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The photo-Fenton activity of graphitic carbon nitride (g-C3N4) has been widely studied, nevertheless, its
Fenton-like catalytic behavior in the dark has not yet been demonstrated. In the present work, it is shown
that oxygenated g-C3N4 obtained at different temperatures (500–600 �C) can degrade indigo carmine
with hydrogen peroxide in the dark by a reaction similar to a conventional Fenton’s reaction. Based on
an extensive characterization of g-C3N4, we conclude that Fenton-like activity is directly related to the
oxygenated functional groups on g-C3N4 structure, mainly by –OH functional groups. Oxygenated func-
tional groups (e.g., hydroquinone-like groups) can reduce the H2O2 and generate oxidizing hydroxyl rad-
icals, just like in the Fenton reaction performed by metals. In addition to new information on g-C3N4

surface reactivity revealed by this study, the metal-free oxygenated g-C3N4 catalyst may be an alternative
to traditional metal catalysts used in Fenton-like reactions for advanced oxidation.
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1. Introduction

In the last century, metal-catalyzed chemical reactions have
been widely used by the chemical industry to increase the effi-
ciency and lower the costs of chemical processes [1]. Presently,
the scientific community has sought to develop metal-free cata-
lysts for use in traditional reactions developed over the past cen-
tury and for recent demands such as advanced oxidation
processes (AOPs) used to treat water contaminated with recalci-
trant compounds [2–6]. However, due to typical Fenton reaction
problems such as acidification and sludge formation, and the use
of non-abundant elements [7,8], metal-free catalysts have been
employed in the formation of oxidizing radicals in decontamina-
tion processes, especially using graphene-based materials catalysts
[9–12]. Espinosa et al. showed that in the dark graphene can act as
an effective heterogeneous Fenton-like catalyst [9].

Since research revealing graphitic carbon nitride (g-C3N4) as a
photocatalyst for water splitting [13], first published in 2009, gra-
phitic carbon nitride (g-C3N4) has become the new sensation in the
field of photodevices due to its unique two-dimensional structure,
the wide availability of their constituents, low cost, easy prepara-
tion, excellent thermal and chemical stability, and tunable elec-
tronic and optical properties [3,14,15].

The use of g-C3N4 in photo-Fenton reactions has been widely
reported. However, g-C3N4 is usually associated with metal com-
pounds [16–18]. Studies on metal-free g-C3N4 such as
graphene@C3N4 2D heterojunctions and P- and S-doped g-C3N4

are less explored [19–24]. Cui et al. [21] prepared g-C3N4 from
dicyandiamide at different temperatures and used the catalysts
in the photo-Fenton reaction resulting in the degradation of
organic dyes in aqueous solution. The authors performed an exten-
sive study of the system, investigating the effect of pH and H2O2

concentration and the formation of oxygen radicals by ESR tech-
nique. In addition, they observed that the g-C3N4 remained
unchanged after one cycle of rhodamine B (RhB) degradation. More
recently, Tao et al. [25] investigated the peroxymonosulfate activa-
tion catalyzed by g-C3N4 under visible light. They also observed the
formation of oxidizing sulfate radicals and the high stability of the
g-C3N4 structure in multiple photocatalytic cycles.

Among the main strategies to improve the catalytic activity of
graphitic carbon nitride are the preparation of nitrogen-deficient
materials [26–29] and the functionalization with oxygenated func-
tional groups [26,30–31]. In both strategies there is a change in the
electronic structure of the materials, combined with the presence
of oxygenated functional groups (NO, C@O, CO), alters the surface
reactivity, and has provided a significant improvement in the cat-
alytic activity of graphitic carbon nitride. Yu et al. prepared
nitrogen-deficient g-C3N4 using a route based on hydrothermal
polymerization in the presence of alkali [29]. The authors had
noted the introduction of two types of nitrogen defects, vacancies
and cyano functional groups. The presence of the defects promoted
a redshift of the g-C3N4 absorption edge, which is proportional to
the concentration of nitrogen defects. As a result, the authors
observed a superior photocatalytic activity for the generation of
hydrogen under visible light. Other authors have shown that the
formation of defects in the g-C3N4 structure is associated with
the formation of cyano and –OH functional groups [28]. On the
other hand, Wei et al. have prepared oxygen-doped g-C3N4 via
the solvothermal route and have shown that the presence of oxy-
genated functional groups increases electron donor density, elec-
trical conductivity and mobility of charge carriers leading to an
effective improvement in photocatalytic properties [30].

