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Graphene-related materials are in the forefront of nanomaterial
research. One of the most common ways to prepare graphenes
is to oxidize graphite (natural or synthetic) to graphite oxide
and exfoliate it to graphene oxide with consequent chemical reduc-
tion to chemically reduced graphene. Here, we show that both nat-
ural and synthetic graphite contain a large amount of metallic
impurities that persist in the samples of graphite oxide after the
oxidative treatment, and chemically reduced graphene after the
chemical reduction. We demonstrate that, despite a substantial
elimination during the oxidative treatment of graphite samples,
a significant amount of impurities associated to the chemically
reduced graphene materials still remain and alter their electroche-
mical properties dramatically. We propose a method for the puri-
fication of graphenes based on thermal treatment at 1,000 °C in
chlorine atmosphere to reduce the effect of such impurities on
the electrochemical properties. Our findings have important impli-
cations on the whole field of graphene research.

electrochemistry | synthesis

Graphene and graphene-derived materials have recently at-
tracted enormous attention from the scientific community
because of their extraordinary physical, chemical, and mechanical
features (1, 2). Graphene materials can be used in several appli-
cations—including electronics (3), composite materials (4, 5),
sensing (6), energy storage (7, 8), and medicine (9)—with ex-
pected or known advantages over conventional materials.

In general, there are two routes leading to the production of
graphene: (i) a bottom-up approach, consisting of growing single/
bilayered graphene onto a catalytic surface through chemical
vapor deposition (CVD) technique (10, 11); and (ii) a top-down
approach, starting from graphite to obtain single/few-layered gra-
phene sheets by an exfoliation procedure (12, 13). Because exfo-
liation in the liquid phase is hardly achieved directly on graphitic
materials because of the highly cohesive van der Waals forces be-
tween the graphene sheets (14), a chemical treatment is generally
performed to oxidize graphite to graphite oxide (GO). The oxi-
dation helps to increase the graphene interlayer distance for an
easy exfoliation, which is then followed by the removal of the oxy-
gen functionalities to give single/few-layered graphene (12). The
second approach received particularly huge attention because it is
suitable for large-scale production of graphene materials and is
cost-effective, although the graphene produced presents signifi-
cant structural defects and lower carrier mobility properties (12).
Natural graphite is the preferred starting material for this method
of preparation because it is available in great quantities and at a
low cost. Alternatively, synthetic graphite is also widely adopted
as a starting material. It is important to highlight the differences
between these two graphitic materials with particular focus on the
content of metallic impurities and possible sources of contami-
nation.

Natural graphite is mined using standard hard or soft rock-
mining techniques. If the ore is hard rock, it must be drilled,
blasted, and then crushed in a mill. Soft rock ore can literally
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be dug and transported like sand directly to the floatation plant.
The floatation process relies on the differences in surface chem-
istry between the soil rock and the graphite mineral to be
extracted (15). In a water dispersion of the rock/graphite mixture,
certain floatation agents that bind specifically to the graphitic ma-
terial are added. The subsequent injection of air into the water
mixture allows graphite to float on the liquid surface, whereas the
rock particles sink to the bottom. After floatation, the graphite
flakes are washed, dried, and finally packaged for shipment.
Although the floatation process is able to remove most of the
mineral grains attached “mechanically” to the surface of graphite
flakes, it cannot change the purity of the discrete single graphite
flake particle. The graphite particle still contains some mineral
impurities, which are “intercalated” between groups or stacks of
adjacent graphene layers. The intercalated impurities maintain
an intimate association with graphite because graphite cannot
be removed from the flake by mechanical methods. This type
of impurity can only be removed by using chemical or thermal
treatments. Graphite flakes in the purity range of 80-98 % have
typically been purified using only froth floatation. Flakes above
98% purity require additional purification steps subsequent to
floatation (16). Synthetic graphite powders are obtained from
the graphitization of selected carbon precursors, like petroleum
and coal tar-based cokes, by heat treatment at temperatures
above 2,500 °C under an oxygen-free environment. During the
heat-treatment process, the amorphous coke material is purified
and converted into crystalline carbon. A traditional process
exploits the Acheson furnace technology, in which the carbon
raw material is positioned between two electrodes and covered
by refractory powder material to protect it from oxidation. Elec-
tric current is then passed through the carbon bulk, which acts as
an electric resistance between the electrodes while generating,
by Joule effect, temperatures above 3,000 °C inside the furnace
(16). By using high-purity cokes as starting material in the graphi-
tization process, purity levels above 99.9 % can be achieved rou-
tinely. The final properties of the obtained synthetic graphite are
therefore influenced by the characteristics of the precursor ma-
terials and the process parameters. It is, in fact, possible to have a
level of contamination of up to 2%, even for synthetic graphite
(17-19).

