
RESEARCH ARTICLE
www.mcp-journal.de

Electrochemical Exfoliation of Graphene and Formation of
its Copolyamide 6/66 Nanocomposites by Wet Phase
Inversion and Injection Molding
Daniel Ehjeij, Jordan Kopping, Claus Gabriel, Josef R. Wünsch, Hans-Jörg Himmel,
Rasmus R. Schröder, Manfred Wilhelm, Jan Freudenberg, Uwe H. F. Bunz,
and Klaus Müllen*

Electrochemically exfoliated graphene (EEG) is compounded with
copolyamide 6/66 (PA6/66) to investigate the influence of the carbonaceous
filler material on the thermal, rheological, and mechanical properties of the
composite. Toward that end, the environmentally friendly electrochemical
exfoliation in aqueous solution is further developed to furnish graphene in
large quantities. Separating the exfoliation process from the incorporation
into the polymer matrix by wet phase inversion (WPI) allowed in-depth
characterization of the EEG by scanning electron microscopy (SEM), atomic
force microscopy (AFM), and Raman spectroscopy. The crystallinity of
copolyamide 6/66-EEG is significantly changed, as revealed by differential
scanning calorimetry (DSC). Likewise, the new composite materials exhibit
different flow properties, as well as increased mechanical reinforcement with
additive concentration. This is proven by dynamic shear rheology and
three-point stress tests compared to the neat polymer.

1. Introduction

The present paper has a dual purpose: first, to scale up the
electrochemically assisted exfoliation of graphene sheets. This
is the key requirement to, second, study the compounding of
polyamide 6/66. Graphene plays an important role in electronic[1]

and energy storage devices[2] as well as in strengthening com-
posite materials.[3] Methods for large-scale production include
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mechanical (shear mixing[4] or ball
milling[5]) or chemical exfoliation by oxida-
tion of graphite to graphite oxide (GO),[6]

Flash Joule heating[7] as well as electro-
chemical procedures.[8–10,11] Graphite has
been treated with strong oxidants,[12,13]

followed by thermal expansion and reduc-
tion to furnish reduced GO. This method,
however, has significant disadvantages
such as the use of toxic reagents and the
risk of intercalating metal impurities. In
contrast, electrochemical exfoliation[14]

offers a low-cost, environmentally friendly,
and scalable alternative avoiding transition-
metal impurities.[10,15a–e,16] Parvez et al.[8]

investigated the influence of different
sulfate salts to control the quality of elec-
trochemically exfoliated graphene (EEG):
Besides sodium and potassium sulfate, am-
monium sulfate led to large (up to 44 μm

in one dimension) EEG flakes (yields > 85%) with a low number
of oxidative defects.[8]

2D carbonaceous nanofillers such as graphene nanoplatelets
(GNPs)[17] and graphene oxide (GO)[18,19] endow materials
with flame retarding,[20] heat dissipative,[21] sensoric,[22]

conductive,[23] and mechanically reinforcing[24] properties.
Graphene exhibits high thermal and electrical conductivity[25,26]

and pronounced mechanical stress tolerance.[27,28]
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Figure 1. Electrochemical exfoliation setup: graphite foil parallel to a plat-
inum mesh electrode in a 0.1 m aqueous (NH4)2SO4 solution as elec-
trolyte with an operating voltage of 10 V.

While the impact of GO and GNPs on polyamide[29] ma-
trices was extensively studied,[18,30a–f,31,32] that of EEG still re-
mains to be investigated. Here, we present a method for the
formation of EEG-reinforced PA6/66 composite materials. We
describe the detailed fabrication of low-oxidized large graphene
sheets via environmentally friendly[8,33] electrochemical exfolia-
tion, and then proceed to compounding with PA6/66. Combin-
ing both processes discloses clear structure-activity relationships
together with the thermal, melt rheological, and solid mechan-
ical properties of the polymer composite. Prior to compound-
ing, the exfoliated graphene was characterized via scanning elec-
tron microscopy (SEM), atomic force microscopy (AFM), and
Raman spectroscopy. The effect of EEG on PA6/66 was inves-
tigated by thermogravimetric analysis (TGA), differential scan-
ning calorimetry (DSC), SEM, oscillatory rheology, and three-
point stress tests of injection molded bending rods.

