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To accomplish a rational tuning of the surface chemistry of graphene flakes (GF), four different one-step
protocols towards the selective oxidation of GF were performed, using different oxidants: nitric acid,
potassium permanganate/sulfuric acid, ozone and 3-chloroperbenzoic acid. The characterization of the
resulting materials confirmed the successful preparation of oxidized GF with C/O atomic ratios varying in
the range of 21.2-4.9, with distinct types of oxygen functionalities. While the oxidation of GF with nitric
acid exclusively promotes the introduction of carboxylic groups and carbonyl/quinones, 3-
chloroperbenzoic acid is responsible for the introduction of epoxyl groups and carboxylic anhydrides,
potassium permanganate favours the introduction of epoxyl and hydroxyl groups and some content of
carboxylic anhydrides, and ozone promotes predominantly the introduction in graphene structure of
epoxyl groups, carboxylic anhydrides, phenols, quinones and lactones, and in a lesser extension carbonyl
groups in a-substituted ketones and aldehydes if the oxidation is performed in the solid phase, or
hydroxyl groups and a moderate content of carbonyl groups and aldehydes if GF are in a water
dispersion. Furthermore, this work highlighted the possibility of identifying and distinguishing labile
groups, namely hydroxyl and epoxyl groups, which are predominant in the structure of GF oxidized with
potassium permanganate/sulfuric acid, ozone and 3-chloroperbenzoic acid. This is the first
comprehensive study on the fine tuning of the surface of oxidized GF and a major contribution for the
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observed and forecasted in several areas, such as electronics,
energy conversion and storage or biotechnology.>*°

1. Introduction

Graphene, an extended honeycomb network of sp>-hybridised
carbon atoms and the first close-packed two-dimensional crys-
talline material isolated in nature,"* has outstanding elec-
tronic, optical, thermal and mechanical properties such as
ambipolar electric field effect,' extremely high mobility of
charge carriers,"* high values of thermal conductivity,® specific
surface area,” high chemical stability and high optical trans-
mittance.”® Due to these remarkable properties, a great number
of potential applications involving this nanomaterial have been
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Despite the great potential applications of graphene, it
possesses zero band gap and it is not very reactive. For most
applications, graphene needs to be integrated with different
functional materials; hence, the introduction of various chem-
ical functionalities in graphene's backbone is mandatory in
order to promote the formation of graphene composites with
other nanomaterials and molecules.™* Moreover, an obstacle to
graphene processing and physical handling is its low dis-
persibility in both aqueous and organic solutions. Due to strong
tendency to cluster together via -7 stacking and van der Waals
interactions, graphene sheets can form irreversible agglomer-
ates or restack to form graphite.* Thus, functionalization of
graphene without damaging its electronic structure is crucial, in
order to overcome its chemical inertness and to maximize its
application.

In this context, most of the studies involve graphene oxide
(GO), prepared through drastic oxidative conditions, or the
material obtained upon its reduction (r-GO).> Graphene oxide,
which is commonly prepared via chemical oxidation of graphite
and subsequent exfoliation of graphite oxide, has been
exhaustively studied due to the possibility of immobilizing
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different nanomaterials onto GO surface, by taking advantage of
its oxygen functionalities richness.*>*?

Typically, graphene oxide has a carbon-oxygen ratio of 1.5 to
2.5 and can be produced by different chemical methods, being
the most common the one proposed by Hummers and Offe-
man,** which derived from the method of Staudenmaier, and
the Brodie method.” According to the production processes
and conditions, this material can have very distinct composi-
tions and structures.*®

The final structure of GO is highly dependent on differences
in the starting materials (such as the graphite source) and the
preparation methods, which complicates the exact identifica-
tion and distribution of oxygen functional groups (usually,
hydroxyls, epoxides, carbonyls, carboxylic acids, quinones and
lactones) of the obtained structures.*'” Currently, the knowl-
edge of the exact bonding configuration and location of the
oxygen chemical groups of GO is lacking, despite the fact that
graphite oxide was firstly prepared 150 years ago.'® In the last
decades, several possible graphite (and graphene) oxide models
were suggested, based on several techniques such as nuclear
magnetic resonance, X-ray diffraction, Fourier transform
infrared spectroscopy, X-ray photoelectron spectroscopy and
theoretical calculations, e.g. those proposed by Hofmann,
Ruess, Scholz-Boehm and Nakajima-Matsuo, and more
recently by Lerf-Klinowski, Dékany and Ajayan.'** Ruoff et al.
reported for the first time the synthesis of a 100% **C-labelled
graphite oxide for *C MAS NMR analysis.>* It highlighted
some structural and spatial features: it was found that hydroxyl
and epoxide carbons are bonded to each other, and carbonyl
groups are separated from the most of the sp®, hydroxyl and
epoxide groups. Furthermore, unattributed NMR signals were
described, which Ajayan suggested to be due to the presence of
lactols.**

Although the high diversity of oxygen functionalities in GO is
advantageous to promote the anchoring of nanoparticles or
other chemical entities, its high degree of oxidation is respon-
sible for considerable disruption of the electronic 7 delocal-
ization, even after reduction treatments, since the flow of charge
carriers in reduced GO remains partially disrupted, severely
affecting its electrochemical behaviour.”*>*