Although heterogeneous photocatalysis has great advantages
over other catalytic processes, the difficulties in designing and
480
scaling-up an efficient solar photoreactor with uniform distribu-
tion of sunlight inside of it can hinder its implementation. In this
work we report on the ability of g-C3N4 to act as a Fenton-like
heterogeneous catalyst in the dark at several pH values. The use
of g-C3N4 in the development of a Fenton-like heterogeneous cata-
lyst already has been reported, however, all studies use g-C3N4 in
association with metallic compounds. Jiang et al. have prepared
composites of g-C3N4 with nitrogen defects and copper oxides.
They observed the formation of electron-rich centers capable of
promoting the reduction of H2O2 to form HO� radicals, i.e., a
Fenton-like reaction [28]. Bicalho et al. have prepared highly dis-
persed Fe(II)-doped g-C3N4 by simple calcination of an Fe3+/me-
lamine precursor. The authors verified a high Fenton-like
catalytic activity for the degradation of different anionic, cationic
and neutral compounds [31]. Here we show that the observed
Fenton-Like catalytic activity is directly related to the unique
structure of g-C3N4. Through a detailed investigation of the effect
of the melamine heat-treatment temperature on the structure, sur-
face chemistry, textural properties, and controlled oxidation of g-
C3N4, we discuss the effect of oxygenated functional groups in
the reduction of H2O2 to form highly reactive HO� radicals.

2. Experimental

2.1. Preparation of catalysts

Melamine (Sigma-Aldrich) was heat-treated for 2 h in a muffle
furnace at different temperatures (300–600 �C) using a heating rate
of 3 �C min�1. Typically, 5 g of melamine were placed into an open
ceramic crucible for the heat treatments. After 2 h, the samples
were cooled naturally to room temperature. The g-C3N4 samples
obtained at 500, 550 and 600 �C were named CNO-500, CNO-550
and CNO-600, respectively.

In order to evaluate the effect of a further oxidation on the cat-
alytic activity, 50 mg of the sample C3N4-500 were added to 5 mL
of H2O2 aqueous solutions (5 mol L�1), and dispersed for 5 min in
an ultrasonic bath (Digital Ultrasonic Cleaner, Model CD-4860).
After dispersion, the solution was refluxed for 2 h at 80 �C. After
cooling down to room temperature, the sample was centrifuged,
washed with deionized water and ethanol and dried in an oven
for 24 h at 100 �C.

2.2. Characterization

X-ray diffraction (XRD) data were obtained in a Shimadzu
diffractometer model XRD6000 with a current of 30 mA, voltage
of 30 kV, and Cu Ka radiation. FTIR spectra were obtained in a Var-
ian 640ir spectrometer using the GladiATRTM accessory (Pike instru-
ments). The potentiometric titration curves were recorded with a
SCHOTT automatic titrator (Titroline 7000) using a combined pH
electrode model HI-1110 (Hanna instruments) as described else-
where [32–34]. The elemental composition (CHNS) was obtained
with a LECO�CHNS/O analyzer, model TruSpec Micro. Solid-state
NMR experiments were performed at room temperature in a Var-
ian/Agilent VNMR 400 MHz spectrometer (magnetic field of
9.4 T, 13C NMR frequency of 100.52 MHz), using a triple-
resonance probehead; the powdered samples were packed into zir-
conia rotors (with 4 mm diameter) for magic angle spinning (MAS)
experiments at the spinning rate of 14 kHz. The materials were
analyzed using a 1H–13C cross-polarization (CP) pulse sequence,
with a p/2 1H excitation pulse of 3.6 ls, a recycle delay of 5 s, a
contact time of 10 ms (chosen after optimization), a spectral win-
dow of 250 kHz and 2200 accumulated transients; high-power 1H



W.L. Oliveira, Meiriele Antunes Ferreira, Henrique A.J.L. Mourão et al. Journal of Colloid and Interface Science 587 (2021) 479–488
decoupling (SPINAL method) was employed during the recording
of the free induction decays (FIDs), with an acquisition time of
16.38 ms. All 13C NMR spectra were obtained by Fourier transform
of the FIDs, after applying a line broadening of 50 Hz (CP spectra);
the chemical shifts were referenced to tetramethylsilane (TMS),
using hexamethylbenzene as a secondary reference (signal at
17.3 ppm).

