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G
raphene oxide, a well-celebrated
graphene-based material, exhibits
many interesting properties, stretch-

ing from its excellent solubility in aqueous
solutions1 to its inherent fluorescence2 or
inherent electrochemistry.3 These proper-
ties are exploited in many applications,
e.g., in sensing and biosensing4,5 or energy
storage devices.6�8 Surprisingly, the exact
chemical structure of graphene oxide (GO)
remains unclear up to now.9 It is only re-
cently that graphene oxide has been shown
to be a highly heterogeneous material that
consists of poorly oxidized graphene sheets
and highly oxidized graphene debris.1 This
oxidation debris is often responsible for
the observed excellent solubility in aqueous
solutions1 or fluorescence2 of graphene
oxide. Oxidation debris (OD) can be defined
as highly oxidized polyaromatic fragments

strongly adsorbed on the graphene matrix
by π�π stacking, hydrogen bonding, and
van der Waals interactions.1,10 Oxidation
debris (sometimes also referred to as car-
boxylated carbonaceous fragments11) has
been investigated previously as a product
of nitric acid purification treatment of carbon
fibers and carbon nanotubes (CNT).11�17

It was discovered that the amount of carbo-
naceous debris strongly depended on the
time length of the oxidation treatment of
carbon fibers, ranging from 0.11 to 22.1%
(wt).12 The oxidation debris was found to
strongly influence spectroscopic properties
of single-walled carbon nanotubes13 as well
as its fluorescence.14 In addition, the pre-
sence of oxidation debris altered the solubi-
lity of CNTs15 and was also found to be partly
responsible for the toxicity of CNTs.16 It was
further shown that oxidation debris on
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ABSTRACT

Graphene oxide is known to exhibit many interesting properties, ranging from inherent fluorescence to inherent electrochemistry, just to name a few.

Recent research has found that graphene oxide is a composite material consisting of the so-called “oxidation debris” and unoxidized graphene fragments.

Surprisingly, the oxidation debris, which contains small and highly oxidized aromatic fragments adsorbed on graphene surfaces, is responsible for the

excellent solubility and inherent fluorescence of graphene oxide. Here, we examine the origin of the inherent electroactivity of graphene oxide and

demonstrate that such phenomenon is attributed to the presence of oxidation debris. We separate oxidation debris from the less oxidized graphene

backbone in “as-prepared” graphene oxide nanoplatelets using ultrasonication. We found that the extension of ultrasonication time corresponded

to a larger amount of oxidation debris released from the graphene oxide nanoplatelets' surfaces and subsequently caused detrimental effects

to the inherent electroactivity of the graphene material. Since graphene oxide is often the material of choice for energy storage devices, such as

batteries and supercapacitors, a thorough understanding on the origin of such inherent electrochemical properties of graphene oxide is of very