Herein, the aim of the work was the selective oxidation of
graphene flakes by four different one-step strategies in order to
accomplish a rational tuning of the surface chemistry of gra-
phene. In method A, nitric acid - one of the reagents employed
in the Brodie method' - was used as oxidant. In method B,
graphene flakes were treated with potassium permanganate/
sulfuric acid, which are typically used in Hummers-Offeman
method."** In method C, the oxidation was promoted by ozone
- to our knowledge, very few works have been reported con-
cerning the modification of graphene-based materials with
ozone®*** and most of the existing ones are focused on the
graphene modification with ozone obtained through aggressive
oxidation methods, such as the Hummers-Offeman
method.***" Finally, in method D, graphene flakes were oxidized
with 3-chloroperbenzoic acid (m-CPBA), which was only used in
the epoxidation of carbon nanotubes® and graphite.>* To ach-
ieve a full understanding on the effect on graphene structure,
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type of oxygen functional groups introduced during the oxida-
tion protocols, composition, morphology and textural proper-
ties, a combination of several techniques were used. Finally, the
electrochemical behaviour of the different oxidized graphene
flakes was studied by cyclic voltammetry in the presence of
[Fe(CN)e]>™"*~, in order to evaluate the influence of the oxygen
surface groups on the electron transfer properties of oxidized
graphene flakes. To the best of our knowledge, this is the first
work on the fine tuning of graphene surface by selectively
introducing distinct oxygen functional groups.

2. Experimental

2.1. Reagents and solvents

All the reagents and solvents used during the experimental work
were used as received. Graphene flakes (GF) were commercially
obtained from Graphene Technologies (Lot #GTX-7/6-10.4.13).
Nitric acid (>65%, Merck), hydrogen peroxide solution 30 wt%
in H,O (ACS reagent, Aldrich), potassium permanganate (ACS
reagent, Merck), sulphuric acid (95-97% Merck), 3-chlor-
operbenzoic acid (m-CPBA, =77% Aldrich), dichloromethane
(99.99% Fisher) and hydrochloric acid (37% Fisher) were used
in the oxidation of commercial GF. All the filtrations were per-
formed through a polyamide membrane (Whatman, 45 pm). In
the electrochemical studies, potassium hexacyanoferrate (III)
(ACS reagent, Merck) and potassium chloride (99.999% supra-
pur, Merck) were used and for the preparation of solutions
Milli-Q water with a resistivity of 18.2 MQ was used.

2.2. Preparation of the oxidized graphene flakes

Original graphene flakes (denoted as p-GF) were submitted to
several oxidation treatments using different experimental
conditions, after being sonicated for 10 minutes:

(i) Method A. Typically, 0.5 g of GF were refluxed in HNO3;
7 M for 6 hours, at 90 °C; the resulting material was filtered and
extensively washed with distilled water by reflux to neutral pH.
The material (GF_HNOj3) was dried under vacuum at 40 °C.

(i) Method B. A 9 M H,SO, solution was slowly added to
a mixture of GF (1.0 g) and KMnOj, (1.0 g), cooling the mixture in
an ice bath at 0 °C. The reaction was stirred for 6 hours, at room
temperature, and then 450 mL of H,0 and 2 mL of H,0, (30%)
were added. The mixture was filtered and the solid material was
sequentially washed and centrifuged with H,0, HCI (30%) and
ethanol. The resulting GF (GF_KMnO,) was dried under vacuum
at 40 °C.

(iii) Method C. The ozonation of graphene flakes was ob-
tained by bubbling O; gas (produced from pure oxygen in a BMT
802N ozone generator; Oz constant flowrate of 44.6 g m’3]
through a graphene dispersion (1.0 g of GF in 350 mL of water)
with stirring, for 5 hours (GF_O;_disp); subsequently, the
material was filtered and dried under vacuum at 40 °C. Another
O, treatment was carried out by passing the gas through 1.0 g of
GF in the solid phase (GF_O;_gas).

(iv) Method D. Two experiments were performed in order
to evaluate the m-CPBA concentration effect. 0.3 g of GF were
added to a 0.1 or 0.01 M m-CPBA solution in dichloromethane
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(225 mL); the mixtures were stirred for 6 hours, at 50 °C. In both
cases, after the reaction time, the mixtures were filtered and
intensively washed with dichloromethane by reflux and dried in
vacuum at 40 °C. The resulting GF were denoted as GF_m-
CPBA_0.1 M and GF_m-CPBA_0.01 M.

2.3. Physicochemical characterization

X-ray photoelectron spectroscopy (XPS) was performed at Cen-
tro de Materiais da Universidade do Porto, Portugal (CEMUP),
in a Kratos AXIS Ultra HSA spectrometer using mono-
chromatized Al Ko radiation (1486.6 eV). The powdered mate-
rials were pressed into pellets prior to the XPS analysis. XPS
spectra were deconvoluted with CasaXPS 2.3.12 software, using
non-linear least squares fitting routine after a Shirley-type
background subtraction and the peaks were interpreted using
a combination of Gaussian/Lorentzian functions. The adjusted
parameters were FWHM, binding energy and peak area. To
correct possible deviations caused by electric charge of the
samples, the C1s band at 284.6 eV was taken as internal stan-
dard. Surface atomic percentages were calculated from the
corresponding peak areas upon spectra deconvolution and
using the sensitivity factors provided by the manufacturer.