Regardless of the type of graphite, it is important to mention
that a milling process is always performed prior to commerciali-
zation in order to obtain the desired particle size. This is because
different applications are optimized to use only specific graphite
particle sizes. Despite a relatively low value of hardness (0.5-1 on
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the Mohs scale), milling of graphite to fine particle sizes is very
difficult because of its flaky shape and the strength of the covalent
bonds within the graphene sheets. Such milling process may re-
present an important source of metallic contamination depend-
ing on the desired size of the final product. For sizes above
100 pm, conventional hammer mills and industrial sieving equip-
ment can obtain the final product with low energy input and a
low contamination level. On the other hand, when finer particle
sizes (<44 pm) are needed, the process becomes very energy-
consuming and the level of metal contamination increases signif-
icantly (16).

It should be highlighted here that the graphene community
does not anticipate metallic impurities to be present in gra-
phenes. This is somewhat surprising given the fact that the pre-
sence of metallic impurities in graphite has been known for a long
time (20, 21). The influence of metallic impurities has already
been demonstrated for carbon nanotubes (CNTs) produced by
CVD on metallic nanoparticle catalysts. It was clearly shown that
residual metallic impurities present in CNT samples can alter and
even dominate their electronic (22, 23), electrochemical (24-27),
redox (28-30), adsorption (31) and toxicological properties (32,
33). However, research on the effects of impurities in graphene
and graphene-related materials is still in its earliest stage despite
the important implications of these impurities—implications
including the possibility of altering the electrochemical and elec-
tronic behavior or toxicity of graphenes because these materials
are being used as electrode surfaces (6) or tracers in cancer ima-
ging (34).

It was shown by theoretical modeling that the interaction of
transition metal impurities with graphene may alter its electronic
properties dramatically (35, 36). We recently demonstrated that
metallic impurities present in synthetic graphite still remain and
significantly interfere with the electrochemistry of related gra-
phene materials produced by means of thermal reduction/exfolia-
tion of graphite oxide (37). Here, we investigate the metallic-
impurities content of both natural and synthetic graphite used
as precursors for the preparation of chemically reduced graphene
materials. We follow the variation of such contamination during
the synthetic procedures consisting of (i) oxidation of graphite to
graphite oxide, and (if) chemical reduction of graphite oxide to
chemically reduced graphene (CRG) by means of hydrazine. We
show that a significant amount of metallic impurities still remains
at the end of the process and that these impurities could drama-
tically influence the electrochemical properties of the graphene
materials. In particular, we demonstrate that the most abundant
impurities, Fe and Ni, display prominent catalytic effects with
consequently possible important implications in toxicological
events.

Results and Discussion

The solution-based production of graphene materials follows the
steps illustrated in Fig. 1. Graphite starting material (synthetic or
natural) is oxidized to graphite oxide in order to introduce oxygen
functionalities, which facilitate the exfoliation of the graphene
sheets. Such oxidative treatment is typically carried out using the
Hummers or Staudenmaier methods (see Materials and Methods),
which differ on the oxidation agent used. After the exfoliation of
graphite oxide, a chemical reduction is performed to eliminate
the oxygen functionalities and to obtain single/few-layered gra-
phene sheets.

Using inductively coupled plasma mass spectrometry (ICP-
MS) technique, we assessed the starting metallic-impurities con-
tent of synthetic (S) and natural (N) graphite samples as well as
the variation of the impurities after the preliminary oxidation
process to graphite oxide and, finally, after the chemical reduc-
tion to graphene. Table 1 summarizes the results for the analyses.
In order to obtain a complete set of information, we decided to
perform the oxidation procedure using both the Hummers and
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Fig. 1. Schematic for the preparation of chemically reduced graphene. Syn-
thetic or natural graphite are preliminarily oxidized to GO using the modified
Hummers or Staudenmaier methods. CRG is obtained by the chemical reduc-
tion of GO using hydrazine. Metallic impurities (Ni, Fe) present in graphite
still remain after the chemical treatments.