2. Results and Discussion

2.1. Graphene Preparation by Electrochemical Exfoliation and
Characterization

To scale up the EEG fabrication, (Figure 1) the following changes
were made from the literature procedures to offer significant im-
provements of the protocol:[13,67] 1) 2D electrodes were tested in-
stead of wires (see Section S1, Supporting Information) with a
platinum mesh (25 cm2) giving the best results. 2) A graphite foil
(25 cm2 area size) replaced graphite flakes adhering to conductive
carbon tape as working electrode. If the foil was too thin (0.13 mm
thickness, ≈0.4 g), bending deformations of the foil, induced by
the gas evolution, were observed, resulting in contacts with the
counter electrode in some cases. A thicker graphite foil (0.5 mm
thickness, ≈1.5 g) was dimensionally stable ensuring a uniform
distance without short circuits. 3) Instead of polytetrafluoroethy-
lene (0.1 μm pore size), polyvinylidene fluoride filter membranes
(0.1 μm pore size) were used for material collection and washing.
This significantly sped up the purification process with washing

cycles of only a few minutes. With these optimizations, an exfo-
liation rate of 750 mg h−1 was achieved.

Subsequently, the dry material was suspended in dimethylfor-
mamide using mild ultrasound treatment. Usage of an ultrasonic
finger gave partially curled flakes (Figures S1 and S2, Supporting
Information)[34] which was avoided with a milder, low-intensity
ultrasonic bath, resulting in planar flakes. The graphene flakes
were stabilized by the solvent for several days without apparent
agglomeration. After resting for 2 d to precipitate non-exfoliated
particles, the suspension was used for further conversion into
composite materials.

The present scale-up approach also improved the morphology
of the exfoliated graphene sheets: compared to literature,[10,35] the
average layer thickness decreased from 2.2 to 1.8 layers (shift-
ing towards a higher fraction of monolayers) while the number
of flakes larger than 10 μm increased (for a detailed analysis via
SEM and AFM, see Section S2, Supporting Information). Our
EEG was free of defects such as oxygen adducts when compared
to other EEG[8,36] (see Raman characterization, Section S2, Sup-
porting Information). All these findings confirm the value of the
improved electrochemical exfoliation.

2.2. Reinforcing PA6/66 with EEG

The EEG was embedded into a PA6/66 matrix (Figure 2) to in-
vestigate the influence of low-content graphene on the composite
material. After filtration, the collected EEG paste was suspended
and added to a PA6/66 solution (both in formic acid). The mixture
was isolated by wet phase inversion (water) to obtain the black
PA/Gx masterbatch. The weight fractions of the EEG relative to
the composites were between 3.5 and 4.5 wt.% – that is, between
52% and 66% of the original graphite foil were ablated as EEG.
The EEG was homogeneously dispersed (SEM images of PA/G4.1,
Figure 3A,B); thereby, larger graphitic particles were absent. To
summarize, two simple steps, solvent blending and wet phase in-
version, readily provide available masterbatches of PA6/66 with
a homogeneous distribution of the EEG filler.

Bending rods of different EEG concentrations from 0 to
2.0 wt.% were then injection molded from the masterbatches into
the form of Charpy test bars (64 × 10 × 0.4 mm3, twin-screw ex-
truder, Figure 3C).

The glass transition and melting temperatures of the com-
posites were only slightly affected by the EEG independent of
the filler levels (DSC, Figure 4A; and see Section S3, Support-
ing Information). Crystallinity was influenced more profoundly:
In the first heating run, the melting enthalpy of samples with
EEG (> 1.0 wt.%) increased from 49% to 57% (see Section S3,
Supporting Information). The cooling thermograms of PA/Gx
showed only one crystallization peak. The crystallization temper-
ature TC and the crystallization onset temperature TCO increased
by 5 °C and 15 °C (addition 0.1 wt.% EEG), respectively. An el-
evated plateau was then reached, with TCO again increasing sig-
nificantly by another 7 °C at 2.0 wt.%. Obviously, EEG serves as a
nucleating agent for the thermally more stable 𝛼-crystal form:[37]

Of the two melting points of polyamide (𝛼-crystal and 𝛾-crystal
form)[38] in the second heating TGA cycle, that of the latter one is
absent for PA/G2.0 (Figure 4C) suggesting that the well-dispersed
EEG flakes favor formation of the 𝛼-crystal form.[39,40]
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Figure 2. Schematic representation of the PA/Gx composite masterbatch production.