Temperature programmed desorption (TPD) was performed
in an AMI-200 apparatus, from Altamira Instruments. Typically,
samples of 100 mg were heated from room temperature up to
1100 °C, at 5 °C min ", under a flow of helium (25 cm® min™?).
The amounts of CO (m/z = 28) and CO, (m/z = 44) released from
the samples were monitored with a Dymaxion mass spectrom-
eter (Ametek Process Instruments). Spectra deconvolution was
performed by using a multiple Gaussian function and the Lev-
enberg-Marquardt iteration method.

Transmission electron microscopy (TEM) measurements
were carried out at Instituto de Biologia Molecular e Celular
(IBMC), Porto, Portugal. TEM micrographs were obtained with
a JEOL JEM-1400 transmission electron microscope with a CCD
camera Gatan, operating at 80 kV. Graphene samples were
dispersed in ethanol (99.99%, Fisher) under sonication, after
which a carbon-coated 400 mesh copper grid was immersed in
the suspension and then air-dried.

The micro-Raman analysis was conducted in the backscat-
tering configuration on a Jobin Yvon HRS800 instrument
(Horiba, Japan), using a 1800 lines/mm grating and the 532 nm
laser line from a Nd:YAG DPSS laser (Ventus, Laser Quantum,
U.K.). For the Rayleigh rejection, a pair of edge filters placed in
series were used allowing Raman acquisition from 50 cm™". A
100x objective (spot size ~ 2 pum, numeric aperture = 0.9,
Olympus, Japan) was used to focus the laser light onto the
sample and to collect the backscattered Raman radiation to be
detected by a Peltier cooled (223 K) CCD sensor. The spec-
trometer was operated in the confocal mode, setting the iris to
300 pm and the acquisition time to 2 x 10 s. The data treatment
of the acquired spectra (background removal and Gauss/
Lorentzian curve fitting) was carried out using the native NGS
LabSpec software.

Fourier transform infrared spectroscopy (FTIR) spectra were
obtained with a Jasco FT/IR-460 Plus spectrophotometer in the
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range of 400-4000 cm ™', with a resolution of 4 cm " and 32
scans. The spectra were collected in KBr pellets containing 0.2%
weight of graphene materials.

The UV-visible spectra of graphene dispersions in water (¢ =
0.1 mg mL ") were recorded at room temperature on a Shi-
madzu UV-2550 UV-vis spectrophotometer, in the range of 180-
800 nm, with a quartz cuvette (10 mm path length).

Electrochemical studies were carried out using an Autolab
PGSTAT 30 potentiostat/galvanostat (controlled by GPES soft-
ware). A three-electrode electrochemical cell was used with
a glassy carbon (GC) electrode (3.0 mm of diameter, BASi) as
working electrode, a Pt wire as counter electrode and an Ag/AgCl
(1.0 M NaCl) reference electrode (Metrohm). The reference
electrode was separated from the working and counter elec-
trodes through a porous glass frit and this compartment con-
taining the reference electrode was filled with supporting
electrolyte, which was a 0.1 M KCI solution. All the reported
electrochemical potentials are referenced to the Ag/AgCl refer-
ence electrode.

Cyclic voltammetry experiments in the presence of 1.0 mM
K;[Fe(CN)g] solution were performed by cycling the potential 5
times between 0.9 and —0.5 V, at a scan rate of 0.1 Vs, For the
modification of GC electrode with graphene samples, GF,
GF_HNO;, GF_KMnO,, GF_O;_disp, GF_O;_gas and GF_m-
CPBA were previously dispersed (0.5 mg mL ") in DMF for 5
minutes with sonication. The immobilization onto the GC
electrode surface was performed by drop-casting: 3 ul of the
corresponding material suspension were deposited with
a micropipette and allowed to dry; prior to each material
immobilization, the GC electrode surface was polished with
alumina particles (0.3 pm, Buehler) and thoroughly washed
with Milli-Q water. Electron transfer constants, k., were
determined according to the Nicholson approach,** which
establishes a relation between the AE, , values and the
dimensionless kinetic parameter, ¥, and that recently has been
applied to evaluate the heterogeneous electron transfer rates of
graphene oxides.***” For the calculation of k., diffusion coef-
ficient values of D, = 7.39 x 10™° and D, = 6.81 x 10" °> cm* s~ *
were used.*®