X-ray photoelectron spectroscopy (XPS) was performed by
using a ScientaOmicron ESCA+ spectrometer with a high-
performance hemispheric analyzer (EA 125), using monochromatic
Al Ka (1486.6 eV) radiation as the excitation source. The operating
pressure in the ultra-high-vacuum (UHV) chamber during the
analysis was 2 � 10�9 mbar. Pass energies of 50 and 20 eV were
used for the wide range survey and high-resolution spectra,
respectively. The following signals were used for the analysis: O
1s, C 1s and N 1s. The (CH)n component of the C 1s peak of adven-
titious carbon was fixed at 284.5 eV to set the binding energy scale.
The chemical states were identified considering reported values of
binding energies [35–38]. CasaXPS software was used for the data
analysis with Shirley backgrounds and assuming the occurrence of
Voigt-shaped peaks.

The specific areas of g-C3N4 samples were determined by N2

adsorption, according to the BET method, using a Quantachrome
Autosorb-2 instrument. All the data analyses were performed
using ASiQWin v.1.11 software (Quantachrome).
Fig. 1. XRD patterns obtained for melamine heat-treated at different temperatures.
2.3. Heterogeneous Fenton-like reaction and DMPO test

The Fenton-like catalytic activity of g-C3N4 samples was deter-
mined by monitoring the optical absorption band intensity of
indigo carmine (IC) dye at 610 nm for various reaction times. In
short, 15 mg of the different samples prepared by thermal poly-
condensation of melamine were placed in 30 mL of 20 mg L�1

IC solution. After the IC adsorption, 10 lL of H2O2 (35% wt) was
added. The IC solutions were also adjusted with HCl and NaOH
solutions to evaluate the effect of pH on the Fenton-like activity
of g-C3N4 samples. The rate constants for the IC discoloration
were estimated using the Langmuir-Hinshelwood kinetic model
[39,40].

The hydroxyl radicals (HO�) generated by the g-C3N4 sample
treated at 600 �C were determined by using DMPO as spin trap
and electron paramagnetic resonance (EPR) spectroscopy at room
temperature. The suspension was prepared by dispersing 1.0 mg
of g-C3N4 (prepared at 600 �C) in 3.0 mL of 20 mg L�1 IC solution.
After 10 min of magnetic stirring, the DMPO was added into
200 lL of this suspension to obtain a 30 mM DMPO solution.
After that, 70 lL of H2O2 (35%) was added into this suspension,
which was placed into an EPR cell. This main mixture test was
identified as g-C3N4 + IC + DMPO + H2O2. The control samples
(IC + DMPO, g-C3N4 + IC + DMPO and IC + DMPO + H2O2) were
analyzed in a similar procedure. Furthermore, an additional mea-
surement using the mixture g-C3N4 + IC + DMPO + H2O2 was done
after 70 min inside EPR cell without either the magnetic stirring
or lighting. The spectra were acquired at 25 �C in a Varian E109
X-band instrument with a standard rectangular cavity using a
glass quartz flat cell (Wilmad). Measurement conditions were:
center field of 3390 Gauss, sweep field of 160 Gauss, sweep time
of 60 s, microwave (MW) power of 10 mW, gain of 2.0 � 103,
modulation amplitude of 0.5 Gauss, modulation frequency of
100 kHz, time constant of 0.064 s and MW frequency of
9.517727 GHz. Spectral simulations were obtained using the
EasySpin program [41] with the following EPR parameters for
DMPO OH radical adduct: g = 2.0056, line width = 1.09 Gauss,
AN = 15.14 Gauss, AH = 14.97 Gauss.
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3. Results and discussion

XRD patterns show that the melamine structure begins to be
changed from 350 �C and the formation of the graphitic structure
starts at 450 �C. From 500 �C the typical diffraction pattern for g-
C3N4 is observed, with the presence of the diffraction peaks centred
at 2h = 27.5� and 13.0�, which are characteristic of the (002) and
(100) planes, respectively (Fig. 1) [42].

The FTIR technique was used to obtain complementary infor-
mation about the g-C3N4 structure under different heating temper-
atures. The spectra obtained are shown in Fig. 2. The spectra of the
melamine and the sample treated at 300 �C are very similar
(Fig. 2a). The sharp band around 810 cm�1 is assigned to the
breathing mode of triazine units, while the bands at 1570 and
1634 cm�1 are attributed to NAH bending and stretches of the
C@N bonds. The bands between 1258 and 1480 cm�1 were attrib-
uted to stretches of CAN bonds [43]. The bands between 3000 and
3300 cm�1 are derived mainly from the stretches of the NAH
bonds [44].

