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Abstract

Synthesis of carbonaceous materials from metal organic framework (MIL-100), organic linker and
N-precursor was comprehensively investigated and their structures were characterized. It was found
that simple pyrolysis of mixed MIL-100 (Fe)/dicyandiamide (DCDA) could produce nitrogen doped
graphene (N-graphene). The N-graphene showed excellent performances in peroxymonosulfate
(PMS) activation, superior to the counterparts of graphene, iron (I1, I11) oxide, manganese (IV) oxide
and cobalt (11, 111) oxide. With PMS activation, N-graphene exhibited efficient catalytic degradation
of various organic pollutants such as phenol, 2,4,6-tricholophenol (TCP), sulfachloropyridazine (SCP)
and p-hydroxybenzoic acid (PHBA). The electron paramagnetic resonance (EPR) and radical
quenching tests were employed to investigate the PMS activation and organic degradation processes.
It was found that singlet oxygen (*O2) was mainly produced during the activation of PMS by N-
graphene and contributed to the catalytic oxidation instead of sulfate and/or hydroxyl radicals. These

findings provided new insights into PMS activation by metal-free carboncatalysis.
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1. Introduction

The worldwide water shortage and pollution has been intriguing the development of remediation
technologies for water treatment. Peroxymonosulfate (PMS), persulfate (PS) and hydrogen peroxide
(H20-) are generally used as oxidants for degradation of aqueous pollutants by advanced oxidation
processes (AOPs) 1. In the processes, complete degradation of organic pollutants can be achieved
by generating sulfate and/or hydroxyl radicals *°. However, as acidic condition is usually required,
metal-based catalysts tend to cause secondary contamination due to hazardous metal leaching ©.

Hence, metal-free materials are highly demanded as the catalysts for removal of organic pollutants.

Graphene is considered as a promising green catalyst owing to its high surface area, chemical
stability and impressive electrical conductivity’. Sun et al. 2 firstly reported that reduced graphene
oxide (rGO) could activate PMS for degradation of organic pollutants. It has been further proven that
the electronic and chemical performances of graphene are sensitive to heteroatom (nitrogen,
phosphorus, sulfur or boron) doping which would induce more active sites on the graphene surfaces
811 Nitrogen doping has been widely demonstrated to be effective due to the resemblance of carbon
and nitrogen atomic sizes and strong covalence between them 2. N-graphene could be feasibly
synthesized through routes such as chemical vapor deposition (CVD)*3, arc-discharge'*, segregation
growth®® and post-synthesis treatment!®. However, the above methods are time-consuming and

require critical synthesis conditions, thus a novel and facile route as an alternative is demanded 17,

Metal-organic frameworks (MOFs), as promising crystalline porous materials, have been explored
for many applications such as gas separation, catalysis and removal of pollutants by adsorption &2,
Given the good configuration of metal clusters and organic ligands as well as tuneable porous
structures, MOFs were employed as self-sacrificial templates or precursors to fabricate carbon or
hybrid composites via pyrolysis 222%, Graphene nanostructures were also fabricated via the
graphitization processes of heteroatom polymers in the presence of iron or cobalt species 2°2. Li et

al. 1" 28 gynthesized the graphene/graphene tube nanocomposites templated by a cage-containing



cobalt (1) MOF and the bamboo-like nitrogen-doped graphene tubes using MIL-100 (Fe) and
dicyandiamide (DCDA) as the precursors, showing excellent performances in oxygen reduction
reaction (ORR). Mao et al.® fabricated highly graphitized, nitrogen-doped carbon spheres with
capsulation of iron nanoparticles using MIL-100 (Fe) and DCDA as the precursors for ORR. Lv et
al.® constructed porous Co/carbon composites by thermal decomposition of ZIF-67 under an inert
gas, obtaining splendid electromagnetic wave absorption properties. However, few attempts were
made on the understanding of carbon formation from different precursors of MOFs and the
application in activation of oxidants for removal of organic pollutants in water on MOF-templated N-

graphene.

Herein, we synthesized N-graphene templated by MIL-100 with DCDA and other carbons from
the precursors towards MIL-100. The catalytic performances were evaluated by degradation of
various organic pollutants in aqueous solutions. Electron paramagnetic resonance (EPR) and radical
quenching tests were carried out to investigate the mechanism of PMS activation on N-graphene. In
our previous discussions 32, nonradical reaction was generated during PMS activation on N-doped
single-walled carbon nanotubes, reduced graphene oxide and annealed nanodiamond. However, the
nonradical species was not specified. In this study, singlet oxygen (*O2) was identified for the first
time to contribute to the activation of PMS on N-graphene instead of hydroxyl (*OH) and sulfate
(SO4™) radicals, which provides new insight into the PMS activation mechanism towards organic

oxidation.