3. Results and discussion

3.1. Composition, textural properties and morphology

Surface composition data of original and oxidized graphene
flakes (p- and ox-GF, respectively) was obtained by XPS. The
surface atomic percentages of each material are summarized in
Table 1. Original GF (p-GF) is composed by 96.2% of carbon,
3.2% of oxygen and a residual amount of nitrogen (0.6%). After
the oxidation treatments, the amount of oxygen increased in all
the materials, with the percentage varying between the lowest
value of 4.5% for GF_HNO; and the highest value of 16.8% for
GF_KMnO,. C/O atomic ratios have considerably decreased, as
a consequence of the oxygen percentage increase, for
GF_KMnO,;, GF_m-CPBA_0.1 M, GF O; and GF_m-
CPBA_0.01 M (C/O ratios = 4.9, 7.8, 9.8 and 13.0, respectively),
when compared with the C/O atomic ratio of p-GF (C/O ratio =
30.1). In the case of GF_HNOj;, the XPS results confirmed the
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occurrence of a milder oxidation since the decrease of C/O ratio
is not so pronounced (C/O ratio = 21.2). For comparison, C/O
atomic ratios of graphene oxides prepared by the Hummers
method are in the range of 2.0-3.0 and, upon its reduction, C/O
ratios increase to 6.0-13.5,*?° which are close to the values
obtained for the prepared ox-GF. In the case of graphene
oxidation by ozone, Z. Xu et al. were able to oxidize thermal-
exfoliated graphene nanosheets, achieving a C/O ratio varying
from 2.0 to 6.7, although it is worth mentioning that the starting
material had already considerably low C/O ratio of 17.7 and thus
the comparison should be done cautiously.*

The relative atomic percentages of carbon-based functional
groups, which were determined based on the deconvolution of
Ci1s high resolution spectra, are summarized in Table 2;
deconvoluted C1s and O1s high resolution spectra of the most
oxidized material, GF_KMnO,, are presented in Fig. 1, and
deconvoluted C1s and O1s high resolution spectra of the other
materials are presented in Fig. S1, ESL.f

C1s high resolution spectra of all materials were deconvo-
luted into five peaks: a main peak at 284.6 eV related to the
graphitic structure (sp?), a peak at 286.2 eV attributed to C-O in
hydroxyls, epoxy groups and phenols, a peak at 287.3 eV asso-
ciated to C=0 in ketones, aldehydes and quinones, a peak at
288.9 eV, attributed to O-C=0 in carboxylic acids, carboxylic

Table 1 XPS surface atomic percentages and C/O atomic ratios for
the oxidized graphene flakes

% At
Graphene flakes Cis Nis O1s C/O ratio
GF 96.2 0.6 3.2 30.1
GF_HNO; 95.5 — 4.5 21.2
GF_O;_disp 90.4 0.4 9.2 9.8
GF_0O3_gas 90.3 0.5 9.2 9.8
GF_KMnO, 82.3 0.9 16.8 4.9
GF_m-CPBA 0.1 M 88.3 0.4 11.3 7.8
GF_m-CPBA 0.01 M 92.5 0.5 7.1 13.0

Table 2 Relative atomic percentages of carbon-based functional
groups presented in the XPS high resolution Cls spectra

% C

284.6 eV
Graphene (graphitic 286.3 eV 287.4eV  288.9eV  290.3 eV
flakes structure) C-O C=0 COOH -k
GF 71.4 5.8 5.4 1.9 15.5
GF_HNO; 79.8 4.4 4.4 2.6 8.8
GF_O;_disp 764 6.4 5.3 0.5 11.4
GF_O3_gas 67.6 13.8 6.6 1.1 10.8
GF_KMnO, 64.9 19.2 10.0 1.5 4.5
GF_m-CPBA 76.8 6.3 4.9 0.4 11.6
0.1 M
GF_m-CPBA 75.2 6.6 5.2 0.4 12.6
0.01 M
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anhydrides and esters, and the m-m* shake-up satellite peak
from the sp>-hybrized carbon atoms at 290.3 eV.***

All spectra of the oxidized graphene flakes present a decrease
of the relative intensity of the w—mt* satellite peak, corroborating
that the graphene oxidation originated a decrease in the elec-
tronic delocalization; this decrease is more accentuated for
GF_KMnO,, which is the material that presented the highest
degree of oxidation. Furthermore, the peaks attributed to
carbon atoms bound to oxygen (C-O, C=0, O-C=0) of ox-GF
show some variations in terms of intensity relatively to the
corresponding p-GF peaks. For GF_HNOs;, the relative atomic
percentage of carbon attributed to O-C=0 in carboxylic acids
increased from 1.9 to 2.6%. In the case of GF_O; gas and
GF_KMnO,, it is observed a considerable increase of the C-O
peak (from 5.8 to 13.8 and 19.2% for p-GF, GF_O;_gas and
GF_KMnOy,, respectively).

Fig. 2 shows the relative atomic percentage of oxygen for
each contribution of O1s peak components; the corresponding
deconvoluted O1s high resolution spectra and the relative
atomic percentages of the oxygen-based functional groups are
presented in Fig. 1 for GF_KMnO, and in Fig. S1t for the other
materials, and Table S1, ESI, respectively. For all materials, the
broad band in the O1s high resolution spectra was deconvo-
luted into three peaks:***” a peak at 531.3 €V, assigned to O=C
in ketones, quinones and aldehydes, a peak at 532.7 eV, asso-
ciated to O-C from phenol and epoxy groups, and a peak at
533.9 eV typically due to O-C=0 in esters and carboxylic acids.

The inspection of relative percentages of each type of oxygen
groups, Fig. 2, shows for GF_HNO; an increase in the
percentage of the O3 component (attributed to O-C=0), in
comparison to O1 and O2 components, revealing the significant
introduction of high acidic groups such as carboxylic acids,
promoted by the oxidation treatment with HNO;.