As in XRD patterns, the FTIR spectra show the beginning of the
structural modification of melamine from 350 �C, which are similar
to those obtained at 400 �C and 450 �C. In this range of tempera-
tures progressive changes in the FTIR spectra were observed. On
the other hand, a similar pattern is observed for the spectra of g-
C3N4 samples obtained at temperatures above 500 �C. The changes
in the absorptions are clearer in the spectra obtained from 500 �C,
in the region of 3000–3300 cm�1, relative to the precursor, which
indicates the condensation of –NH2 groups. In this region three
bands between 3170 and 3300 cm�1 can be verified, mainly in
the spectrum of the sample prepared at 600 �C, typical of NAH
stretch of primary and secondary amines and, OAH stretching
formed during thermal polycondensation of melamine. The oxy-
genated functional groups can be identified from a more detailed
analysis in the 900–1800 cm�1 region (Fig. 2C). The centered shoul-
der at 1680 cm�1 in the g-C3N4 sample prepared at 600 �C is typical



Fig. 2. FTIR spectra patterns obtained for melamine heat-treated at different temperatures (A, B). C) Amplification of the region between 1800 and 900 cm�1 of the spectra
shown in B.

Table 1
Elemental composition (CHN-O analysis) obtained for oxidized g-C3N4 samples and melamine.

Samples C (wt%) N (wt%) H (wt%) O* (wt%) C/N (atomic ratio)

Melamine 28.6 66.5 4.8 – 0.50
CNO-500 32.0 57.3 1.6 9.1 0.65
CNO-550 33.2 59.2 1.4 6.2 0.65
CNO-600 30.1 53.5 1.6 14.8 0.65

* Obtained by mass difference.
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of carbonyl functional groups. These functional groups can modify
the texture and electronic properties of g-C3N4 favoring its cat-
alytic properties [45,46].

The oxygen in the g-C3N4 structures was quantitatively con-
firmed by elemental analysis (Table 1). The molecular formula of
melamine is C3N6H6 and the molecular formulas of g-C3N4

obtained at 500, 550, and 600 �C are C3N4.6H1.8O0.6, C3N4.6H1.5O0.4

and C3N4.6H1.8O1.1, respectively. The molar mass increases from
111.8 g mol�1 (500 �C) to 118.4 (600 �C) due to the oxygen in
the graphitic structure.

Since many nitrogenous and oxygenated functional groups have
Brønsted acidity, the acid-base properties of the materials were
investigated. The obtained titration curves are shown in Figure S1
(supplementary data). The melamine titration curve shows a
buffering region in the pH range of 4.5–5.5. The multiparameter
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adjustment of the titration curve shows a pKa of 5.1, characteristic
of the conjugate acid of melamine, with a concentration of
7.9 mmol g�1 (Table S1). The other two pKas can be attributed to
impurities or even carbonates. The results obtained at 300 �C are
similar to those of melamine, since at this temperature the mela-
mine structure changes slightly. However, from 350 �C a significant
decrease of the acid functional groups indicates the beginning of
the condensation reaction of the structures. From 400 �C the total
acid functional groups increase until the temperature of 600 �C due
to increased oxidation of the g-C3N4 (Table S2). The acidity of g-
C3N4 is directly related to the presence of primary, secondary, ter-
tiary amines (–NR2H+ ? –NR2 + H+) and optionally, oxygenated
functional groups such as carboxylic and hydroxyl groups. The
acidity of these nitrogenous and oxygenated groups provides an
isoelectric point of less than 7, typically around 5 [47].



Fig. 4. Kinetic analysis (Langmuir-Hinshelwood kinetic model) of the IC kinetic
discoloration using melamine treated at different temperatures and hydrogen
peroxide. Note: The g-C3N4 samples were obtained at temperatures of 500, 550 and
600 �C.
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3.1. Fenton-like heterogeneous catalysis

In some photocatalytic tests with g-C3N4/metal oxide
heterostructures, we observed that some samples have high cat-
alytic activity using H2O2 in the dark (see supplementary informa-
tion, Figure S2). Therefore, we investigated in more detail the
heterogeneous Fenton-like activity of g-C3N4 samples for the IC
degradation. The indigo carmine (IC) optical absorption spectra at
different reaction times using g-C3N4 catalysts and H2O2 in the
dark were obtained and the relative concentrations to the initial
concentration (I/I0) at different times are shown in Fig. 3. Figure S3
shows a comparison between adsorption and discoloration of the
dye IC for the sample obtained at 600 �C.

