVD reactor using puried gases (hydrogen, methane, and
trimethylborane).54 The following growth conditions were used:
9 kW microwave power, 750  C substrate temperature, 50 mbar
pressure, a methane concentration of 2% in H2, and a B/C ratio
of 2000 ppm. Aer 30 h process duration, an approximately 5
mm thick BDD lm was obtained with a dopant concentration of
more than 1021 B/cm3 (determined by secondary ion mass
spectrometry). As anode, a polycrystalline diamond wafer was
overgrown with BDD on both sides using the same conditions.
The electrolyte was prepared by solving 0.1 M tetrabutylammonium hexauorophosphate (Sigma Aldrich) in propylene

RSC Adv., 2019, 9, 29305–29311 | 29309

View Article Online

RSC Advances

Open Access Article. Published on 17 September 2019. Downloaded on 10/23/2019 10:47:32 AM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

carbonate (anhydrous, Sigma Aldrich). The voltage was applied
via a Keithley 2614B.
Sample preparation
Graphene ake dispersions were achieved by washing of the
akes with acetone and isopropanol over lter paper and then
dispersed in isopropanol by brief sonication in an ultrasonic
bath (Bandelin Sonorex, 35 kHz). Then the akes were dipcoated onto silicon substrates with a 300 nm oxide layer for
Raman spectroscopy, AFM and optical microscope characterisation, and onto silicon for FTIR analysis. For XRD analysis the
material was collected aer washing and pasted onto a zerobackground silicon holder. The transparent lms were obtained by Langmuir–Blodgett technique where the graphene
akes assembled on a water surface, were transferred onto
quartz glass substrate and subsequently annealed for dehydrogenation. The dehydrogenation was carried out by annealing
at over 600  C under vacuum in a tube furnace.
Characterisation techniques
Atomic force microscopy (AFM) measurements were performed
under ambient conditions using a NanoWizard 3 System (NanoWizard 3, JPK Instruments) in tapping mode with a PPP-NCHR
AFM probe. Raman spectra were obtained with an InVia Raman
microscope with a 532 nm excitation laser, 1800 mm1 grating and
a spatial resolution of 1 mm from Renishaw, Gloucestershire, UK.
Fourier-transform infrared spectroscopy (FTIR) was performed at
room temperature with a Bruker Invenio R spectrometer. X-ray
diﬀraction (XRD) measurements were carried out on a Panalytical Empyrean 2 diﬀractometer with a Ge 220 monochromator,
CuKa1 radiation (l ¼ 0.154056 nm) and a programmable antiscatter slit.
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