high importance.
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carbon nanotubes presents significant problems for
subsequent covalent functionalization, owing to the
fact that most of the reactive carboxylic groups were
present on the oxidation debris, which was noncova-
lently bound to CNTs.11,17 Even though the presence of
oxidation debris was clearly identified, its exact nature
remained elusive. Specifically, its size and chemical
composition were not conclusively determined. Oxida-
tion debris was previously suggested to be benzopo-
lycarboxylic acid,18 while other works suggested the
size of 10�15 polyaromatic molecule containing var-
ious oxygen-containing groups, ranging from carboxyl
to epoxide and hydroxyl12 with molecular weight of
200�800Da,16 possiblywith a structure similar to fulvic
acid;14 however, the suggestion on structure similarity
to fulvic acid was challenged,16 and larger structures
of oxidation debris, up to 5 nm, were suggested
instead.15,19 Analogous to previous findings for carbon
nanotubes,11�17,19 recent works have also demon-
strated the presence of oxidation debris on graphene
materials.1,2,10,20,21 Several chemical and physical
properties, which were previously attributed to the
“as-prepared” graphene oxide itself, are now being re-
examined in order to fully understand the influence
and role of such oxidation debris. Recently, in an
elegant work fromRourke's group, ODwas successfully
separated from GO by using a base-washing protocol
and was estimated to make up for one-third of the
whole GO mass.1 A further study by the same group
was performed to identify the role of OD on graphene
oxide fluorescence.2 In a separate study, an enhanced
catalytic activity on the oxidative coupling of amines to
imines was achieved with porous graphene which had
its OD removed by base-washing treatment.20 The
variable surface properties of GO with and without OD
were also assessed by anchoring Ag nanoparticles on
the oxygen-containing groups of GO.10 Under similar
circumstances as previous research on the oxidation
debris of CNTs, the exact structure of oxidationdebris on
the surface of graphene remains elusive. On the basis of
X-ray photoelectron spectroscopy data, it was sug-
gested that the oxidation debris contained carboxyl,
epoxide, and hydroxyl groups.22 It was also found that
the size of the oxidation debris was ∼1 nm or less,
which was effectively the size of 3�4 aromatic rings.23 It
should be mentioned that reduced graphene contains
small organic aromatic molecules which desorb at
temperatures as low as 50 �C.24 The electrochemical
behaviors of GO and reduced GO, either debris-free or
containing oxidation debris, were studied with various
redox probes to demonstrate the detrimental effects
ofODon theheterogeneous electron transfer properties
of the graphene materials.21 The different chemical
and physical properties observed in debris-free GO
were mainly due to the reduced presence of
oxygen functionalities on GO surfaces. In fact, a drastic
increase in C/O atomic ratio has been observed on

debris-free GO,1,10 which indicated that the oxygen
functionalities on “as-prepared” GO were mainly con-
centrated on the OD surfaces. The electrochemistry
of graphene oxide described above refers to the
oxidation/reduction of solutes (based on heterogeneous
electron transfer phenomenon). In addition, there
exists another aspect of electrochemistry which is
highly of interest to us in this work, whereby GO shows
inherent electrochemistry, that is, it contains oxygen-
containing groups (i.e. epoxide, aldehyde, or peroxide)
which can be electrochemically reduced at mild
potentials.3

Given the widespread application of graphene
oxide in energy storage devices,8 solar cells25,26 and
biosensing,27 the frequently observed inherent electro-
chemical activity (as opposed to heterogeneous elec-

tron transfer, the inherent electrochemistry refers to the
inherent reduction of the material itself) of graphene
oxide thus begs the question: is the oxidation debris
then involved in the inherent electroactivity of GO? It is
well-established that the reduction peaks observed in
GO materials at cathodic potentials are due to the
presence of oxygen-containing groups such as epox-
ides, peroxides, and aldehydes on their surfaces.3,28

As such, the electrochemical reduction of GO has been
exploited by several groups to either obtain reduced
graphene platforms with specific characteristics
and functionalities3,29 or as a working signal whereby
GO is used as a label for biosensing.27,30 Due to the
considerable number of applications, it is therefore
important to obtain deeper insights into the origin
of the electrochemical signal provided by GO
reduction. Note that the inherent electrochemistry
of graphene oxide itself is a conceptually different
phenomenon from the heterogeneous electron transfer
electrocatalysis of graphene toward solutes (peroxides,
glutathione, etc.) in which the latter was reported to
be caused by metallic impurities within the graphene
materials.31,32

In this work, we are interested in investigating the
inherent electroactivity of GO in order to understand
the role of oxidation debris on this property. Analogous
to the usage of ultrasonication for the exfoliation of
graphite oxide to graphene oxide,33 we developed a
protocol based on the prolonged ultrasonication of GO
to achieve the separation of oxidation debris from the
graphene matrix. The electrochemical signals due to
the 'as-prepared' GO, debris-free GO, and oxidation
debris were measured and compared among different
ultrasonication times. UV�visible spectroscopy, Fourier
transform infrared spectroscopy (FTIR), X-ray photo-
electron spectroscopy (XPS), elemental analysis (EA),
scanning transmission electron microscopy (STEM),
Raman spectroscopy, and inductively coupled plasma
mass spectrometry (ICP-MS) investigations were also
performed to confirm and support the results obtained
by electrochemistry.
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RESULTS AND DISCUSSION