In regard to GF_O;_gas and GF_KMnO,, the intensity of the
peak at 532.7 eV (O-C) increased considerably relatively to the
peak at 531.3 eV (0O=C), when compared to the intensity of the
corresponding peaks of p-GF (for GF_m-CPBA and GF_O5_disp,
the same trend is observed, although to a lesser extent),
implying that functional groups such as epoxides, hydroxyls
and phenols were introduced in a more extensive way than
other functional groups such as ketones, quinones or alde-
hydes. These tendencies indicate that the type and the amount
of oxygen groups introduced onto graphene surface are highly
dependent on the type of oxidant; furthermore, the preparation
form of graphene - dispersed in water or dried powdered -
during the oxidation with O; also has some influence, since the
relationship between the two peaks is quite different for
GF_0O;_disp, in comparison with GF_O;_gas.

The content and the nature of oxygen functional groups were
also assessed by TPD; it should be noted that, in the next
sections, GF_m-CPBA refers to GF_m-CPBA_0.1 M. During
a TPD analysis, all the oxygenated surface groups of carbon
materials are thermally decomposed, releasing CO and/or CO,.
CO, evolution spectrum results from the contribution of
carboxylic acids and lactones decomposition at low and high
temperatures, respectively; carboxylic anhydrides originate
both CO and CO, at intermediate temperatures, and finally

RSC Adv., 2017, 7, 14290-14301 | 14293
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Fig. 1 Deconvoluted Cls (on the left) and Ols (on the right) high resolution spectra of GF_KMnOy,.
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phenols and carbonyl/quinone groups decompose in CO at high
temperatures.*®*°

Fig. 3 shows the TPD spectra of p-GF and ox-GF materials.
The amounts of CO, and CO released obtained by integration of
the areas under the respective TPD spectra, together with the
total mass percentage of oxygen are presented in Table 3.
Globally, a substantial increase in the amounts of released CO,
and CO is observed for oxidized graphene flakes, as expected.
For GF_HNOj3, the overall profiles of CO, and CO spectra are
similar to the TPD profiles of p-GF, although the CO, spectrum
reveals an increase of CO, evolution from 200 to 450 °C,
a temperature range ascribed to the decomposition of carbox-
ylic acid groups, and from 450 to 650 °C, which is indicative of
the presence of carboxylic anhydrides, corroborating the XPS
results that revealed a high proportion of carboxylic acids. In
the case of GF_KMnO,, GF_m-CPBA and GF_O;, there is
a considerable increase in the amount of CO, - specially for
GF_KMnO, and GF_O;_gas - indicating the introduction of
carboxylic acid groups, carboxylic anhydrides and lactones (CO,

14294 | RSC Adv., 2017, 7, 14290-14301

released from 550 to 700 °C). However, the TPD spectra of the
previous oxidized GF present a distinctive feature - both CO,
and CO spectra present substantial peaks below 210 °C - that
may be assigned to the decomposition of more labile groups,
such as epoxyl or hydroxyl groups present in the basal plane,
which is in agreement with TPD studies performed for graphite
and graphene oxides by Dongil,™® Solis-Fernandez® and Kuo®
(although the precise differentiation between the temperature
evolution of hydroxyl and epoxyl groups has not been yet clari-
fied), and it is also corroborated by the work of Lerf,>® which
demonstrated the elimination of epoxyl and hydroxyl groups upon
calcination of graphite oxide, in vacuum at low temperature.

Deconvoluted CO, and CO spectra are shown in Fig. S2, EST}
and the detailed information resulting from the deconvolution
procedure, such as the temperature of the component peak
maximum, Ty, and the width at half-height, W, and the inte-
grated area of each peak component, is presented in Tables 4
and 5. For TPD spectra deconvolution, the following assump-
tions were generally adopted:***

(a) CO, spectra results from the contribution of peak #2,
peak #3 and peak #4, attributed to carboxylic acids, carboxylic
anhydrides and lactones, respectively; the same width at half-
height (W) was imposed for peaks #2, #3 and #4;

(b) CO spectra are decomposed into four components: peak
#2, attributed to the decomposition of carbonyl groups in a-
substituted ketones and aldehydes, and that has the same
temperature of the component peak maximum (Ty;) and W as
CO, peak #2; peak #3 that results from the releasing of one CO
molecule during carboxylic anhydride decomposition - this
peak has the same Ty;, W and magnitude as the CO, peak #3;
peak #4 and peak #5, ascribed, respectively, to the decomposi-
tion of phenols and carbonyl/quinones - the W was taken the
same for both peaks.

(c) In this work, and for the specific cases of the samples
GF_KMnO,, GF_m-CPBA and GF_Oj3, an additional assumption
was made: it was necessary to include a new CO and CO, peak
(peak #1), at Ty; < 200 °C. This peak is easily identified in both
CO and CO, spectra and with the same Ty and W. The only
exception was for GF_KMnO, sample, whose spectra clearly
reveal the existence of two peaks in this region.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 TPD spectra of original and oxidized graphene flakes: (a) CO, evolution and (b) CO evolution.

