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A mild synthesis method was developed to improve metal-free catalysis of graphene in
catalytic oxidation by nitrogen modification, which can be easily tailored by varying

calcination temperature.
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Abstract

Nitrogen-doped reduced graphene oxide (N-rGO) was prepared by a simple process of
simultaneous reduction and nitrogen doping on graphene oxide (GO) at low temperatures
using ammonium nitrate as a N precursor. Characterization techniques indicated that N-rGO
materials with high N loading (5-8 at.%) can be easily produced and that the crystal-/micro-
structures and chemical compositions of N-rGO materials are dependent on the calcination
conditions. The metal-free catalysis of N-rGO was investigated in catalytic activation of
peroxymonosulfate (PMS) for phenol oxidative degradation in water. It was found that N-
rGO samples are promising green catalysts for phenol degradation. Kinetic studies showed
that phenol degradation follows first order reaction kinetics on N-rGO-350 with activation
energy of 31.6 kJ/mol. The mechanism of PMS activation and phenol oxidation was
elucidated by employing both electron paramagnetic resonance (EPR) studies and quenching

tests with ethanol and tert-butanol.
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1. Introduction

One of the most critical issues in industrialization is the discharge of polluted water that
largely contains particles, organics, and heavy metal ions.! Many water treatment
technologies have been established, such as adsorption, filtration, evaporation, and membrane
separation, to remediate the organic contaminations. > Advanced oxidation processes (AOPs)
using metal-based materials as catalysts have attracted more attention over those physical

processes due to the complete decomposition of organic pollutants. **

As an excellent alternative to hydroxyl radicals (*OH), sulfate radicals (SO4°") have been

widely applied to decompose organic pollutants. >* However, metal-based catalysts, such as
cobalt and manganese oxides, are expensive and sometimes toxic metal leaching in either
homogeneous or heterogeneous catalysis can lead to secondary contamination.* ® 7 Therefore,

metal-free green catalysts are highly recommended for environmental remediation. °

Graphene is a single sheet of graphite and has impressive theoretical surface area of 2630
m?/g, chemical stability, open porous structure, and high electrical conductivity.' "
Therefore, it can be a promising candidate of green catalysts. In a previous study, reduced
graphene oxide (rGO) was firstly discovered to be effective for activation of
peroxymonosulfate (PMS) to produce sulfate radicals. The catalytic activity of rGO can be
improved by increased porosity and specific surface area (SSA) and manipulated surface
functional groups. '*'* "

highly porous rGO (A-rGO-25, A-rGO-60 and A-rGO-75). It was found that 100%

Structural modification was conducted by CO; activation to obtain

methylene blue (MB) removal would be achieved in 4 h for rGO, and that the same efficiency
would be obtained in 1.5 h on A-rGO-25 after CO; activation, 1.0 h on A-rGO-60 and 2 h on
A-rGO-75. '° Physical and chemical activation of rGO using different reagents, CO,, ZnCl,
and CO,/ZnCl,, were further carried out to obtain highly porous metal-free carbonaceous
materials for adsorption and catalytic oxidation. The study showed that specific surface area
and oxygen containing groups are two important factors determining the adsorptive and

catalytic performances. '?

It was also reported that the performances of graphene can be improved by doping with other

13-18

elements such as nitrogen, boron, halogen, sulphur or metals. Qu et al.” reported that

nitrogen-doped graphene can show much better electrocatalytic activity for oxygen reduction
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in fuel cells than platinum. The superior catalytic activity of nitrogen-doped graphene was
also demonstrated in aerobic selective oxidation of benzylic alcohols, and the graphitic
nitrogen was suggested to be the active sites.”’ Gao et al®' examined the catalytic
performances of nitrogen doped graphene and concluded that graphitic nitrogen is effective
for activation of C-H bonds in selective oxidation by changing the electronic structure of sp”
carbon atoms. A recent study has discovered that nitrogen doped reduced graphene oxide (N-
rGO) showed an enhanced activity for aqueous organic oxidation by activation of
peroxymonosulfate (PMS or oxone) in phenol solution. 7 The performance of this N-rGO as
a green catalyst has been studied under the thermal annealing temperature at 350 °C. Such a
condition was also found to be effective for nitrogen modification of carbon nanotubes,
which were able to activate both PMS and PDS (persulfate). % In this study, we report further
investigation on the effect of the thermal annealing temperature on the physicochemical

properties of N-rGO and their performances in aqueous oxidation of phenol solutions.