2. Experimental

2.1 Materials and chemicals

Iron(111) nitrate nonahydrate (Fe(NO3)3*9H>0, 100%), benzene trimesic acid (BTC, 95%), DCDA
(99.9%), sulfuric acid (H2SO4, 98%), potassium peroxymonosulfate (Oxone® or PMS), phenol
(99.0%), sulfachloropyridazine (SCP, 99.9%), p-hydroxybenzoic acid (PHBA, 99%), 2,4,6-

trichlorophenol (TCP, 99.9%), manganese (V) oxide (MnO2, 100%), iron (I, 111) oxide (Fe3Os,
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100%), 2,2,6,6-tetramethyl-4-piperidinol (TMP, 99%), 5,5-dimethyl-1-pyrroline N-oxide (DMPO,
99.0%), tert-butanol (TBA, 99.5%), ethanol (99.5%), methanol and acetonitrile of HPLC grade were

purchased from Sigma-Aldrich. Sodium azide (NaNs, 99.5%) was purchased from Rowe Scientific.
2.2 Preparation of samples

MIL-100 (Fe) was synthesized via a fluorine-free route by the hydrothermal reactions as reported
elsewhere *. As shown in Scheme S1, 4 g of DCDA and 0.25 g of MIL-100 were mixed in ethanol
and kept stirring at 80 °C for 8 h. The solvent was evaporated at 60 °C and then the solid was heated
at 800 °C for 2 h in N2. The resulting sample was labelled as N-C-Fe. The N-C-Fe was then washed
by 0.5 M H2SO4 at 80 °C for 24 h to remove the unstable iron species, designated as N-G. MOF-C
was prepared by the similar procedure without DCDA. BTC-C and C-N were obtained by pyrolysis
of BTC and BTC/DCDA, respectively, under the same condition as N-C-Fe. The synthesis conditions
of the samples in this study are shown in Table 1. Cobalt (11, I11) oxide (Co304) was obtained from a

previous report 34,

Table 1. The synthesis conditions of different samples.

Sample name Precursors Pyrolysis condition Acid washing
BTC-C BTC 800°C for 2h under N> NO
C-N BTC+DCDA 800°C for 2h under N> NO
MOF-C MIL-100 800°C for 2h under N2 YES
N-C-Fe MIL-100+DCDA 800°C for 2h under N> NO
N-G MIL-100+DCDA 800°C for 2h under N> YES

2.3 Characterization of the samples

Powder X-ray diffraction (XRD) patterns were obtained on a Bruker D8-Advance X-ray
diffractometer with Cu Ka radiation (A = 1.5418 A). Field emission scanning electron microscopy
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(FE-SEM, Zeiss Neon 40 EsB) and transmission electron microscopy (TEM, JEOL 2100) were
employed to investigate the morphologies of the samples. The composition and chemical states were
studied on X-ray photoelectron spectroscopy (XPS) using a Kratos AXIS Ultra DLD system with Al-
Ka X-ray. Thermogravimetric-differential thermal analysis (TG-DTA) was carried on a TGA/DSC-
1 thermogravimetric analyzer from Mettler-Toledo Instrument in the inert atmosphere to acquire the
mass loss of MIL-100. N2 adsorption/desorption isotherms were acquired at -196 °C on a Tristar 3020
to obtain the specific surface area (SSA) and pore size distributions according to the Brunauer—

Emmett—Teller (BET) equation and the Barrett-Joyner-Halenda (BJH) method, respectively.
2.4 Catalytic performances in degradation of organics

The experiments were conducted in a thermostatic water bath with the catalysts (0.1 g/L) and PMS
(1 g/L) and target pollutants (e.g., phenol (50 ppm), SCP (20 ppm), TCP (50 ppm), and PHBA (20
ppm)) in a glass reactor. At a given interval, 1 mL of solution was withdrawn by a syringe, filtered
by a 0.45 um Millipore film, and injected into a vial which held 0.5 mL of methanol as a quenching
agent. The resulting solution was analyzed on a high performance liquid chromatograph (HPLC,
Varian) with a C-18 column. For the stability tests, the samples were collected and washed several

times by deionized water after 3 h reactions, and then dried in air at 60 °C.
2.5 Mechanistic studies

The contributors during the degradation of organics by the activation of PMS were detected by
electron paramagnetic resonance (EPR). DMPO was selected to be the spin-trapping agent for SO,
and "OH. TMP was used to capture singlet oxygen (*O2) which would oxidize TMP into 2,2,6,6-
tetramethyl-4-piperidinol-N-oxyl radical (TMPN). The quantitative results and intensity of TMPN
were obtained directly by Spin Fitting from Bruker Xenon Software package. The reactive radicals
and nonradical reactions were identified by classical quenching tests. Specifically, ethanol and TBA
were used as the quenching agents for hydroxyl and sulfate radicals, respectively, while sodium azide

would verify the existence of singlet oxygen.