To address the question on whether the oxidation
debris is responsible for the inherent electroactivity of
graphene oxide, the oxidation debris was thus sepa-
rated fromgraphene sheets using ultrasonication.11,19,34

The electrochemical behaviors of graphene oxide nano-
platelets (GONPs) subjected to different extent of ultra-
sonication times were studied. Scheme 1 illustrates the
experimental procedure in which different amount of
oxidation debris is removed from GONPs after different
ultrasonication times and how such time variable influ-
ences the inherent electroactivity of GONPs.
In our initial approach to the investigation, four

solutions of graphite oxide nanofibers (GONFs) were
prepared and ultrasonicated with increasing times of
2, 8, 16, and 24 h in order to obtain the respective
graphene oxide nanoplatelets solutions: aGONP-2h,
aGONP-8h, aGONP-16h, and aGONP-24h (where 'a'
stands for “as-prepared”). Figure 1 illustrates the cyclic
voltammograms obtained from the electrochemical
reduction of the four GONPs which were drop-casted
onto glassy carbon (GC) electrode surfaces. The ob-
served voltammetric peaks around �1.4 V originated
from the inherent electroactivity of GONPs and corre-
lated to the presence and amount of oxygen function-
alities on the graphene surfaces.28,35 As it can be seen in
Figure 1, the intensity of the reduction peaks decreased
when the ultrasonication time was extended from 2 to
24 h. Given the fact that most of the oxygen-containing
groups are concentrated on the OD surfaces,1,2,10,21 the
decrement in the inherent electroactivity of graphene
oxide can thus be attributed to a reduced amount
of oxygen functionalities on GONP surfaces as a con-
sequence of OD removal due to prolonged ultrasonica-
tion time.
To gain deeper insights into the role of OD on the

inherent electroactivity of GONPs, the aGONPs were
separated by centrifugation1 into two different por-
tions: (i) a supernatant solution containing the oxida-
tion debris (OD) and (ii) a debris-free GONP precipitate
(pGONP). For this study, we chose to focus only on
the two extreme cases, specifically the aGONP-2h and
aGONP-24h.
Figure 2 illustrates the electrochemical behaviors of

aGONP-2h and aGONP-24h before (panel a) and after

the respective ODs have been separated from aGONPs
(panels b and c). As shown in Figure 2b for GONP
treated with 2 h of ultrasonication, the largest peak
was observed for the starting material aGONP-2h and
followed by pGONP-2h. The peak with the lowest
intensity was provided by the supernatant solution
containing the oxidation debris, OD-2h. These results
showed that pGONP-2h was responsible for most
of the electroactivity of aGONP-2h while only a small
fraction of it was due to OD-2h. It was also apparent
from the subsequent structural and morphological
characterizations (see below) that only a partial re-
moval of OD from aGONP surface was achieved after
2 h of ultrasonication treatment meaning that most of
the OD was still adsorbed on the pGONP surface.
As for GONP treatedwith 24 h of ultrasonication, OD-

24h was responsible for most of the electroactivity
of aGONP-24h, while the pGONP-24h showed a much
reduced electroactivity. In this case, a significant de-
sorption of OD from aGONP surface has occurred after
24 h of ultrasonication, as confirmed by the increased
reduction signal of OD in the supernatant. The clear
differences in the electrochemical behaviors of OD-2h
and OD-24h relative to their respective pGONPs estab-
lished the fact that most of the ODwas still retained on
the graphene materials even after 2 h of ultrasonica-
tion, while a 24 h ultrasonication treatment was able to
desorb most of the OD.
These findings were supported by FTIR analyses

(Figure S1, Supporting Information). FTIR data showed

Scheme 1. Schematic of the experimental protocol.