2. Experimental

2.1 Materials and chemicals

Graphite powder, sulphuric acid (95-97%), ammonium nitrate, acetonitrile and potassium
peroxymonosulfate (Oxone™) were obtained from Sigma-Aldrich. Hydrogen peroxide (30%),
ethanol, methanol and hydrochloric acid (32%) were obtained from Chem-Supply. Potassium

permanganate and phenol were obtained from Ajax Finechem.

2.2 Synthesis of graphene oxide (GO)

Synthesis of graphene oxide (GO) was carried out using a modified Hummers’ method. % In
a typical synthesis, graphite powder was mixed with a strong oxidizer of concentrated H,SO4
and then KMnO4 was slowly added. The mixture was stirred at 35 °C for 5 h. Deionized (DI)
water was then slowly added into the mixed solution and the temperature was kept carefully
below 98 °C. The suspension was then treated by H,O, to reduce the residual permanganate.
The obtained GO slurry was separated by centrifugation and washed using HCI and DI water

three times. The final product was ground after drying in an oven at 60 °C for at least 48 h.

2.3 Preparation of nitrogen-doped reduced graphene oxide (N-rGO)
The reduction process and nitrogen doping were conducted simultaneously using ammonium

nitrate as the N precursor. |’ GO and ammonium nitrate at 1.0 g each were mixed in 50 mL
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ethanol at room temperature for 30 min, then the temperature was increased to 50 °C and
stirred for a few hours until the ethanol was completely evaporated. The dried mixture was
thermally annealed at different temperatures in the range of 300 to 400 °C for 1 h. The N-
rGO was obtained after being washed using ethanol and DI water three times, and drying in
the oven at 60 °C. The obtained samples were denoted as N-rGO-n and n is referring to the
annealing temperature. In addition, further thermal annealing of N-rGO-350 was carried out
by employing nitrogen gas atmosphere at 400 °C for 1 h to obtain another sample, N-rGO-
350-400.

2.4 Characterization of nitrogen doped reduced graphene oxide

X-ray diffraction (XRD) patterns were acquired on a Bruker D8-Advanced X-ray instrument
using Cu-Ka radiation with A at 1.5418 A. Nitrogen sorption isotherms were obtained using a
Tristar II 3020 after degassing the samples at 110 °C for 4 h. The Brunauer-Emmett-Teller
(BET) equation and Barrett-Joyner-Halenda (BJH) method were utilized to evaluate the
specific surface area, and pore size distribution of the samples, respectively. Fourier
transform infrared spectra (FTIR) were obtained from a Bruker instrument with ATR
correction mode. X-ray photoelectron spectroscopy (XPS) was carried out to determine the
chemical states of elements using a Thermo Escalab 250 with Al-Ka X-ray.
Thermogravimetric-differential thermal analysis (TG-DTA) was carried out by heating the
samples in an air flow at a rate of 100 mL/min using a Perkin-Elmer Diamond TGA/DTA
thermal analyzer with a heating rate of 10 °C/min. Scanning electron microscopy (SEM) was
applied to investigate the morphology of the catalysts on Zeiss Neon 40 EsB FIBSEM.
Raman analysis was performed on an ISA dispersive Raman spectrometer using argon ion
lasers (514 nm). Electron paramagnetic resonance (EPR) spectra were obtained on a Bruker

EMS-plus to detect the free radicals generated during activation of PMS.

2.5 Catalytic oxidation of phenol solutions

The catalytic oxidation of phenol was carried out in a 500 mL conical flask with phenol
solution (20 ppm), catalyst (0.2 g/L) and PMS (2.0 g/L) in a constant-temperature controlled
water bath for the kinetic studies. At each time interval, 1 mL solution was withdrawn by a
syringe, filtered by a 0.45 um Millipore film, and injected into a vial. Then 0.5 mL of

methanol as a quenching reagent was also injected into the reaction solution. The mixed
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solution was analyzed by a high performance liquid chromatography (HPLC, Varian) with a
C-18 column and a UV detector set at 270 nm.