Staudenmaier methods. For the final reduction, hydrazine was
employed for both materials following an identical procedure.
It can be seen in Table 1 that synthetic graphite, as expected, con-
tains 10 to 100 times lower concentrations of impurities com-
pared to natural graphite, with the presence of Fe and Ni as the
most abundant elements in both cases. With regard to the oxida-
tive procedures, it can be noted that, by using the Staudenmaier
method on synthetic graphite, only slight changes in the metallic
contents resulted, with all elements remaining at the same order
of magnitude as the precursor graphite. However, substantial de-
creases in the metallic contents were observed with the Hummers
method on natural graphite. The element concentrations were, in
fact, approximately 10 times lower than the parental graphite.
Interestingly, both the graphite-oxide materials showed very simi-
lar metal contents for all elements with the exception of Fe, which
was approximately 10 times higher for GO produced from natural
graphite. Proceeding with the chemical reduction of graphite
oxide, we noticed increments of the metal contents. In order to
seek possible sources of contamination, we carefully analyzed all
the reagents involved in the oxidation as well as the reduction
procedure by ICP-MS (Table S1). We found that none of the che-
micals used in the procedures had significant amounts of metal
impurities (<detection limit) or metal contents in the order of
parts per billion. The increase in the amount of metallic impuri-
ties after the chemical reduction can only be explained by the fact
that some of the impurities present in both the synthetic and
natural graphite are strongly intercalated within the graphitic
structure and cannot be released by the microwave acid-based
digestion performed prior to the ICP-MS analyses. We suggest
that the ultrasonication treatments performed to exfoliate GO

Ambrosi et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1205388109/-/DCSupplemental/pnas.1205388109_SI.pdf?targetid=ST1

Bane

/

\

BN AS  PNAS D)

Table 1. Metallic-impurities content (ppm) in synthetic and natural graphite, GO, and CRG materials

as determined by ICP-MS analysis

Fe Co Cu Mo Ni
Graphite synthetic 552+ 1.3 0.03 + 0.01 1.2+0.2 0.45 + 0.01 29+ 0.6
GO (Staudenmaier) 39.0 + 3.7 0.05 + 0.01 3.0+ 06 1.5+0.2 3.17 £ 0.02
S-CRG 108.9 + 16.7 0.07 + 0.01 16.7 £ 0.3 <DL 20.2+ 1.0
Graphite natural 4224 + 250 3.30 + 0.02 15.1+0.7 18.1+0.3 33.7+28
GO (Hummers) 529.6 + 32.4 0.09 + 0.01 3.7+08 1.5+0.2 52+ 0.6
N-CRG 927.6 + 159.9 0.27 + 0.01 16.6 + 1.0 <DL 18.0 £ 1.7

DL, detection limit; +, standard deviation.

before the chemical reduction could have possibly exposed those
trapped impurities. In order to verify such hypothesis, we re-
peated the ICP-MS analysis of the GO samples (synthetic and
natural) with inclusion of a 2-h ultrasonication treatment prior
to the digestion steps. Using this method, the metallic-impurities
content of the GO samples almost matched (or were in the same
order of magnitude) that of the CRG samples, thus confirming
that a significant portion of impurities were trapped within the
graphitic structure (Table S2).

We adopted scanning transmission electron microscopy with
energy-dispersive X-ray spectroscopy (STEM/EDS) to image the
studied materials. It can be seen in Fig. 2 that the natural and
synthetic graphite (Fig. 2 A and C, respectively) showed multi-
layered structures with mostly smooth basal planes and sharp
edges. The chemically reduced materials N-CRG and S-CRG
(Fig. 2 B and D, respectively) presented exfoliated morphologies
with single/few-layered sheet morphology and several wrinkles on
the surfaces, as typically observed on graphene materials derived
from graphite oxide. An iron-based metallic impurity is also visi-
ble in Fig. 24 (natural graphite), as indicated by the arrow. EDS
analysis confirmed the presence of Fe (Fig. S1).