Table3 Totalamounts of CO, and CO released by TPD and total mass
percentage of oxygen obtained from TPD data (assuming that all the
surface oxygen is released as CO and/or CO,)

Graphene flakes [CO,)/pmol g~* [CO)/umol g~* % O
GF 396 1608 3.8
GF_HNO; 984 1692 5.9
GF_KMnO, 3036 2208 13.2
GF_m-CPBA 1548 1836 7.9
GF_0;_disp 2424 1524 10.2
GF_O;_gas 4872 4368 22.6

Regarding the region below T = 200 °C, TPD spectra of
GF_KMnO,, GF_m-CPBA and GF_O;_gas present CO, and CO
peaks at T = 163-171 °C, and GF_Oj;_disp spectra present
a peak at T = 191 °C, which is close to the temperature of the
second fitted peak of GF_KMnO, spectra (T = 203 °C). Based on
our results, we ascribe the peaks at the lowest temperature, T =
163-171 °C, to the decomposition of epoxyl groups (which are
unstable rings and therefore decompose at lower temperatures)
and the peaks at T = 190-203 °C to the decomposition of
hydroxyl groups. Thus, TPD spectra of GF_KMnO, revealed that
this material has an equivalent number of epoxyl and hydroxyl
groups, since the first two peaks (T'= 163 °C and T = 203 °C)
correspond to the decomposition of epoxyl and hydroxyl groups
and the relative percentages of each peak are similar. These
results are in agreement with other reported works: according to
the model of graphite oxide presented by Lerf et al. in 1988,
oxygen functionalities of GO prepared according to the
Hummers method (and therefore using KMnO, as one of the
oxidizing agents) are mainly epoxyl and hydroxyl groups and Cai
et al. have also demonstrated by "*C solid-state NMR that each
hydroxyl is usually accompanied by an epoxyl group.>** More-
over, Acik et al. have shown that during thermal annealing of
graphene oxide, epoxyl groups are decomposed in the range of
60-175 °C, while hydroxyl groups are only completely removed
at higher temperatures, between 175 and 350 °C.>

For graphene flakes treated with 0.1 M m-CPBA solution,
CO, and CO peaks at T= 171 °C corresponding to epoxyl species

This journal is © The Royal Society of Chemistry 2017

decomposition were also expected, since m-CPBA is typically
used to promote epoxidation of C=C in alkenes.****

Even though the results obtained by XPS indicate the
occurrence of moderate oxidation for GF_O;_gas, in the TPD
spectra this material exhibited the highest amount of global
released of CO, and CO, comparable to the values observed for
GF_KMnO, (total amounts of CO, and CO released correspond
to 4872 and 4368 umol g~ ', respectively, for GF_O; gas, and
3036 and 2208 pmol g7, respectively, for GF_KMnO,). The
majority of the CO, and CO evolution is observed at T =171 °C,
which can be assigned to epoxyl groups. According to a theo-
retical study performed by Lee, ozone gas molecules adsorb on
graphene basal planes and epoxyl groups can be rapidly formed
if the physisorbed molecule chemically react with graphene.*

Concerning GF_O;_disp, we assign the peak at 7= 191 °C to
the decomposition of hydroxyl groups. Although this material
was prepared with ozone, the reaction occurred in the presence
of water, which promotes the breakage of epoxyl groups to give
two hydroxyl groups (per epoxyl).”” In sum, the analysis of the
areas and the relative percentages of each peak of deconvoluted
CO, and CO spectra (Tables 4 and 5) allow us to reach some
conclusions: (i) the oxidation of GF with HNO; exclusively
promotes the introduction of carboxylic groups and carbonyl/
quinones. Besides the carboxylic acids, the other oxidants also
favour the formation of different oxygen functional groups: (ii)
m-CPBA is responsible for the introduction of epoxyl groups
and carboxylic anhydrides; (iii) GF_O;_disp presents a high
content of hydroxyl groups and a moderate content of carbonyl
groups in o-substituted ketones and aldehydes; (iv) GF_Os_gas
presents predominantly in its structure epoxyl groups, carbox-
ylic anhydrides, phenols, quinones and lactones, and in a lesser
extension some carbonyl groups in a-substituted ketones and
aldehydes; (v) finally, the oxidation of GF with KMnO, favours
the introduction of epoxyl and hydroxyl groups and also some
content of carboxylic anhydrides.

The morphology of ox_GF materials was analyzed by TEM
and some examples of TEM micrographs of p- and ox-GF
materials are shown in Fig. 4. The panel 4a corresponds to
a micrograph of original graphene flakes, while panels 4b, 4c
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100nm

Fig.4 TEM micrographs of (a) original and oxidized graphene flakes: (b) GF_HNOs3; (c) GF_KMnO,4 and (d) GF_Oz_gas. Scale bars are 100 nm for
a, band d and 0.2 um for c. Defective regions are marked with a red arrow.

and 4d show images of GF_HNO;, GF_KMnO, and GF_O;_gas,
respectively. TEM images of the other oxidized graphene flakes
are shown in Fig. S3, ESL.{ The acquired images suggest that p-GF
is composed by wrinkled few-layer graphene sheets, whose sizes
are in the range of hundreds of nanometres to one micrometre.
In the case of the ox-GF - specially for GF_KMnO, and GF_O;_gas
- there are some regions where graphene sheets are defective
(marked with a red arrow), probably due to the disorder induced
by oxidation, coexisting with large and ordered flat sheets that are
wrapped in some of the borders, as already reported.>®** These
wrapped sections may be caused by hydrogen bonding that may
be formed between terminal groups, such as carboxyl, ketone and
phenol groups within groups present in the basal planes, such as
epoxy and hydroxyl groups.®*
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Fig.5
(f). (b) Calculated Ip/lg ratio for original and oxidized graphene flakes.
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3.2. Spectroscopic characterization