3. Results and Discussion

3.1 Characterization of materials

After oxidization of graphite by the modified Hummers’ method, ** the peak in XRD pattern
at 20 = 9.9° (002 plane) clearly indicated the formation of graphene oxide (GO) from the
oxidation of graphite (Fig. S1a), which has a typical peak at around 20 = 26°. Fig. 1 shows
XRD patterns of N-rGO samples. The peak at 26 = 9.9° (002 plane) disappeared and a new
peak at 26 = 25.5° (corresponding to the interplanar spacing of 0.35 nm) was observed on all
N-doped samples. The changes in XRD patterns suggested the successful reduction of GO to

rGO along with nitrogen doping process. **

In general, graphene has three types of ordered crystal structures dependent on the stacking
sequences of graphene sheets. These three different stacking sequences are simple
hexagonal (AAA), hexagonal (Bernal stacking, ABAB) and rhombohedral (ABC).* For
graphene with hexagonal AB and ABC stacking, the interlayer spacing is 0.335 and 0.337
nm, respectively.”® In this study, the interlayer spacing of N-rGO was about 0.35 nm. The
interplanar spacing of N-rGO was slightly larger than that of graphite (0.34 nm) for (002)
plane due to the presence of oxygen functional groups and water molecules. %’ The peak (20
= 25.5°) broadening might be attributed to the large strain in the lattice induced by the
presence of hydroxyl and epoxide groups on both sides of rGO layers.28 The large strain is
related to the distortion of lattice periodicity of the carbon-carbon distance. Further
annealing N-rGO-350 in N, at 400 °C would decrease the intensity of the characteristic peak
at around 20 =25.5°, as shown in Fig. S1b.

Page 6 of 24



Page 7 of 24 Journal of Materials Chemistry A
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Figure 1 XRD patterns of N-rGO via different thermal annealing temperatures.

The detailed information of crystal structures of N-rGO samples are shown in Table 1. Peak
broadening at different thermal annealing temperatures can be compared by the half peak
width (HPW, B). Thermal treatment and associated reduction process would reduce the HPW
compared to that of GO. Moreover, HPW decreased with the increased temperature. Also,
HPW of N-rGO-350-400 (3.4 °) was much narrower than that N-rGO-35 (5.6 °). The changes
of HPW values indicated the degree of reduction, removal of oxygen functional groups, and
distortion of the lattice periodicity. The origin of the B changes may be due to the increase of

the interlayer thickness, L,% as shown in Table 1.
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Table 1 Crystal- and micro-structures of N-rGO samples.

Sample Half peak Interlayer material D band G band Ip/lg  SSA
width (B, °) thickness (L, nm)  (cm™)  (cm™) ratio  (m%g)
N-rGO-300 5.8 3.12 1323 1589 .32 53
N-rGO-325 5.6 3.23 1323 1580 1.40 58
N-rGO-350 5.6 3.23 1323 1577 1.26 99
N-rGO-350-400 3.4 533 1335 1583 1.21 91
N-rGO-375 5.1 3.55 1329 1586 1.38 127
N-rGO-400 4.4 4.11 1329 1580 1.41 159

Fig.2 shows Raman spectra of GO and N-rGO prepared at different thermal annealing
temperatures. The G bands (originated from in-plane vibrations of sp® carbon in rGO domains)
appear at about 1580 cm™ and strong D bands (related to the edges, defects, and structurally
disordered carbon) occur at about 1320 cm™. These results are consistent with previous
Raman investigations on GO. ***? The Ip/I ratio (intensity ratio of D band to G band) of the
GO was 1.18, and those ratios of N-rGO via different thermal annealing temperatures are

tabulated in Table 1. The Ip/Ig ratio shows the degree of defects in rGO materials. 24

As seen in Table 1, the Ip/Ig ratios of N-rGO via different calcination conditions significantly
increased after the thermal annealing, compared with that of GO. The increased Ip/Ig ratio by
thermal annealing indicates the enhanced defective edges, and declined sp® carbon of rGO
structure. > However, among the N-rGO samples, no temperature dependent Ip/Ig ratio was

observed, indicating the complicated processes of simultaneous reduction and nitrogen

doping, as nitrogen doping might be able to adjust the defective structure as well.
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Figure 2 Raman spectra of GO and N-rGO samples.