Based on the ICP-MS results, it is clear that the metallic im-
purities, in particular Fe and Ni, are still present after the pro-
cedures followed to fabricate graphene materials. Such metal
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contaminations can dramatically influence the electrochemical
behavior of the materials. It has already been demonstrated, in
fact, how metallic impurities influence the electrochemical prop-
erties of carbon nanotubes (24-28), even at ppm levels (38).
We recently demonstrated an altered electrochemical behavior
of thermally exfoliated graphene by comparing the electrochem-
istry of such material with that of edge-plane—pyrolitic graphite
electrode (EPPG) (37). It is well-known that the electrochemistry
of graphene and graphene-based materials resembles that of the
EPPG electrode (39, 40) because of the high density of defects
and edge-plane sites available in such materials. The heteroge-
neous electron transfer (HET) at edge sites of carbon materials
is a factor 107 faster than that at the basal-plane sites; therefore,
the EPPG electrode, with only exposed edge-plane sites of the
graphitic carbon material, represents the perfect reference sys-
tem for comparison (39). In this way, any possible deviations from
the electrochemistry of the EPPG electrode can only be caused by
the presence of metallic impurities that are extremely electroche-
mically active.

In the following text, we will demonstrate the effect of residual
Fe impurities on the electrochemistry of chemically reduced gra-
phene materials using cumene hydroperoxide (CHP) as a mole-
cular probe. Hydrogen peroxide (25) and organic peroxides (41)

100nm JEOL 6/1/2012
EM WD 8.3mm  12:22:56|

-
30.0kV TED

X 40,000

Fig. 2. STEM images of (A) natural graphite, (B) chemically reduced graphene produced from natural graphite, (C) synthetic graphite, and (D) chemically
reduced graphene produced from synthetic graphite. (A) The dark spot indicated by the arrow represents Fe-based metallic impurity. Scale bars, 1 um (A, C,

and D) and 100 nm (B).
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Fig. 3. Cyclic voltammograms recorded in the presence of 10 mM CHP. (A) Fe30, nanoparticle-modified GC electrode and EPPG electrode; (B) electrode
modified with chemically reduced graphene obtained from N-CRG and S-CRG. Supporting electrolyte, 50 mM phosphate buffered solution at pH 7.2. Scan

rate, 0.1 V/s. Reference electrode, Ag/AgCl.

are known to be very sensitive to the presence of Fe impurities,
which catalyze their reduction.

Fig. 34 shows the cyclic voltammetric measurements of 10 mM
CHP with EPPG electrode and Fe;O, nanoparticle-modified
glassy carbon (GC) electrode, both acquired after purging the so-
lution with nitrogen to remove any dissolved atmospheric oxygen.

It can be seen that the reduction peak of CHP occurs at the
EPPG electrode at about —0.62 V (versus Ag/AgCl). However,
with the Fe;O4-modified GC electrode, the reduction signal is
recorded at a more positive potential (—0.25 V), indicating that
the Fe; O, nanoparticles exert a catalytic effect on the reduction
of CHP. Such potential shift of almost 400 mV on the reduction of
CHP is clear evidence of the catalytic effect of Fe;O, nanopar-
ticles, which, in other words, facilitate the reduction of CHP to
the corresponding alcohol. No catalytic effects resulted from
using Co-, Co3;04—, Cu,O—, Ni, NiO-, MoO,—, or MoOj3-nano-
particle-modified electrodes (Fig. S2). Subsequently, we pro-
ceeded with the cyclic voltammetric measurements of CHP
using GC electrodes modified with chemically reduced graphene
produced from natural and synthetic graphite. It can be seen in
Fig. 3B that the reduction peak for CHP appeared at about
—0.32 V and -0.37 V for N-CRG and S-CRG, respectively. It
is again evident that a catalytic effect is taking place in such a
redox reaction. The reduction peaks from both materials were
recorded, in fact, at potentials very close to those obtained with
Fe; O, nanoparticles (Fig. 34), indicating that a similar catalytic
behavior is occurring. Because ICP-MS analysis confirmed the
presence of Fe-based impurities within the graphene materials,
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we can conclude that such impurities are responsible for the
altered electrochemical behavior.