Raman spectra of p- and ox-GF materials are shown in Fig. 5a.
For all the materials, the corresponding spectrum displays
a prominent G peak at ~1584 cm™ ', which is common to all sp*
carbon systems and corresponds to the first-order scattering of
the E,, mode, and a peak at ~1345 cm™ %, ascribed to the D
mode that is induced by structural disorder. In the second-order
spectra of original and oxidized graphene flakes, there is
a strong peak at ~2700 cm ', assigned as the 2D mode and that
is the overtone of the D peak. At ~1620 cm ™ it is also possible
to identify a weak shoulder that corresponds to the D’ mode.
The intensity ratio of the D and G bands is often used to esti-
mate the disorder degree of graphitic materials.””*%*% Fig. 5b
presents the Ip/Ig ratio for each material. Although the Ip/Ig
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(a) Raman spectra of original (a) and oxidized graphene flakes: GF_HNO3 (b); GF_KMnOy (c); GF_m-CPBA (d); GF_Os_gas (e); GF_O3z_disp
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ratio remains practically constant for GF, GF_HNO; and GF_m-
CPBA, it increased considerably for GF_O;_gas, GF_KMnO, and
GF_0O;_disp, revealing the disorder effect of the introduction of
oxygen functionalities on the structure of graphene. In fact,
since the Ip/I; ratio is much higher, it can also reflect the
occurrence of cracks and other structural defects during the
oxidation treatment that originated this specific material.

The Lp/Ig ratio is shown in Fig. S4, ESL.f The 2D mode is
usually related to the crystalline structure and the stacking
order, and also to the number of layers of graphene.** The I,/
I; ratios of GF_HNO; and GF_KMnO, materials are slightly
higher than those of p-GF and the other oxidized materials;
since HNO; and KMnO,/H,SO, are strong oxidants, an attack of
the outer graphene layers may have occurred, leaving the
oxidized graphene flakes only with the inner and more orga-
nized layers, and thus promoting an increase of the I,p/Ig ratio.

Compared to the p-GF Raman spectrum, the oxidized gra-
phene flakes, GF_O;_gas, GF_O;_disp, GF_m-CPBA and
GF_KMnO,, show the Raman bands shifted to lower frequen-
cies, being this variation more accentuated for the last two
materials. As observed in Fig. 6, the shift is larger for 2D band.
This shift can be caused by the existence of tension in the
structure of graphene, whose origin may be related to the
introduction of epoxyl and hydroxyl groups onto the basal
planes of graphene. Furthermore, Ruoff et al had firstly
observed a similar relationship between the degree of oxidation
of graphene oxide films and the variation of 2D peak position.*®

FTIR spectra were also obtained to confirm the presence of
oxygen functional groups in the ox-GF materials, Fig. 7. The
FTIR spectrum of p-GF shows two bands: a band at 1580 cm ™",
assigned to the C=C stretching mode of skeletal vibrations
from non-oxidized domains, and a broad band at 1220 cm™*
that results from the contribution of phenolic groups vibration
modes.** The FTIR spectra of the oxidized graphene flakes
present more resolved vibration bands, since the oxidation
introduces some disruption of the electronic conjugation and
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Fig. 6 Raman shift of D, G and 2D peak positions for oxidized gra-
phene flakes, in relation to the Raman shift of the corresponding peaks
of original graphene flakes.
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Fig. 7 FTIR spectra of (a) original and oxidized graphene flakes: (b)
GF_HNOs; (c) GF_m-CPBA; (d) GF_Os_gas; (e) GF_Oz_disp; (f)
GF_KMnOy.

leads to the rupture of some m- interactions. Besides the two
vibrational bands stated above, these spectra also show typical
vibrational bands of OH groups at 3430 cm™ " and 1340 cm™ ",
due to O-H stretching and bending modes,**” respectively. The
spectra of GF_KMnO, and GF_O;_disp materials present two
bands at 2935 cm ™" and 2850 cm ™', assigned - respectively - to
the C-H bending and stretching modes that can be due to the
existence of defects in the sp” hybridized domains. The FTIR
spectra of all ox-GF materials also reveal a vibrational band at
1740 cm ™" due to the C=0 stretching mode of carboxylic acid,
carbonyl, ketone and quinone groups.®®*®® It is also worth
mentioning that the band at 1220 cm ™" is considerably more
intense in the spectra of the oxidized graphene flakes, when
compared with the band of the parent material, which suggests
the introduction of phenol/hydroxyl groups. A broad and
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Fig. 8 UV-visible absorption spectra of (a) original and oxidized gra-
phene flakes: (b) GF_Os_disp; (c) GF_HNOg3; (d) GF_KMnOy; (e)
GF_0Os_gas; (f) GF_m-CPBA.
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Fig. 9 (a) Cyclic voltammetry of original and oxidized graphene flakes-modified glassy carbon (GC) electrode in 1.0 mM Ks[Fe(CN)g] solution

(0.1 M KCl as supporting electrolyte); (b) peak-to-peak separation of [Fe(CN)

modified-glassy carbon (GC) electrode.

prominent band at 1050 cm ™" also appears in the FTIR spectra
of GF_m-CPBA, GF_O; gas, GF_O; disp and GF_KMnO,
materials that can be assigned to C-O-C and C-O stretching
modes and C-O-H bending mode (in this spectral region typi-
cally occurs the overlap of several C-O vibration modes,” and
thus the attribution of C-O and C-OH is still
ambigl10u531,68,69,71,72).