The morphologies of GO, N-rGO-300 and N-rGO-400 were observed by SEM imaging. As
shown in Fig. 3(a) GO had a wrinkled and sponge-like structure due to the exfoliation and
restacking process. For N-rGO-300 and -400 (Fig. 3(b) and 3(c)), SEM micrographs show
irregularly enfolding and layered structures tangled with each other due to the exfoliation.
These results confirm that thermal annealing was able to exfoliate the stacked layers of GO,
and improve the microstructure, resulting in a higher specific surface area (SSA) as shown in

Table 1.
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Figure 3 SEM images of (a) GO, (b) N-tGO-300 and (c) N-rGO-400

In atomic scope of the structures of GO and rGO, both sides of the basal plane have
randomly intermixed oxygen groups, such as hydroxyl and epoxide groups™ **.
Meanwhile, carbonyl and carboxylic groups are attached at the sheet edges. It was
reported that decompositions of the hydroxyl and epoxy sites would occur in thermal
treatment and result in a build-up of pressure between adjacent graphene oxide sheets.™
Therefore, thermal exfoliation may occur when the pressure exceeds the Van der Waals

interlayer attraction.

The textural information of N-rGO samples were investigated by N, sorption isotherms,
as shown in Fig. 4. The SSA values of N-rGO samples prepared at different temperatures
are tabulated in Table 1. In general, nitrogen doping and thermal treatment at 300 -
400 °C imposed a significant effect on SSA values. Surface area increased with increasing
calcination temperature. At 350 °C, a rather significant exfoliation occurred as indicated
by the increased SSA value from about 58 to 99 m?g. At the thermal annealing
temperatures of 375 and 400 °C, the SSA values are 127 and 159 mz/g, respectively.
While further annealing the sample of N-rGO-350 at 400 °C in nitrogen would slightly
decrease the SSA of N-rGO-350-400.

10
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Figure 4 N, sorption isotherms of N-rGO samples.

The thermal behaviors of GO and N-rGO-400 were investigated by TGA-DTA. The curves of
GO and N-rGO-400 are presented in Fig. 5(a) and (b), respectively. The analysis was
performed in air at a heating rate of 10 °C/min. Fig. 5(a) shows that the weight loss of GO
occurs from starting temperature to 100 °C primarily due to the evaporation of thermally
unstable water molecules. ***7 Further weight loss was observed from 100 up to 450 °C due
to the removal of the oxygen functional groups. >’ It was also found that from 100 to
450 °C, the DTA curve shows a characteristic step or peak at 180 °C. From 450 to 540 °C,
the DTA curve also shows a characteristic step or peak at 520 °C corresponding to the
thermal decomposition of carbon structure. These two peaks are corresponding to the strong
exothermal peaks and in good agreement with previous studies. *’ There was no further
weight loss of GO after reaching the temperature of 540 °C. Fig. 5(b) indicates that there are
three regions on N-rGO-400 weight loss process. First, a minor weigh loss occurs from room
temperature to about 110 °C which may be due to the evaporation of adsorbed water
molecules. Second, another minor weight loss occurs from 110 to 450 °C attributed to the

removal of residue oxygenated functional groups generating CO, and H,O. ***** Finally, a

11
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major weight loss can be observed between 450 and 550 °C. The TGA and DTA curves show
a characteristic step or strong exothermal peak at 530 °C due to the carbon combustion and
decomposition. '"*° No further weight loss of N-rGO-400 can be observed after 550 °C. In
this study, the weight losses of N-rGO-400 and GO before 450 °C are about 5% and 54%,
respectively. These results suggested that a substantial amount of water and oxygen

functional groups were removed by simultaneous process of reduction and nitrogen doping

using ammonium nitrate as N precursor.
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Figure S (a) TGA and (b) DTA curves of GO and N-rGO-400 in air atmosphere.