Figure 1. Cyclic voltammetry (CV) of “as-prepared” GONPs
(aGONPs) after ultrasonication times of 2 h (red line), 8 h
(blue line), 16 h (green line), and 24 h (black line). All
measurements were performed in 0.1 M PBS, pH 7.
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CdC band at 1603 cm�1 and CdO band at 1714 cm�1.
It can be seen that there was a quantitative increase in
the ratio of CdC band to CdO band on pGONP after
the removal of oxidation debris (even after 2 h of
ultrasonication), which indicated that there was less
oxygen-containing groups present on the pGONP than
on GONP. This is consistent with previous FTIR obser-
vations on graphene oxide before and after removal
of oxidation debris.10 The band at 2700�3000 cm�1 is
related to C�H stretch.36 While the intensity of this
band was low on GONP and pGONP-2h, it was promi-
nent on pGONP-24h. The presence of C�H stretch was
also observed previously on graphene oxide and oxi-
dation debris-free graphene oxide, with intensities
similar to that observed here on GONP and pGONP-
2h.10 The intensity of the C�H band was stronger on
pGONP-24h than pGONP-2h, which can be explained
either by the fact that a longer ultrasonication time has
led to a more effective removal of OD or structural
rearrangement of graphene oxide.37

To further justify our findings, the graphene materi-
als were analyzed by UV�vis spectroscopy. Figure 3
illustrates UV�vis spectra of aGONP-2h and aGONP-
24h before (panel a) and after the separation of OD
from the respective aGONPs (panels b and c). As shown
in Figure 3a, aGONP-2h gave a typical GO absorbance
peak around 230 nm,29,38 while aGONP-24h showed
a larger absorbance peak shifted toward the lower
wavelength region. The blue-shifted and larger peak
recorded for aGONP-24h was due to the presence of
a larger amount of OD released from aGONP surface
into the aqueous solution after 24 h of ultrasonication.
This observation was also supported by previous
studies inwhich a higher oxidation degree of graphene
material corresponded to blue-shifted absorption
peaks.39,40

Once the aGONP solutions were separated into their
respective pGONPs and ODs, a different picture was

Figure 2. Cyclic voltammetry (CV) of “as-prepared” GONPs
(aGONPs), precipitatedGONPs after centrifugation (pGONPs),
and supernatant containing oxidation debris (OD). (a) CV
for “as-prepared” GONPs after 2 h (aGONP-2h) and 24 h
(aGONP-24h) of ultrasonication; (b) CV for “as-prepared”
GONPs after 2 h of ultrasonication (aGONP-2h), precipitated
GONPs (pGONP-2h) and oxidation debris (OD-2h) obtained
after centrifugation of aGONP-2h; (c) CV for “as-prepared”
GONPs after 24 h of ultrasonication (aGONP-24h), precipi-
tated GONPs (pGONP-24h) and oxidation debris (OD-24h)
obtained after centrifugation of aGONP-24h.

Figure 3. UV�vis absorption spectra of “as-prepared”
GONPs (aGONPs), precipitated GONPs after centrifugation
(pGONPs), and supernatant containing oxidation debris
(OD). (a) UV�vis spectra for “as-prepared” GO NPs after
2 h (aGONP-2h) and 24 h (aGONP-24h) of ultrasonication; (b)
UV�vis spectra for “as-prepared” GONPs after 2 h of ultra-
sonication (aGONP-2h), precipitated GONPs (pGONP-2h)
and oxidation debris (OD-2h) obtained after centrifugation
of aGONP-2h; (c) UV�vis spectra for “as-prepared” GONPs
after 24 h of ultrasonication (aGONP-24h), precipitated
GONPs (pGONP-24h) and oxidation debris (OD-24h) ob-
tained after centrifugation of aGONP-24h.
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observed on GONP-2h and GONP-24h. As illustrated in
Figure 3b, a larger absorption peak was provided by
the debris-free pGONP-2h while a lower absorption
peak was observed for the supernatant containing OD.
This meant that, in reference to the electrochemical
results above, most of the OD was still retained by
pGONP-2hwhile only a small fractionwas present in the
separated supernatant. When the ultrasonication time
was increased from 2 to 24 h, the absorption signal
due to the separated OD increased dramatically while
the pGONP-24h showed very low absorption intensity,
thus confirming themassive desorption of OD from the
aGONP surface after 24 h of ultrasonication treatment.
In addition to the UV�vis measurements, physical
difference between the aGONPs suspensions was also
striking even on plain sight (Figure S2, Supporting
Information). Whereas the aGONP-2h showed a typical
brownish color of graphene oxide solution,33 aGONP-
24h showed a darker color which distinctively reflected
the presence of debris-free graphene sheets.1,10