Embedding EEG into PA6/66 increases the thermostability of
the composites by up to 8 °C (at 0.7 wt.% loading; TGA, Figure
S7, Supporting Information), in line with the effect of graphene
nanoplatelets as nanofiller in different polyamides.[39,40] It can be
said, that the EEG and the PA6/66 matrix interact at the interface,
decreasing the mobility of the polymer chains near the interface
and increasing the thermal stability of the composite material.

To investigate the homogeneity of the graphene flakes within
the polymer matrix and the processability of the PA/Gx compos-
ites, oscillatory shear rheology was used to characterize the fun-
damental flow behavior of the materials (see Section S4, Sup-

Figure 3. A,B) SEM images of the PA/G4,1 composite masterbatch. C)
photograph of the bending rods (64 × 10 × 0.4 mm3) of 0 – 2.0 wt.%
EEG content in PA6/66. Samples were taken from the bottom right corner
(0.5 wt.% rod) as well as the top left corners (1.0 and 2.0 wt.% rods) for
TGA after the mechanical stress tests.

porting Information). Figure 4D presents the effect of angular
frequency on the elastic shear modulus G′ and viscous shear
modulus G″ for neat PA6/66 and nanocomposites of different
EEG concentrations, including a multimode Maxwell model (see
Section S4, Supporting Information). As expected, G′ and G″ in-
crease with EEG content. At 2.0 wt.% EEG concentration, a flat-
tening of the viscous modulus was observed in the low-frequency
range.[41,42] Increasing elastic and viscous shear moduli with el-
evating graphene concentration in PA6 has been reported.[43] As
the graphene ratio increases, the values for G′ approach those
of G″ (Figure 4D), which demonstrates the beginning of the for-
mation of a percolation threshold.[32] However, up to 2 wt.%, no
transition and therefore no rheological percolation has yet been
achieved.[44] The mechanical loss factor tan(𝛿) as a function of
angular frequency is displayed in Figure 4E. Between 0.1 and
1000 rad s−1, the mechanical loss of neat PA6/66 and PA/Gx com-
posites decreases monotonically up to 0.7 wt.% EEG while peak
values ≈0.8 rad s−1 are observed for the PA/G1.0 and PA/G2.0
composites. A shift in the peak value of the mechanical loss as
a function of angular frequency shows additional energy loss in
the form of shear.[45] Figure 4F quantifies the structural viscosity
of the composite. Increasing EEG content leads to an increase of
the absolute value of the complex viscosity of the composite ma-
terial, which has been reported.[46] With increasing shear force
the viscosity diminishes.[41]

The outstanding mechanical properties of graphene[27] make it
a promising filler material. Yet, graphene tends to form agglom-
erates which may disallow the use of its high intrinsic mechanical
properties in composites.[47] All bending rods were analyzed with
regard to their mechanical properties in a three-point stress test
(see Section S5, Supporting Information). Figure 5A shows the
results of the measured Young’s moduli via a stress-strain experi-
ment as a function of the concentration series. The Young’s mod-
ulus already increases by 4% with low EEG addition of 0.1 wt.%.
Subsequently, a plateau is reached until it again experiences
an increase of 13% at 2.0 wt.% of EEG. The bending stress is

Macromol. Chem. Phys. 2025, 226, 2400320 2400320 (3 of 7) © 2024 The Author(s). Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 4. A) DSC graph of PA/G0, PA/G0.1 and PA/G2.0 in a heating-cooling process. DSC graph of B) PA/G0 and C) PA/G2.0 in a heating-cooling-
heating process up to 270 °C. D) Dynamic viscoelastic response of storage G’ and loss moduli G”. The Maxwell model (black solid line) is fitted to the
experimental results. E) Mechanical loss factor tan(𝛿) and F) magnitude of complex viscosity of the PA6/66 bending rods of different EEG content as a
function of angular frequency at 230 °C.

presented in Figure 5B. An increase in bending modulus can be
observed even at low graphene addition. Likewise, a plateau is ev-
ident until the bending stress increases again at 2.0 wt.% of EEG
filler (see Section S5, Supporting Information). Zhang et al.[48]

succeeded in increasing the tensile strength and Young’s modu-
lus of PA6 by 66.5% and 88.0%, respectively, by adding 1.0 wt.%

graphene oxide. However, the elongation at break of the com-
posite was significantly lower, which was due to the reduction
of intermolecular interactions between the polymers. Yu et al.[49]

succeeded in improving the Young’s modulus by 29.1% upon
embedding 0.5 wt.% exfoliated graphene in a PA6 matrix. Mon-
ticelli et al.,[50] on the other hand, observed a significant decrease