Fig. 6 displays FTIR spectra of N-rGO samples. The spectrum of GO displays several
characteristic peaks, such as O-H group (hydroxyl) at 3323 cm™ , C=0O group (carbonyl) at
1715 cm™, C=C group (aromatic) at 1586 cm™ and C-O group (epoxy or alkoxy) at 1035 cm™.
These results are consistent with reported values. '> ***! Compared to GO, the signals of
oxygen functional groups of N-rGO are very weak indicating the presence of less oxygen
groups attached to the surface. For N-rGO, the absorption bands at approximate 1560 and
1200 cm™ are attributed to the C=C/C=N groups and C-N groups, respectively **.

12
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Figure 6 FTIR spectra of GO and N-rGO materials.
Fig. 7 shows XPS studies of the different N-rGO samples. The XPS analysis was carried out
to investigate atomic concentration (at.%) of nitrogen contents in N-rGO via different
calcination temperatures. The O/C (oxygen versus carbon) and N/C (nitrogen versus carbon)
ratios are tabulated in Table 2.

Table 2 Chemical compositions of various N-rGO materials.

Sample N level, N/C Pyridinic N, Pyrrolic N, Graphitic N, O/C

at. % ratio at. % at. % at. % ratio
N-rGO- 5.8 0.078 1.9 3.1 0.8 0.28
300
N-rGO- 7.2 0.085 2.4 4.2 0.6 0.11
325
N-rGO- 6.4 0.075 2.2 3.7 0.5 0.10
350
N-rGO- 7.0 0.081 2.5 3.8 0.7 0.08
375
N-rGO- 6.7 0.079 2.3 3.5 0.9 0.10
400

13
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Fig. 7(a) shows XPS surveys of the N-doped rGO samples prepared at different temperatures.
The corresponding C 1s, O 1s and N 1s peaks are centred at 284.6, 531, and 399.5 eV,
respectively.“'45 Based on the compositional information of carbon, oxygen and nitrogen, it
can be found that treatment temperature has varying effect on the nitrogen and oxygen levels
of the samples. High resolution of XPS N 1s spectra of N-rGO can be found in Fig. 7(b).
Three types of nitrogen species can be identified from the de-convolution of XPS N 1s
spectra: pyridinic (N-6) at 398.3 eV, pyrrolic (N-5) at 399.8 eV, and graphitic N at 401.8 eV
#49 " Table 2 shows that the contents of pyridinic N, pyrrolic N, and graphitic N vary from
1.5%-2.5%, 3%-4.5%, and 0-1%, respectively. For all the N-rGO samples, the content of
pyrrolic N was generally higher than the pyridinic N and graphitic N. Fig. S2 shows the de-
convolution Cls XPS spectra of N-rGO samples. A broad C 1s peak indicated five different
C species in the range of 281 - 291 eV. For N-rGO-400, the C-C bond, C-N bond, C=N bond,

C=0 bond, and O-C=0 bond occur at 284.6, 285.8, 286.8, 288, and 290.5 eV, respectively. **
50-53
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Figure 7 (a) XPS survey and (b) N Is of N-rGO samples.

Previous studies showed that N-doping can occur at temperature as low as 80 °C and up to
1100 °C for reduced graphene oxide by thermal or hydrothermal treatment of GO with
ammonia or urea or hydrazine and that ammonia can produce the highest nitrogen doping
level at 500 °C.* % % The nitrogen doping level will decrease significantly when the
temperature is above 500 °C. Thermal treatment at 900 °C and above would result in
breaking up of C-N bonds and removing off of the nitrogen from N-rGO. In general, the
nitrogen atoms will be assigned to pyridinic-N, pyrrolic-N and graphitic-N forms. At low
calcination temperatures, the C-N bond formations occur predominantly on the defect sites
(zigzag or armchair) in the plane, where the C atoms are more chemically reactive than those
in the perfect lattice. The concentration of graphitic N was found to increase with increasing
annealing temperature, whereas the concentration of pyridinic-N will decrease with

increasing annealing temperature.”” * %

In a recent study, for the mixture of GO and
ammonium nitrate annealed at 350 °C, the N-rGO contains 5.61 at.% nitrogen with the
compositional nitrogen ratio of graphitic: pyridinic: pyrrolic at 1: 1.46 : 2.45."7 For GO,
carbocyclic and lactone groups begin to decompose at about 250 °C, whereas carbonyl and -
COOH groups are decomposed at about 450 °C. Therefore, it is suggested that these oxygen
functional groups in the GO are mostly responsible for reaction with ammonia to form C-N

bonds.” In this study, the mixture of ammonium nitrate and GO was thermally annealed

between 300-400 °C to produce nitrogen doped rGO. The temperature was high enough for