XPS analysis was subsequently performed to inves-
tigate the amount of oxygen-containing groups on
GONP surfaces after the ultrasonication treatments.
Figure 4 illustrates the C 1s core level spectra for
untreated graphite nanofibers (panel A) and debris-
free precipitates obtained after the centrifugation of
aGONPs that were ultrasonicated for 2 h (panel B)
and 24 h (panel C). The results obtained from the XPS
analysis were consistent with previous reports.1,10

As seen in Figure 4A, the peak centered at 284.5 eV
corresponded to CdC sp2 bonds, while the higher
binding energy components were due to oxygen func-
tionalities present on GONF surface. A lower amount of
oxygen functionalities (Figure 4B) was found on the
precipitate from after 2 h of ultrasonication treatment
(pGONP-2h), as compared to the starting material.
Moreover, a further reduction was observed (Figure 4C)
upon a longer period of ultrasonication treatment
(pGONP-24h) (for the deconvolution of XPS analysis,
please refer to Figure S5). The C 1s core level spectrum
of the untreated starting material, GONFs, can be de-
convoluted with three peaks at binding energies of
284.5 (56%), 286.7 (34%), and 288.7 eV (10%) which can
be assigned to CdC sp2 bonds, C�O bonding, and
CdO bonding, respectively. The C 1s core level spec-
trumof the residual material after 2 h of ultrasonication,
pGONPs-2h, was also deconvoluted with three peaks at
284.5 (60%), 286.4 (33%), and 288.6 eV (7%). It can be
noted that the oxygen functionalities decreased from a
total peak area of 44% to about 40%.On the other hand,
the C 1s core level spectrum for the residual material
after 24 h of ultrasonication, pGONPs-24h, was decon-
voluted with four peaks centered at 284.5 (62%), 286.3
(27%), 288.3 (8%), and 290.4 eV (3%). In addition to
the CdC, C�O, and CdO bonding, the peak at 290.4 eV
can be assigned to O�CdO group. The total count of
oxygen functionalities for pGONPs-24hwas about 38%.

A further decrease, albeit little, of oxygen functionalities
was registered after a longer ultrasonication time. Since
carboxylic groups are generally present at the edges of
graphene materials,41 the longer ultrasonication time
which causedmoredamages to thematerial couldhave
most likely favored the formation of oxygen function-
alities at the edges. This substantiated our previous
findings that a prolongedultrasonication treatment can
effectively remove the oxidation debris, where bulk of

Figure 4. High-resolution XPS C 1s core level spectra of
GONFs andGONPs. (A) Untreated graphite oxide nanofibers
(GONFs); (B) debris-free precipitate obtained from gra-
phene oxide nanoplatelets ultrasonicated for 2 h (pGONP-
2h); (C) debris-free precipitate obtained from graphene
oxide nanoplatelets ultrasonicated for 24 h (pGONP-24h).
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the oxygen-containing groups reside on, from the
GONP surfaces. Further evidence to our hypothesis
was provided by elemental analysis performed on
debris-free precipitate obtained from GONP ultrasoni-
cated for 24 h (pGONP-24h). The C/O ratio found for
pGONP-24h was 2.55 (%C, 42.06; %O, 16.70; %H, 41.23;
%N, 0; %S, 0), which was much higher than the starting
material, GONFs, at 1.44 (%C, 42.33; %O, 29.24; %H,
28.43; %N, 0; %S, 0).
To further investigate the effects of ultrasonication