The highest catalytic activities were observed for g-C3N4 sam-
ples calcined at 500–600 �C, showing that the structure of the gra-
phitic carbon nitride plays an essential role on catalytic activity.
The typical pseudo-first order kinetic model was used to fit the
data (Fig. 4). The apparent rate constant (k0) obtained from the
slope of these lines are shown in Table S3. The g-C3N4 sample
obtained at 600 �C was the most efficient, almost completely
degrading the dye in 50 min with a kinetic constant of
37.4 � 10-3 min�1. Once the effectiveness of the g-C3N4 structure
on catalytic activity had been demonstrated, we focused our atten-
tion on the surface and textural properties of the samples obtained
at different calcination temperatures. The specific areas obtained
by nitrogen adsorption isotherms were 11.1, 45.2 and
19.3 m2 g�1 for samples prepared at 500, 550 and 600 �C, respec-
tively. Typically, the surface areas reported for g-C3N4 are between
10 and 40 m2 g�1 [15]. Here, g-C3N4 obtained at 550 �C showed the
largest surface area of 45 m2 g�1.

Fig. 5 shows that catalytic activity has no clear relation to the
surface area of the g-C3N4, since the sample with the larger surface
area shows the smaller catalytic activity. On the other hand, ana-
lyzing the results of the elemental composition (Table 1) and those
shown in Table S3, we observed an evident relationship between
the catalytic activity and the oxygen concentration present in the
structure of the g-C3N4 samples. To prove the positive impact of
oxygenated functional groups on discoloration of the indigo car-
mine dye, we prepared a sample of g-C3N4 under nitrogen atmo-
sphere at 600 �C. The g-C3N4 sample obtained under inert
atmosphere actually has very slow kinetics compared to the sam-
ple obtained in the air atmosphere (Figure S4). In addition, we
Fig. 3. IC dye kinetic discoloration using melamine treated at different tempera-
tures and hydrogen peroxide. Note: The g-C3N4 samples were obtained at
temperatures of 500, 550 and 600 �C. Conditions: pH = 6, [IC] = 20 mg L�1 and
[H2O2] = 3.9 � 10-3 mol L-1.

Fig. 5. Effect of the specific surface area on the pseudo-first order kinetic constant
obtained for the discoloration of IC dye by heterogeneous Fenton-like catalysis.
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noted that the Fenton-like activity increases linearly with the oxy-
gen concentration on the g-C3N4 (Fig. 6).

Solid-state 13C NMR and XPS experiments were also carried out
in order to identify the oxygenated functional groups present in
the g-C3N4 structure. The 13C CP/MAS NMR spectra obtained for
the g-C3N4 samples prepared at different temperatures are shown
in Figure S5. The spectra show the typical signals at 157 and
165 ppm attributed to the groups CN3 (Ci) and CN2NH2 (Ce) (Fig-
ure S5a), respectively [48]. At first, the signals obtained for the
samples prepared at different temperatures are very similar, but
a more detailed analysis of these peaks (Figure S5b) reveals a sin-
gular asymmetry at the peak centered at 165 ppm for the sample
obtained at 600 �C. This shoulder can be ascribed to the presence
of oxygen functional groups (e.g., carbonyl groups) associated with
the Ce carbon. In addition, the ratio between the Ci and Ce peak
areas in the spectrum obtained for this sample (0.80) is lower com-
pared to the samples prepared at 500 �C (0.87) and 550 �C (0.87).
Although the spectra recorded with CP are not quantitative, this



Fig. 6. Effect of oxygen content on the pseudo-first order kinetic constant obtained
for the discoloration of IC dye by heterogeneous Fenton-like catalysis.
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comparison between relative intensities of spectra recorded under
the same experimental conditions suggests an increase in the rel-
ative concentration of the Ce carbon atoms with the increase in
the heat treatment temperature. This can be caused by the break-
down of the tertiary amine bonds that bind the heptazine frag-
ments in the g-C3N4 structure or of the s-triazine rings with the
insertion of oxygenated functional groups, for example, hydroxyl
groups [28,49]. We have observed that at temperatures above
600 �C (i.e., 650 �C), the synthesis yield of g-C3N4 is practically zero
due to decomposition of the material under this condition. The
wide range XPS spectra and the fittings for each detected element
are presented in the supplementary material (Figure S6). The
atomic composition of the g-C3N4 surfaces calculated from the
wide range XPS scans is presented in Figure S7. The overall
amounts of carbon and oxygen increased, and the nitrogen content
decreased as the temperature of treatment enhanced. Similar
results have been observed by other authors [46,50]. Yang et al.
observed a C/N ratio close to 1 for g-C3N4, thermally oxidized at
550 �C [50]. In comparison with the data presented in Table 1, it
should be emphasized that XPS signals come from surface of the
samples, and then different atomic percentages are expected
between these techniques.