UV-visible absorption spectra of p-GF and ox-GF materials
are shown in Fig. 8. When compared with the spectrum of p-GF,
the spectra of ox-GF present a prominent peak at A ~ 270-
280 nm that can be assigned to n — 7* transition of C=0
bonds.”® The intensity of this band is higher for GF_KMnO, and
GF_O;_gas, which is indicative of a higher degree of oxidation
and, hence, corroborates our previous results. For GF_m-CPBA,
an additional band at 2 = 200 nm and a shoulder at A = 230 nm
is also observed; in addition, the spectrum of GF_O; disp
shows a band at A = 210 nm, the same region in which there is
a shoulder in the spectrum of GF_HNO;. No assignment could
be made to these observed bands.

3.3. Electrochemical characterization

Voltammetric experiments in the presence of the [Fe(CN)g]> /4~

redox probe were performed. This is a standard probe which has
been used to assess the influence of surface oxygen and other
functional groups of several carbon materials, such as pyrolytic
graphite, carbon nanotubes and graphene oxide, on the elec-
trode kinetics.*”"*7

Cyclic voltammograms of bare and modified glassy carbon
electrode with original and oxidized graphene flakes in 1.0 mM
K3[Fe(CN)e] solution (0.1 M KCl as supporting electrolyte) are
shown in Fig. 9a. The cyclic voltammogram of the bare electrode
shows the oxidation and the reduction peaks of [Fe(CN)q]> /4~
at Ep, = 0.216 Vand Ej,. = 0.105 V, respectively. In the CVs of the
p- and ox-GF-modified electrodes, the intensity of the oxidation
and reduction peaks (i, and 7, respectively) is higher than the
intensity of the correspondent peaks for the bare GC electrode.
Furthermore, the modification of the GC electrode surface with

This journal is © The Royal Society of Chemistry 2017

61>/~ redox couple for original and oxidized graphene flakes

original and oxidized graphene flakes results in a decrease of
peak-to-peak separation (AE, ), as it is presented in Fig. 9b.
Consequently, the decrease of the AE, , is indicative of a faster
electron transfer that can be quantified by the faster electron
transfer constant, k., .: the k. values, determined by the Nich-
olson methodology, for bare GC electrode is 4.26 x 10~ > cm s},
while the k;bs values for GF, GF_HNO;, GF_O;_disp are respec-
tively: 1.04 x 107%,1.37 x 10" * and 1.04 x 10 * cm s~ ', and for
GF_m-CPBA, GF_KMnO,, and GF_O;_gas is 8.74 X 10> ems .

Interestingly, the modification of the GC electrode with
original and oxidized graphene flakes leads to similar results.
The existence of oxygen functional groups in graphene can be
responsible for the decrease of the electron transfer of
[Fe(CN)¢]*"*~ redox couple due to electrostatic repulsion
between [Fe(CN)s]>*~ and the functionalized graphene
surface,”® so the same trend was not expected for both original
and oxidized graphene flakes. Hence, the obtained results
suggest that the applied mild oxidation protocols do not affect
the electrochemical behaviour of original graphene flakes.

4. Conclusions

The selective oxidation of graphene flakes was successfully
achieved through the implementation of four different one-step
protocols based on distinct oxidative systems. XPS results
confirmed the occurrence of graphene oxidation in different
degrees, with C/O atomic ratios ranging from 21.2 to 4.9. TPD
and FTIR characterization also revealed that it was possible to
tune the surface chemistry of graphene flakes, according to the
type of oxidant: the introduction of carboxylic acid groups was
predominant in the case of the oxidation reaction with HNO3,
while more labile groups such as epoxyl and hydroxyl groups
could be introduced in the basal planes when the oxidations
were performed with KMnO,, m-CPBA and O;. Besides, the
oxidation with O; revealed that the initial state of graphene
flakes is determinant since GF_O; disp presented a high
amount of hydroxyl groups and a moderate content of carbonyl

RSC Aadv., 2017, 7, 14290-14301 | 14299
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groups in a-substituted ketones and aldehydes, while GF_O;_-
gas presented predominantly in its structure epoxyl groups,
carboxylic anhydrides, phenols, quinones and lactones, and in
a lesser extension carbonyl groups in a-substituted ketones and
aldehydes. Moreover, this work highlighted the potentiality of
TPD analysis in distinguishing epoxyl and hydroxyl groups on
graphene flakes surface.

The selective one-step oxidation strategies presented in this
work contribute to a step forward in the rational design of
graphene-based composites with potential applications in
electronics and energy storage and conversion, without
compromising the disruption of the electronic 7 delocalization
of graphene and avoiding multiple, exhaustive and drastic steps
involved in the preparation of GO and rGO based materials.
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