We also tested the effect of metallic impurities towards the oxi-
dation of hydrazine, which is known to be sensitive to metallic
impurities that can result in the lowering of its oxidation potential
(24, 42). Fig. 44 shows representative cyclic voltammetric mea-
surements in the presence of 5 mM hydrazine using an EPPG
electrode and a NiO nanoparticle-modified GC electrode. It
can be seen that NiO nanoparticles have a catalytic effect on
the oxidation of hydrazine, which resulted in an oxidation poten-
tial about 300 mV lower than the signal recorded using the EPPG
electrode. By measuring the electrochemical behavior of hydra-
zine with a GC electrode modified with N-CRG, it could be noted
that the oxidative wave presented two features (Fig. 4B). The first
signal, occurring at about 0.41 V, can be attributed to the oxida-
tion of hydrazine catalyzed by the presence of metallic impurities
within N-CRG. The second signal, with maximum at about 0.8 V,
can be attributed to the oxidation of hydrazine over the under-
lying GC electrode surface. Such a phenomenon is a typical char-
acteristic of heterogeneous electrode surfaces. It is clear that,
when using the N-CRG-modified electrode, the oxidation of hy-
drazine occurs at a lower potential than the EPPG electrode
(0.81 V) and at a similar potential compared to the NiO nano-
particle-modified electrode (0.46 V). This is again clear evidence
of the presence of metallic impurities within the N-CRG materi-
al, which is capable of altering the electrochemical properties.

For an S-CRG-modified electrode, the catalytic effect is less
evident because a broader oxidation signal was obtained. This
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Fig. 4. Cyclic voltammograms recorded in the presence of 5 mM hydrazine. (A) NiO nanoparticle-modified GC electrode and EPPG electrode; (B) electrode
modified with chemically reduced graphene obtained from N-CRG and S-CRG graphite. Supporting electrolyte, 50 mM phosphate buffered solution at pH 7.2.

Scan rate, 0.1 V/s. Reference electrode, Ag/AgCl.
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could be caused by a lower content of Fe impurities compared to
the N-CRG.

An efficient procedure to purify the graphene materials would
represent an important contribution to the field. Reducing the
amount of metallic impurities to levels at which they have no
electrocatalytic effect or trigger no toxicological event while pre-
serving the electronic, electrochemical, and physical properties of
the graphene materials is of great interest and importance. To this
aim, we selected and investigated the efficiency of three possible
purification methods: (i) soaking and refluxing in a concentrated
hydrochloric (HCl) and nitric acid (HNO3) mixture; (if) sonica-
tion in a mixture of hydrogen peroxide (H,0O,) and HCI; and (iii)
thermal treatment in a Cl, atmosphere. The first two methods
have been proposed in the past for the purification of carbon na-
notubes (43-45), whereas the thermal treatment is commonly
adopted for the purification of graphite (46-48) or other carbo-
naceous materials (49). We monitored the metallic content, with
particular focus on Fe impurities, by means of ICP-MS. We
observed that only the thermal treatment at 1,000 °C in Cl, atmo-
sphere was able to slightly reduce the amount of Fe, from
930 ppm to a value of about 840 ppm, whereas the other two
methods resulted in unaltered levels of Fe. Such results confirm
that the reduction of metallic content to levels below 100 ppm
(0.01 wt%, where they have no catalytic effects; see ref. 38) is
an extremely challenging task. To the best of our knowledge, only
methods adopting extreme conditions (2,000-3,000 °C in halogen
atmosphere) may be able to lower those levels (46-48); however,
such methods also cause structural damages with detrimental
consequences to the material properties. The liquid-phase puri-
fications in HCI-HNO; or H,O,-HCI mixtures have been docu-
mented to reach levels of purity in the order of 1-5 wt% (10,000—
50,000 ppm), two orders of magnitude higher than the content
measured in our graphene materials (43-45).

As mentioned above, the metallic-impurities content in our
graphene materials decreased by about 90 ppm upon the Cl,
(at 1,000 °C) treatment and was practically unaltered when using
the wet chemistry purification methods. We tested whether the
metallic impurities in the treated materials were still electrocata-
lytic towards the reduction of CHP. The materials treated in
aqueous-phase purifications (methods 1 and 2) presented an
electrochemical behavior almost identical to that of the unpuri-
fied materials. However, the graphenes purified by the thermal
treatment in Cl, atmosphere (method 3) showed a significantly
reduced electrocatalytic behavior (Fig. S3). The thermally treated
materials showed, in fact, a reduction peak for CHP about
200 mV lower than the untreated ones and very close to that
of the EPPG electrode. This is likely caused by the removal of
surface-accessible metallic impurities while the remaining trace
metal impurities are still sheathed by the graphene sheets (i.e.,
between the graphene layers) and thus electrochemically inactive.