time on the morphological and structural properties
of both the “as-prepared”GONP and debris-free GONP,
STEM, and Raman spectroscopy were performed
on the studied materials. The STEM image of GONFs
showed the individual nanofiber structures inwhich the
graphene sheets were aligned perpendicularly along
the fiber axis (see Figure S3A, Supporting Information).
Upon chemical oxidation and after 2 and 24 h of
ultrasonication treatments, separated graphene oxide
nanoplatelets were observed (Figure S3B�E). From the
figures, it was obvious that the “as-prepared” GONPs
treated with 2 h of ultrasonication (aGONP-2h, panel B)
and debris-free precipitate (pGONP-2h, panel C) ob-
tained from aGONP-2h showed a similar structure. In
addition, the “as-prepared” GONPs obtained after 24 h
of ultrasonication treatment (aGONP-24h, panel C) and
debris-free precipitate (pGONP-24h, panel D) obtained
from aGONP-24h showed a similar structure. Thiswas in
agreement with previous works in which it was not
possible to distinguish “as-prepared” GO from debris-
free GO by using STEM technique.22 Despite that, the
STEM analysis was able to provide evidence on the
extent of exfoliation of the graphene materials. It was
apparent from the STEM images that an ultrasonication
treatment of 24 h (panels D and E) was able to provide
a more effective exfoliation as compared to just 2 h of
ultrasonication treatment (part B and C). It is known
that extended ultrasonication treatment of graphitic/
graphenic materials leads to the fragmentation of
these materials from an original size of several tens
of micrometers to micrometer or even submicrometer
sizes.42�45 This is of course dependent on the ap-
plied power of ultrasonication, bath temperature, and

whether any cavitation takes place. Since GONPs uti-
lized in this study have base dimensions of 50� 50 nm,
they aremuch smaller thanmicrometer sized graphene
sheets studied previously.42�45Moreover, since the size
of oxidation debris has been suggested to be <1 nm
in previous works,11�17,23 it was expected that the
“as prepared” and debris-free GO should not show
any structural difference. A similar result was previously
observed in a different work.22

Furthermore, Raman spectroscopy is an extremely
important tool for the characterization of graphene
materials.46 Raman spectrum of graphene materials
is generally analyzed by evaluating two prominent
features: the G-band around 1600 cm�1, which cor-
responds to sp2 lattice, and the D band around
1300 cm�1, which is related to the presence of defects
in the sp2 lattice. As shown in Figure S4, the variations
of D/G ratio for GONFs, aGONP-2h, pGONP-2h, aGONP-
24h, pGONP-24h were within the statistical error,47

suggesting a structural similarity of all the analyzed
graphene materials.

CONCLUSIONS

The inherent electroactivity of graphene oxide nano-
platelets hasbeen investigated, and the roleof oxidation
debris on this property has been clarified. A prolonged
ultrasonication treatment is introduced to separate the
native GONPs from the OD fraction. UV�vis studies,
FTIR, XPS, EA, STEM, Raman, and ICP-MS investigations
were also performed on the graphene materials in
support of the electrochemical results. We found that
the separation of OD from the “as-prepared” GONPs
corresponded to a net reduction in the inherent electro-
activity of graphene oxide nanoplatelets. This is because
as the ultrasonication time increases, a larger amount of
OD is released from the aGONPs. This demonstrates that
the electroactivity of graphene oxide mostly resides in
the oxidation debris. Moreover, it is clear that different
ultrasonication processing times dramatically changes
the electrochemical properties of graphene oxides.
These finding will have profound impacts on the appli-
cation of graphene oxide in electrochemical devices,
such as batteries, supercapacitors, or sensors.

EXPERIMENTAL SECTION
Materials. Stacked graphite nanofibers were provided by

StremChemicals (Newburyport, MA). Potassiumpermanganate,
hydrogen peroxide, sulfuric acid (95�98%), and sodium nitrate
were obtained from Sigma-Aldrich (Singapore). Phosphate
buffer solution used in the study was the following: 0.1 M PBS
(0.1 M NaCl and 10 mM sodium phosphate buffer, pH 7.0).
All solutions were prepared using Milli-Q water (18.2 MΩ cm
resistivity). Glassy carbon electrodes, each with an effective
surface area of 7.07 mm2, were provided by EcoChemie (The
Netherlands). The three-electrode cell includes a glassy carbon
working electrode, a platinum counter electrode, and a Ag/AgCl
reference electrode.