Figure 5. Measured A) Young’s modulus, B) bending modulus, C) flexural strength of the bending rods (64 × 10 × 0.4 mm3) with different EEG content.
Mechanical characteristics were measured with two identical specimens and the results averaged for evaluation.
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in the modulus of elasticity by adding 0.5 (−45%) or 1.0 wt.%
(−36%) exfoliated graphene in PA6, while the elongation at break
increased slightly (+1.2% for 0.5 wt.% and +26% for 1.0 wt.%).
This was attributed to a plasticizing effect.[51] Due to the improve-
ment in Young’s modulus, as well as in bending stress, a rein-
forcement of the composite material is achieved, while a plasti-
cizing effect of the EEG on the composite material is excluded.

3. Conclusion

An environmentally friendly two-step process for the prepara-
tion of copolyamide 6/66/EEG composites has been realized.
The protocol starts with electrochemically assisted exfoliation of
graphene, followed by wet phase inversion and compounding.
The electrochemical exfoliation of graphene can easily be brought
to a gram-scale underlining its relevance for further scaling up
and industrial purposes. The EEG (up to 66% yield) offers an aver-
age size of ≈12 μm and average height of ≈1.8 layers. The choice
of electrodes (large area platinum mesh in combination with a
thick graphite foil) is of crucial importance yielding graphene
flakes larger than 10 μm with a decrease in average layer thick-
ness. 96% are thin-layer graphene with monolayers forming the
largest fraction. Raman spectroscopy confirms the high quality
of EEG with a low fraction of oxygen adducts. Changing the fil-
tration set-up (PTFE vs PVDF) leads to a rapid isolation of the
EEG. Compounds with PA6/66 were fabricated by wet phase in-
version. The resulting masterbatches containing up to 4.5 wt.%
EEG were then adjusted to the desired concentration ratios using
a twin-screw extruder. EEG proves highly suitable for mechanical
reinforcement of polyamides: 1) EEG as a nucleation agent sta-
bilizes the more thermally stable 𝛼-phase and suppresses other
crystal phases with an earlier onset of crystallization of PA6/66.
2) EEG increases thermal degradation temperature of the copoly-
mer by 8 °C and thus improves the thermostability of the polymer
due to the well dispersed EEG. 3) The addition of EEG causes
an increase in viscosity due to the strong interaction between
the PA6/66 matrix and the EEG flakes since the latter restricts
the mobility of the PA6/66 strands. Both the Young’s modulus
(+ 13%) and the bending stress (+ 4%) are enhanced by embed-
ding EEG in the PA6/66 matrix.

To conclude, electrochemical exfoliation appears as an ex-
perimentally straightforward and viable procedure to fabricate
graphene on a larger scale, while offering an attractive agent for
adjusting the filler material due to its low defect density, for ex-
ample by post-modification.

4. Experimental Section
Apparatus: A power supply (3000B, Powerbox, Sweden) was used as

voltage source for the electrochemical exfoliation. SEM images were taken
with a field-emission scanning electron microscope (Ultra 55, Carl Zeiss
Microscopy, Germany) at 1.5 keV primary electron energy using the SE2
detector for Type II secondary electrons. AFM measurements were con-
ducted using a Bruker Nanoscope MultiMode VIII. Raman spectra were
recorded with a Horiba Jobin Yvon T64000 (laser wavelength 514 nm).
Mild sonication was realized with a Transsonic T 490 DH by Elma. A Hei-
dolph RZR 2052 propeller stirrer was employed to precipitate the compos-
ite masterbatches. TGA samples and masterbatches were dried in a Va-
cutherm vacuum oven by Heraeus Instruments. Compounding of the mas-