To summarize, we demonstrated that metallic impurities pre-
sent in both synthetic and natural graphite still remain after their
oxidation to graphite oxide by the most common oxidation meth-
ods, such as Hummers and Staudenmaier. These impurities per-
sist even after the chemical reduction of graphite oxide, which is
employed to fabricate graphene materials. Such metallic impuri-
ties are extremely active as catalysts, as we have demonstrated
here by means of electrochemical methods. We propose a ther-
mal treatment of graphene in halogen atmosphere as means of
purification from the electrochemically active impurities. Be-
cause metallic impurities dramatically alter the electronic, elec-
trochemical, redox, catalytic, and toxicological properties of the
carbon materials, and because the graphene-researching commu-
nity seldom takes into account the existence of metallic impurities
present in chemically reduced graphenes, our findings could have
important implications for the whole graphene field.

Ambrosi et al.

Materials and Methods

Natural graphite (flake size, 45 pm) was kindly donated by Asbury
Carbons (Asbury, NJ). Synthetic graphite (particle size, <20 um), sulfuric
acid (95-98%), potassium chlorate (98%), hydrochloric acid (37%),
N, N-dimethylformamide (DMF), potassium phosphate dibasic, sodium phos-
phate monobasic, potassium chloride, nickel oxide (Il) nanoparticles, and iron
oxide (Il, 1) nanoparticles (diameter, <50 nm) were purchased from Sigma-
Aldrich. Cumene hydroperoxide (80%) and hydrazine were purchased from
Alfa Aesar. Fuming nitric acid (>90%) and ultrapure nitric acid (for digestions
for ICP analysis) were obtained from J.T. Baker. GC and EPPG electrodes with a
diameter of 3 mm were obtained from Metrohm Autolab.

Elemental analyses were performed using an Agilent model 7700x ICP-MS,
and microwave digestions with concentrated nitric acid were performed on a
Mars CEM system. All voltammetric experiments were performed on a pAu-
tolab type-Ill electrochemical analyzer (Eco Chemie) connected to a personal
computer and controlled by General Purpose Electrochemical Systems Ver-
sion 4.9 software (Eco Chemie). Electrochemical experiments were performed
in a 5-mL voltammetric cell at room temperature by using a three-electrode
configuration. A platinum electrode (Autolab) served as an auxiliary elec-
trode, whereas an Ag/AgCl electrode (CH Instruments) served as a reference
electrode. All electrochemical potentials in this paper are stated versus
Ag/AgCl reference electrode.

Samples for ICP analysis were prepared by accurately weighing into a
clean Easy Prep vessel followed by addition of 1.5 mL ultrapure HNOs.

Digestion procedure consisted of microwave treatment at 1,600 W
(100%), ramping the temperature from 25 °C to 120 °C with 20 min ramping
time and maintaining the final temperature for 15 min. Final temperatures of
180 °C and 200 °C were also adopted to examine the influence of tempera-
ture and ramping time on elements determination.

The calculated results showed good agreement between the different
methods and their replicates.

Natural graphite and synthetic graphite were tested as received with no
further treatment.

Graphite oxide from synthetic graphite (5-GO) was prepared according to
the Staudenmaier method (50). Thus, 17.5 mL of sulphuric acid (95-98%) and
9 mL of nitric acid (fuming) were added to a reaction flask (round bottom)
containing a magnetic stir bar and cooled by immersion in an ice bath for
15 min. Next, 1 g of graphite was added to the mixture under vigorous stir-
ring to obtain a homogeneous dispersion. While keeping the reaction flask in
the ice bath, 11 g of potassium chlorate were added to the mixture over
15 min in order to avoid any sudden increment in temperature and formation
of explosive chlorine dioxide gas. After the complete dissolution of potas-
sium chlorate, the reaction flask was loosely capped to allow evolution of
gas and the mixture was stirred vigorously for 96 h at room temperature.
On completion of the reaction, the mixture was poured into 1 L of deionized
water and filtered. GO was then redispersed and washed repeatedly in HCI
(5%) solutions to remove sulphate ions, and finally washed with deionized
water until neutral pH of the filtrate was obtained. Resulting GO powder was
then dried in a vacuum oven at 60 °C for 48 h before usage.