The high-resolution spectra for C1s, N1s, and O1s XPS are
shown in Fig. 7 and the detailed parameters obtained from the fits
are presented in Table S4. The spectra N1s of the three samples
submitted to calcination are very similar each other but distinct
from that of melamine, mainly in the range from 400 to 405 eV.
In this range, the calcined samples have presented two additional
signals. The more intense part of the N1s spectra, between 397
and 400 eV, was fitted with two signals centered at 398 and
399 eV, which correspond to N in the structures C@N-C and C-
NH2, occurring in both melamine and g-C3N4 [35–38,51]. The sig-
nal at 399 eV can also be attributed to NACAOH structures [52].

The two additional signals centered at 400.5 and 403.8 eV, can
be associated to N in the groups NC3 and NAO terminated, respec-
tively [37,38,51]. This last signal may be related not only to
pyridine-like N-oxide but also to N in a structure similar to N in
heterocycles associated to the pair -N+-O� or even in the N-OH
group. In order to simplify the text, the signals associated to these
possibilities will be referred as ‘‘PNO”. Regarding the signal cen-
tered at 400.5 eV, it also can be associated to quaternary-N [51],
or to nitrogen in N-C@O structures, which also can be present
but not unequivocally distinguished in these spectra [52]. Besides
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those signals, an additional signal at about 405.8 eV was due to
the p-excitations of N. The relative percentages of the contribu-
tions to the N 1s XPS spectra are presented in Fig. 8.

The relative amounts of N in binding energies of 398.0 and
399.0 eV are close to each order. In melamine the distribution of
N in these of types of bonding, C@N-C and C-NH2, is 1:1 [38,53].
In the sample treated at 600 �C, the amount of N in C@N-C is sig-
nificantly smaller than the amount of N in functional groups with
binding energy of 399 eV. Furthermore, the relative amount of N in
C@N-C decreases from the melamine to the other samples as the
treatment temperature increases, indicating that the thermal treat-
ment favors the break of C@N double bonds. The reduction of this
type of bonding is concomitant with the formation of NC3

(400.5 eV) and PNO (403.8 eV), or even with the formation of
O@C-N (400.5 eV).

Regarding the O 1s XPS spectra, the sample treated at 600 �C
was the one presenting more differences. Besides the larger con-
tent of oxygen in this sample, the XPS results point to a smaller
fraction of oxygen forming H2O and a larger fraction forming –
OH and PNO, as compared with the other samples. The spectra
were fitted with these two signals, with oxygen from H2O appear-
ing at approximately 533.1 eV and from –OH and/or PNO at
~531.7 eV [37]. The overlap between the signals does not permit
the precise quantification of each one of these compounds, and
the occurrence of C@O and CAO cannot be disregarded. Some
authors have shown that O atoms could be directly bonded to
sp2-hybridized carbon on oxidized g-C3N4 [54]. C1s peaks were fit-
ted with two signals interpreted as (CH)n at 284.5 eV and C bonded
to N at about 287.7 eV. This last signal is in fact the result of the
overlap contributions of C in different groups as N2CH2, N = CN2
and NC3. The resolution is not enough to distinguish these contri-
butions, but full width at half maximum between 1.8 and 2.1 eV
can be seen as an indication of the overlap [36,53]. The presence
of groups of C@O and CAO in small amounts cannot be disregarded
since their binding energies for C 1s are in the same range [37]. The
signal from C in the PNO also cannot be distinguished in the over-
lapped contributions to C 1s, but its presence has been evidenced
by N 1s XPS spectra. Fig. 9 presents the relative percentages of
the two C signals fitted to the XPS spectra. One can see the relative
amount of C bonded to N decreases significantly only for the sam-
ple calcined at 600 �C.