15
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the decomposition of certain oxygen functional groups with ammonium nitrate to form the C-
N bonds. As seen in Table 2, it appeared that no direct correlation between the nitrogen

doping level and the temperature could be derived.

3.2 Catalytic oxidation of phenol

The effect of calcination temperature on the performance of catalytic phenol oxidation on
rGO and various N-rGO is shown in Fig. 8. For rGO without nitrogen doping, 50% phenol
degradation was achieved in 2 h."” The performance of phenol degradation on N-rGO-300
showed a significant improvement compared to rGO and 95% phenol degradation was
achieved within 2 h on the N-rGO-300. Further improvement can be seen on N-rGO-325 and,
100% phenol degradation was observed in 1 h. Comparison of the activities of rGO, N-rGO-
300 and N-rGO-325, it was suggested that SSA contributes less significantly than nitrogen
doping to the enhanced performance of catalytic oxidation of phenol. The SSA values of N-
rGO-300 (58 m?/g) and N-rGO-325 (53 m*/g) were lower than rGO (301 m*/g). N-rGO-350, -
375 and -400 had SSA values lower than unmodified rGO but showed very significant
improvement in the performance of phenol degradation. Therefore, nitrogen doping might
play the dominant role in phenol degradation on rGO-based catalysts. The doped nitrogen
would change the electronic structure of carbon atoms nearby, and thus accelerate the
electron transfer for the catalytic processes' " *'. The performance of N-rGO-350 was in good
agreement with that of the previous study.'” In this study, further annealing (two-step thermal
annealing) of the N-rGO-350 at 400 °C in N, had very little effect on the improvement of the
performance of phenol degradation. This result is consistent with those of the occurrence 20
peaks, the SSA values, and the Ip/Ig ratios although decreasing B values or increasing L
values. The effects of SSA and defective structure of rGO on the phenol degradation were not
significant, evidenced by the fact that rGO with SSA of 301 m*/g had a much lower activity
than N-rGO-300 or -400 with SSAs of 53 — 153 mz/g. Meanwhile, nitrogen doping would
play a dominant role in activation of PMS for phenol oxidation, resulted in much higher
phenol degradation efficiency. N-rGO-400 (SSA= 159 m?*/g) shows the best performance by
reducing the phenol concentration from 100% to 0 within 15 min. Furthermore, no direct
correlation between nitrogen dopants, including doping level and different nitrogen contents,
and catalytic phenol oxidation was observed. This result suggests that, in terms of nitrogen

doping, a relatively high SSA value may still contribute to the improved phenol degradation.
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Further kinetic studies were carried out to investigate the effect of reaction temperature on
phenol oxidation over N-rGO-350. Fig. S3 shows that phenol degradation almost follows
linear correlation between Ln (phenol concentration) versus time, suggesting phenol
degradation follows first order kinetics on N-rGO by activation of PMS. Fig. 8(b) shows that

the activation energy was estimated to be 31.6 kJ/mol using the Arrhenius equation.

(@) 12 — = 1GO [17]
] 5 N-rGO-300
ok 4o N-rGO-325

—v— N-rGO-350
—o— N-rGO-350-400
—0— N-rGO-375

—— N-rGO-400

L

0.8

o
O 0.6 1
~
(@]
04 |
0.2 1
0.0 1
0 120
(b)
1.6
1.8
x
=
-2.04
o
(@) 22
5 y = -3795.5x+10.459
R?=0.9745 -
-24 T T 1
0.0031 0.0032 0.0033 0.0034
1T (K")
% =l
T N T N I T T T T T I

T T T — 7T T T T 1
0O 10 20 30 40 50 60 70 80 90 100 110 120 130
Time (min)

17



Journal of Materials Chemistry A

Figure 8 Catalytic degradation of phenol vs time on N-rGO at different thermal annealing
temperatures by activation of PMS. (a) Phenol removal profiles on N-rGO, (b) Phenol

removal profiles on N-rGO-350 at varying temperatures.