Graphite oxide from natural graphite (N-GO) was prepared according to
the modified Hummers method: 0.5 g of graphite, 0.5 g of NaNOs, and 23 mL
of H,S0O,4 were stirred together in an ice bath. Next, 3 g of KMnO,4 was added
slowly to the mixture at 0 °C. Once mixed, the solution was heated to 35 °C
and stirred for about 1 h, forming a thick paste. Next, 40 mL of water were
added, and the solution was stirred for 30 min while the temperature was
raised to 90 °C. The temperature was maintained at 90 °C for 15 min, and
then 100 mL of water was added followed by the slow addition of 3 mL
of H,0, (30%), turning the color of the solution from dark brown to yellow,
until gas evolution stopped. The warm solution was then filtered and washed
with about 100 mL of warm water. The filter cake created was redispersed in
water by mechanical agitation. Centrifugation was done at about 6, 600 x g
for 15 min in water until a neutral pH of the supernatant was obtained. GO
powder was finally dried in oven at 60 °C for 2 d before usage.

Chemically reduced graphene was obtained from the natural GO (N-CRG)
and synthetic GO (S-CRG) using hydrazine as reducing agent. Dry graphite
oxide powder (49.8 mg) was dispersed in ultrapure water to give a
1.0 mgmL~" colloidal solution and ultrasonicated (150 W) for 3 h. Hydrazine
hydrate (2 mL, 32.1 mmol) was added dropwise at 47 °C and the reaction mix-
ture was heated up to 100 °C for 24 h. After cooling to room temperature,
the mixture was washed repeatedly with methanol and ultrapure water
using centrifugation (8,000 rpm, 10 min). The sample pellet was dried at
60 °C for 2 d prior to usage.

The EPPG and GC electrode surfaces were renewed by polishing with
0.05-mm alumina particles on a cloth and ultrasonicated in ultrapure water
for 10 min. Immobilization of the carbon materials onto the working elec-
trode (GC) was performed firstly by preparing a suspension of the desired
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material with a concentration of 5 mgmL~" in DMF with a 10-min sonication,
followed by a deposition of 3-pL aliquot of the appropriate suspension onto
the electrode surface. The solvent was then allowed to evaporate at room
temperature. Nanoparticle-modified GC electrodes were prepared in a simi-
lar fashion by dispersing nanoparticles in DMF (5 mgmL~") and subsequent
deposition of 3 pL of the dispersed NPs on the GC surface. Cyclic voltammetry
experiments were performed at a scan rate of 100 mVs~' using 50 mM phos-
phate buffer solution (pH 7.2) as supporting electrolyte and 10 mM CHP or
5 mM hydrazine as molecular probes.

In procedure 1 of purification method using aqua regia, 0.2 mg of N-CRG
was dispersed in the mixture of concentrated hydrochloric acid and nitric acid
(3:1 by volume). The mixture was heated under reflux for 1 h. The strong
evolution of nitrous gases occurred during the heating. The mixture was al-
lowed to cool at room temperature, and after 4 h the graphene was sepa-
rated by suction filtration, repeatedly washed with deionized water, and
dried under vacuum at 60 °C.

Procedure 2 of purification in hydrochloric acid-hydrogen peroxide mix-
ture consisted of the following steps. About 10 mg of the N-CRG sample was
mixed directly with 5 mL of 1-N hydrochloric acid and 5 mL of 30 % H,0, in a
15-mL glass tube. The suspension was sonicated for 2 h, leaving the sonicator
bath temperature to rise up to 50 °C. The N-CRG material was then separated
from the mixture by filtration and washed with about 500 mL of ultrapure
water. The sample was finally dried at 60 °C for 3 d in a vacuum oven be-
fore use.

Procedure 3, based on thermal treatment of graphene, was performed in
quartz-glass reactor equipped with magnetic manipulator at the tempera-
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with controlled atmosphere. The reactor was flushed with nitrogen by re-
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30 min to remove remaining oxygen functionalities after chemical reduction
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reactivity toward chlorine. Subsequently, the reactor was repeatedly evacu-
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avoid danger of explosive reaction of chlorine with hydrogen. The graphene
was then treated in chlorine-nitrogen atmosphere for 60 min. The flow of
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