Due to the difficulty of differentiating oxygenated and nitroge-
nous functional groups, the identification of the functional groups
in the g-C3N4 structure, obtained at different temperatures, is chal-
lenging. The formation of oxidizing radicals through the reaction
with amine groups, widely available throughout the graphitic car-
bon nitride structure, should be considered, since the radical reac-
tions with these compounds are widely known and studied [55]. In
fact, the nitrogen atoms present high electronic density, with the
valence band of the formed g-C3N4, predominantly associated with
their pz orbitals [13]. Thus, amine groups on the g-C3N4 surface
favor the formation of oxidizing radicals. However, theoretical
studies show increased reactivity of N-doped graphene for the
reduction of H2O2, but without radical formation [56]. On the other
hand, we observe a greater amount of oxygenated functional
groups in the sample obtained at 600 �C.

The H2O2 adsorption is an essential step for subsequent reac-
tions of H2O2 with the functional groups present on the surface
of g-C3N4 [56]. Thus, the Density Functional Theory (DFT) was
applied with M06 functional and 6-31G(d,p) basis set for all atoms
in order to investigate the adsorption energy using simplified mod-
els containing these oxygenated and nitrogenous functional
groups. The results show a decrease in system energy indicating
that the adsorption process is energetically favorable. It was also
observed that the decreasing energy is less pronounced when the
oxygen is absent of the structure model, showing the same trend



Fig. 7. High resolution C1s, N1s, and O1s XPS spectra of g-C3N4 samples prepared at 500 (CNO-500), 550 (CNO-550) and 600 �C (CNO-600).

Fig. 8. Relative percentages of the components used to fit the N1s XPS spectra. Fig. 9. Relative percentages of the components used to fit the C1s XPS spectra.
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that was observed in the experiment. This result is consistent with
the assumption that the dye discoloration rate rises with the oxi-
dation of the g-C3N4. The interaction between H2O2 and functional
groups in g-C3N4 with a concomitant increase in OAO bond length
(see Figure S8 and Table S5 in the supplementary information)
indicates that OAO bond becomes weaker, which may lead to
breakage of this bond to form OH groups.

Our results indicate that the oxygen is in the structure of g-C3N4

as C@O, C-OH, and NAO functional groups. It is widely reported,
mainly in the discussion of the surface chemistry of carbon mate-
rials, the redox behavior of oxygenated functional groups, such as
hydroquinone/quinone (Eq. (1)) [57].

�OHsurf
� �

�Hþ þ ¼ Osurf
� �þ e� ð1Þ

H2O2 þ e� þ Hþ ! H2Oþ OH� ð2Þ
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Recently, Navalon et al. have investigated the effect of
hydroquinone/quinone-like functional groups present in reduced
graphene oxide (rGO) and have suggested, following DFT calcula-
tions and the use of simple molecules of organocatalysts, that these
functional groups could activate the formation of HO� radicals (Eq.
(2)) by H2O2 in a similar way to the homogeneous metal-promoted
Fenton reaction [58]. In addition, the preparation of g-C3N4 in an
oxidizing atmosphere enables the oxidation of amines leading to
the formation of hydroxylamine-like structures, –NH-OH, which
may act as reducing agents according to Eq. (3).

�NHOHsurf

� � ! 2Hþ þ �NOþ 2e� ð3Þ
We used the DMPO test to provide evidence of the formation of

hydroxyl radicals from our as-synthesized samples of g-C3N4 in the
presence of H2O2. Fig. 10 shows the DMPO spin-trapping EPR
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Fig. 10. Room temperature EPR spectra of DMPO_HO� radical adduct and the
controls of the reaction of CNO-600 with IC and H2O2 as well as the spectral
simulation of the DMPO_HO� adduct.

Fig. 12. pH influence on the catalytic activity of heterogeneous Fenton-Like
reaction using the g-C3N4 sample prepared at 500 �C. Conditions: [IC] = 20 mg L�1

and [H2O2] = 3.9 � 10-3 mol L�1.
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spectra for the representative g-C3N4 sample obtained at 600 �C (g-
C3N4 + IC + DMPO + H2O2) and some control samples (IC + DMPO,
g-C3N4 + IC + DMPO and IC + DMPO + H2O2), besides the simulation
for the DMPO_HO radical adduct spectra [41]. It is clear that the
four characteristic peaks of DMPO_HO� adduct with intensity ratio
of 1:2:2:1 were observed only in the presence of both g-C3N4 and
H2O2.