terbatches was carried out with a Xplore micro compounder MC 15 (labo-
ratory twin-screw extruder, screw length 336 mm, mixing length 172 mm,
diameter 22 – 9 mm) with a rotational speed of 80 rpm at 230 °C. The
material (masterbatch and neat copolyamide 6/66) was added into the ex-
truder within 1 min and then compounded for another 3 min before being
injected at 230 °C into the mold preheated at 120 °C (pressure was 16 bar
during injection for 5 s and then maintained at 14 bar for further 5 s).
TGA was measured using a Mettler Toledo TGA/DSC (30–800 °C, heating
rate 10 K min−1 under nitrogen atmosphere). DSC measurements were
performed with a TA-Instruments DSC Q2000 (25 – 270 °C, heating rate
20 K min−1) device. The apparent crystalline content of the composites
was determined using a value of 151 J g−1 for the heat of fusion for a
theoretically 100% crystalline PA6/66.[52] Dynamic shear rheology mea-
surements were carried out with the oscillatory rheometer DHR-1 by TA-
Instruments with 25 mm diameter parallel-plate fixture (1 mm gap be-
tween the parallel plates). The measurements were performed at 230 °C.
Frequency sweep tests were conducted in a range of 500 – 0.5 rad s−1 at a
strain of 1.0%. All specimens (64 × 10 × 0.4 mm3) were dried in a vacuum
oven at 50 °C for at least 72 h. Mechanical stress tests were performed
at room temperature on a three-point setup (Texture Analyzer TA-HD by
Stable Micro Systems, force resolution 0.1 g, support distance 64 mm, di-
ameter of the supporting rolls 10 mm, traverse speed of the Young mod-
ulus 0.1 mm s−1, maximum strain for determining the Young modulus
0.25%, traverse speed of determination stability 0.3 mm s−1, crosshead
travel 25 mm) with injection molded bending rods (64 × 10 × 0.4 mm3)
with different EEG content.

Electrochemical Exfoliation of Graphite: Graphite exfoliation was car-
ried out in a two-electrode system adapting a procedure published by
Parvez et al.[8] In a 1 L beaker filled with 900 mL of a 0.1 molar aqueous am-
monium sulfate ((NH4)2SO4, Sigma-Aldrich) electrolyte solution, a plat-
inum mesh electrode (50 × 50 mm2 size, wire diameter 0.06 mm) and a
graphite foil (Alfa Aesar, 0.5 mm thick, 99.8% metals basis, 50 × 50 mm2,
≈1.4 g) as counter electrode were placed in parallel at a fixed distance
of 2 cm. When a static potential of 10 V was applied, the graphite elec-
trode was ablated, causing exfoliated graphite material to accumulate at
the surface of the electrolyte solution and as a sediment (≈1 h). The ex-
foliated graphitic material was allowed to settle for 1 h before most of
the electrolyte solution was decanted off (ca. 90%). The exfoliated mate-
rial was collected by filtration (PVDF; 0.1 μm pore size, 47 mm diame-
ter) and washed thoroughly with DI water and ethanol respectively. Us-
ing mild ultrasound (20%, 60 min, rt), the wet material was suspended in
0.5 L DMF, upon which individual flakes were split off from the graphitic
material and stabilized by the solvent due to lack of reaggregation of the
graphene flakes.[53] The EEG suspension (52–66% with respect to the ini-
tial graphite foil) was allowed to rest for 48 h to settle down un-exfoliated
graphitic material and larger fragments.

Composite Masterbatch Fabrication: The PA6/66/EEG (PA/Gx where x
indicates the mass fraction of EEG) composites were synthesized adapting
a procedure of Scaffaro.[54] For PA/Gx composite masterbatch fabrication,
the top 90% of the EEG suspension was filtered (PTFE, 0.5 μm pore size,
47 cm diameter), yielding a graphene paste. This paste was suspended
in 150 mL of formic acid (98+% purity, Acros Organics) using mild ultra-
sonication (40%, 20 min, rt). The suspension was then added to a 60 °C
solution of 20 g of PA6/66 (Ultramid C33 01 provided by BASF SE, de-
gree of crystallinity 0.36–0.56, melting temperature 196 °C) in 200 mL of
formic acid (10 mL g−1) and stirred for 1 h. The resulting dissolved PA/Gx
mixture was transferred to a beaker filled with water and equipped with a
propeller stirrer and subsequently precipitated by WPI in 1 L DI water. As
the formic acid migrated into the aqueous phase, the sponge-like PA/Gx
masterbatch precipitated and was collected by filtration. This solid was
found to prevent a stirring bar from rotating sufficiently, so the use of a
propeller stirrer proved instrumental in fabricating the composite master-
batches. The resulting composite material was washed with DI water until
a neutral pH was achieved. The PA/G composite masterbatch was finally
dried at 80 °C in a vacuum oven for 72 h. Twin-screw extrusion was used
to produce composites (bending rods and samples for TGA/DSC and rhe-
ology) of concentrations ranging from 0 to 2 wt.% EEG content from the
masterbatches.
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