3.3 Mechanism of PMS activation and phenol oxidation

It was known that both ‘OH and SO, radicals are generated during PMS activation by metal-
based catalysts.” *° SO,~ has been suggested to be the major radical for degradation of
typical organic pollutants. In this study, rapid removal of phenol was obtained by PMS
activation on N-rGO, especially on N-rGO-375 and N-rGO-400. In order to elucidate the
mechanism of PMS activation on N-rGO for phenol degradation, electron paramagnetic
resonance (EPR) studies were carried out, in which 5, 5-dimethyl-pyrroline-oxide (DMPO)

was used as the spin trapping reagent for ‘OH and SO, radicals.

Fig. 9 (a) shows the time-dependent radical generation at different reaction time (3, 5, 10, and
20 min). In all time, ‘'OH and SO," radicals were detected by EPR spectra. At 3 min, ‘OH
radicals occurred as the major species. This might indicate that ‘OH radicals play a major role

in catalytic phenol oxidation at initial stage.

It was known that "'OH and SO,  radicals show different reaction rates with two radical
scavengers, ethanol (EtOH) and tert-butyl alcohol (TBA) as the quenching agents.”® EtOH
can capture both ‘'OH and SO,~ while TBA prefers capturing ‘OH radicals rather than SO,
radicals. Figs. 9 (b) and (c) display the changes of reactive radicals generated by N-rGO
activation of PMS with different quenching reagents. Both radicals and their changes upon

addition of classical quenching reagents were identified.

Fig. 9 (d) shows the variation of the peak intensities of DMPO-HO and DMPO-SO, adducts
during the reaction time (3, 5, 10 and 20 min) with and without the presence of the two
scavengers, EtOH and TBA. It can be seen that, without scavengers, the DMPO-OH intensity
increased significantly (N-rGO-350 DMPO-OH curve) within the reaction time of 3 min and
decreased afterward (5-20 min). On the other hand, the DMPO-SO; intensity remained stable
at a low level, which might be due to the great consumption of sulfate radicals in phenol
oxidation. In the presence of EtOH, DMPO-OH intensity reduced and the peak occurred at 5

min. Meanwhile, in the presence of TBA, DMPO-OH intensity was much lower. However,
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DMPO-S0O; intensity did not show much difference with or without the scavengers. The

above results suggest that both radicals are important in phenol degradation.

With the combination of EPR studies and classical quenching tests, it was confirmed that ‘'OH

and SO, radicals are present in PMS activation for phenol oxidation on N-rGO catalysis. N-

rGO would contribute to the electron transfer processes and facilitate below reactions.
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Figure 9 EPR spectra in various conditions, (a) PMS activation on N-rGO-350, (b) with
addition of TBA, (c) with addition of EtOH, and (d) Comparison of hydroxyl and sulfate

radicals dependence on time.

4. Conclusions

In this study, a simple method was used to successfully prepare nitrogen-doped reduced
graphene oxide (N-rGO) by a simultaneous reduction and nitrogen doping of GO at low
temperatures ranging from 300 to 400 °C. Comprehensive studies by a variety of
characterization techniques suggested that significant crystal, structural and compositional
modifications could be achieved by simply varying the calcination temperature for synthesis
of highly efficient metal-free catalysts. These N-rGO materials as green catalysts were
demonstrated to be efficient in catalytic activation of PMS for phenol degradation in water.
For N-rGO via thermal annealing temperatures between 300 to 325 °C, the improvement of
phenol degradation may be primarily due to the nitrogen dopant. Whereas for N-rGO from
thermal annealing temperatures between 350 to 400 °C, the improvement of phenol
degradation may be due to both nitrogen dopants and relatively high SSA. Combination of
EPR studies and quenching tests indicated that N-rGO can activate PMS to produce both

hydroxyl and sulfate radicals, which induce phenol degradation.
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