Additionally, another measurement was performed to analyze
the DMPO_HO� adduct signal for the mixture g-C3N4 + IC + DMPO +
H2O2 inside the EPR cell, before and after 70 min. As can be seen in
Fig. 11, the signal of the DMPO_HO adduct was increased by 29%,
which indicates the formation of oxidizing radicals. These results
supply a proof of the metal-free heterogeneous Fenton-like reac-
tion of g-C3N4 in the presence of H2O2 probably by action of the
HO� radicals to degrade IC even under dark conditions.

In fact, some unexplored studies with EPR have shown the abil-
ity of g-C3N4 to form hydroxyl radicals in the presence of H2O2 [21].
Thus, a similar behavior can be anticipated with g-C3N4, that is, the
formation of hydroxyl radicals through the reduction and/or oxida-
tion of 1 electron of H2O2 in reactions similar to those observed in
the traditional homogeneous Fenton reaction, with Fe2+ and Fe3+.

In the traditional Fenton reaction, pH is a very important vari-
able. It is known that at very acidic pH, the Fenton reaction is
impaired due to the elimination of radicals by the H+ ions and/or
Fig. 11. EPR spectra of DMPO_HO� radical adduct inside the EPR cell in the initial
time and after 70 min. The signal of the Cr(III) as impurity in MgO crystal was used
as reference for the intensity and calibration of the magnetic field.
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oxonium ion [H3O2]+ formation. In addition, in acidic medium,
the traditional heterogeneous Fenton based on some metallic com-
pounds cannot be used, for example, some iron (III) oxides and
hydroxides. Since the H+ ions participate in the equilibrium, in
the Fenton-like reaction proposed here, we monitor the pH during
the discoloration of the dye IC (Figure S9). As can be clearly seen,
the pH of the system decreases during the reaction, suggesting a
reaction mechanism with the release of H+ ions. In this way, we
conducted the dye discoloration reaction at pH 3 and 6. As shown
in Fig. 12, lowering the pH leads to a small decrease in the dye dis-
coloration rate. Under less acidic conditions, the chemical equilib-
rium presented in equations (1) and (3) are favored, the
concentration of protonated H2O2 species is very low and the
decrease in oxidation potential is relatively small.

In order to investigate the presence of NH-OH and C-OH func-
tional groups, which can potentially form hydroxyl radicals by
reducing H2O2, we conducted a subsequent oxidative treatment
of the g-C3N4 sample (prepared at 500 �C) with 5 M H2O2 at
80 �C for 2 h. After reaction with H2O2, the sample was re-tested
for IC discoloration. The obtained result (Fig. 13) shows the
Fig. 13. Effect of H2O2 treatment on the catalytic activity of g-C3N4 sample prepared
at 500 �C. Conditions: pH = 6, [IC] = 20 mg L�1 and [H2O2] = 3.9 � 10�3 mol L�1.
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decrease in the dye discoloration rate, indicating that previous
treatment of g-C3N4 with H2O2 eliminates some functional groups
that contribute to the formation of oxidizing radicals.

4. Conclusions

Graphitic carbon nitrides were obtained from the polyconden-
sation of melamine after heat treatments under air atmosphere
between 500 and 600 �C. These catalysts proved to be efficient to
degrade indigo carmine with H2O2 through the formation of HO�

radicals in the absence of light. We noted that the Fenton-like cat-
alytic activity is directly related to the oxygenated functional
groups on the metal-free g-C3N4 structure, but without a direct
relationship with the specific surface area of the materials. How-
ever, the set of results obtained by different characterization tech-
niques (such as XPS, FTIR and solid-state NMR spectroscopy)
indicate that during the thermal condensation of melamine at
the temperatures studied, reduced oxygenated functional groups
such as C-OH and –NH-OH are formed. These groups, in the pres-
ence of H2O2, can produce oxidizing radicals, which further
degrade the indigo carmine dye. The effect of pH as well as the
release of H+ ions during discoloration gradation suggests, together
with the results of EPR, a mechanism involving hydroxyl radicals.
The oxygenated g-C3N4 has been shown to be a promising metal-
free catalysts for Fenton-like oxidation reactions. In addition, the
new information on g-C3N4 surface reactivity may contribute to
future research on the use of g-C3N4 as a catalyst and chemical
platform for different functionalization reactions. Finally, the pres-
ence of reducing sites on the surface of g-C3N4 can be useful in dif-
ferent catalytic processes, for example, CO2 reduction.
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