Equipment. An Autolab PGSTAT302 potentiostat (Eco Che-
mie, Utrecht, The Netherlands) driven by GPES software, version
4.9 was used to carry out all electrochemical experiments. Cyclic
voltammetry (CV) measurements were performed in PBS buffer
solution at 0.1 V s�1. UV�vis measurements were performed
by using a UV/vis spectrophotometer, dual beam UV-2550
(Shimadzu, Japan). The optical cell thickness for UV�vis mea-
surements was 0.1 cm. An Allegra 64R centrifuge (Beckman
Coulter, Singapore) was used for GONPs preparation/separation
protocols. Ultrasonicationof GONPswasperformed in a FB11203
ultrasonicator (Thermo Fisher Scientific, Singapore), at a fre-
quency of 37 kHz. Ultrasonication temperature was controlled
using an ice bath and always maintained lower than 30 �C.
XPS studywasperformedwith a Phoibos 100 spectrometer anda
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Mg X-ray radiation source (SPECS, Germany); Raman spectros-
copy was carried out with a confocal micro-Raman LabRam HR
instrument from Horiba Scientific in backscattering geometry
with a CCD detector, a 514.5 nm Ar laser, and a 100� objective
mounted on a Olympus optical microscope. Combustible
elemental analysis was performed on a EuroVector Euro EA
elemental analyzer; ICP-MS was carried out with an Agilent
model 7700� ICP-MS, while microwave digestion in concen-
trated nitric acid was carried out in a Mars CEM system. The
obtained results for the element concentrationswere the follow-
ing: 8.18, 0.14, 29.62, 20.10, and 5248.71 ppm for Fe, Co, Mo, Ni,
and Mn, respectively. The levels of Cu and Zn were found to be
lower than those of the detection limit.

A JEOL JSM-7600F semi-in-lens FE-SEM was used to acquire
the STEM images. Attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) characterizationwas performed using a
PerkinElmer Spectrum 100 system coupled with a universal ATR
accessory. A diamond/ZnSe was employed as the ATR crystal.

Procedures. Conventional protocols were followed to prepare
bulk quantities of graphene oxide nanoplatelets.38 Graphite
oxide nanoplatelets were prepared from graphite nanofibers
by following amodifiedHummers'method.48,49 A total of 0.5 g of
graphene nanofibers was mixed together with 0.5 g of NaNO3

and 23 mL of H2SO4, and the mixture was stirred in an ice bath.
Subsequently, 3 g of KMnO4 was slowly added to the mixture
while the temperature was maintained at 0 �C. The solution was
then heated to 35 �C and stirred for 1 h. After the formation of
a thick paste, 40 mL of water was added, and the solution was
stirred for an additional 30 min at 90 �C. Subsequently, 100 mL
of water was added into the mixture followed by 3 mL of H2O2

(30%) until the evolution of gas ceased. The mixture was
then filtered and washed with 100 mL of warm water. This was
followed by a redispersion of the filtered material in water.
The solution was then centrifuged at 8000 rpm for 15 min and
washed with water until the supernatant reached a neutral pH.
The obtained GONFs powder was last dried in an oven for 2 days
at 60 �C.

A 1 mg mL�1 water solution of obtained graphite oxide
nanofiber (GONF) powder was ultrasonicated for 2 h in order to
obtain graphene oxide nanoplatelets (GONPs).33 Ultrasonication
of 1 mg mL�1 of GONFs suspension for the different experi-
ments was performed for 2, 8, 16, and 24 h under a controlled
temperature of 25 �C.42 For electrochemical measurements, 1 μL
of a GONP 1 mg mL�1 suspension in Milli-Q water was drop-
casted on a glassy carbon electrode surface and allowed to dry
at room temperature. For UV�vis experiments, a 0.02 mg mL�1

suspension was employed. For the separation of oxidation
debris, the GONP suspensions ultrasonicated for different times
were centrifuged at 15 000 rpm for 1 h. After that, the super-
natants were collected and the precipitates were washed with
Milli-Qwater for 3 times and resuspended in the same volume of
water. The solutionmixture was then transferred into a Petri dish
and left in an oven at 40 �C for 2 days. A 1mgmL�1 suspension in
Milli-Q water was prepared with the obtained graphene powder.
The ratios of pGONP/OD upon 2 and 24 h of ultrasonication
treatments were found to be 70:30 and 46:54, respectively.
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