3. Results and Discussion

3.1 Characterization of the materials

XRD patterns of the resulting carbonaceous materials are shown in Figure 1a. BTC-C and C-N
were identified as amorphous carbons containing a low level of graphitized carbon by XRD *. The
(002) peak at 26° (260) corresponding to graphene could be detected for MOF-C, N-C-Fe and N-G,
due to the catalytic role of iron species in the precursor of MIL-100 *. The (002) peak shifted from
26.5 to 26.1° after N doping, indicating an increased interlayer spacing 3. Zero-valent iron (o-Fe) at
the peak of 44.8° could not be eliminated by the post-treatment of acid washing for MOF-C, probably
due to the capsulation by carbon. The peaks at 31.1, 35.6 and 43.1° of N-C-Fe were assigned to -
Fe>O3 which was formed during the collapse of MIL-100 at around 470 °C (Figure S1, Supporting
Information). The peaks at 43.7 and 44.8° corresponded to FesC and a-Fe, respectively, forming after
the annealing at about 600 °C (Figure Sla). After H.SO4 digestion, only the peak at 26.1° presented
without peaks assigned to iron species for N-G, which differed from MOF-C as discussed above. The
mass ratio of Fe residue in N-G was much less than MOF-C due to the addition of DCDA with MOF
for N-G production. The no detection of Fe species in N-G may be attributed to the fact that the low

quantity of the iron species was below the detection limit of XRD analysis.

Raman spectra of MOF-C and N-G in Figure 1b showed the vibration of the edges/defects (D band)
at 1354 cm* and graphite lattice (G band) at ~ 1580 cm*. Specifically, the G band of N-G was broaden
and shifted to a higher frequency compared with MOF-C (blue shift, 1581 vs. 1576 cm™). The Ip/lc
(the intensity ratio of D band and G band) of N-G increased to 0.90 from 0.71 for MOF-C, indicating
that N doping increased the defectiveness of graphene. Meanwhile, the smaller l.p/lc of N-G

compared to that of MOF-C (0.448 vs. 1.86) confirmed the conclusion above.
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Figure 1. XRD patterns (a) and Raman spectra (b) of catalysts.

The particles of MIL-100 are mainly in polyhedra (Figure S2). After carbonizing MIL-100/DCDA
at 800 °C, N-C-Fe was formed with the collapse of the polyhedral shape of MIL-100, showing iron-
bearing nanoparticles embedded within carbonaceous materials (Figure 2a). The iron species
dispersed uniformly due to the separation of carbon materials (Figure 2b). The HRTEM in Figure 3c
showed that iron species were surrounded by onion-like graphitic carbon. The nanoparticles were
eliminated by acid digestion for the formation of N-G (Figure 2d). The TEM (Figure 2e) confirmed
the removal of iron nanoparticles and a tiny amount of iron particles still remained, which escaped
from acid wash. Figure 2f showed that N-G was hollow onion-like graphitic carbon. In addition, the
monolith of BTC-C was amorphous carbon while some sheet-like ordered carbon appeared on C-N
(Figure S2b-c, e-f). Similar to N-G, MOF-C also exhibited hollow onion-like shells with minimal

iron particles left (Figure S2d, g).




Figure 2. SEM images (a,d), TEM images (b,e) and HRTEM images (c,f) of N-C-Fe(a-c) and N-

G(d-).

The formation mechanisms of different carbonaceous materials from varying precursors were
discussed. BTC molecules were linked by hydrogen bond C-O---H (Scheme S2a). At low pyrolysis
temperature, water was driven off accompanied by the condensation of BTC. Upon further heating,
carbon-carbon bonds were formed with the loss of oxygen via COx. With the increase of temperature,
the six carbon phenyl rings broke and formed layered carbon network which was confirmed to be
amorphous carbon. The formation mechanism of amorphous carbon in C-N was similar to that of
BTC-C. In addition, DCDA would be decomposed to layered graphitic carbon nitride which confined
the as-formed carbon intermediates to the interlayer gaps®’. When the pyrolysis temperature went
above 750 °C, carbon nitride was subjected to complete thermolysis and sheet-like ordered carbon
formed (Scheme S2b). Therefore, ordered carbon could be formed in C-N besides the amorphous
carbon. MIL-100 and DCDA were interconnected by hydrogen bonds N-H---O and O-H---N (Scheme
1). Upon pyrolysis, the framework of MOF collapsed with the condensation of polymers, releasing
water vapor, COx, NHx and NOx. The iron species were firstly decomposed to metallic oxides and
then reduced to iron metals by the carbon surrounding them?. Liquid mobile iron-carbon particles
could form at relatively low temperatures (600-670 °C) as reported by Krivoruchko et al.3® Here, the
carbon and nitrogen species dissolved into iron particles at high pyrolysis temperatures and
precipitated out as curved graphitic carbon when supersaturation was reached, named in dissolution-
precipitation dynamic equilibrium?®. The released graphitic layers were rearranged into closed shells
following the energy minimization principle and the van der Waals interactions between the shells
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stabilized the system*: %2 Conclusively, after the procedure of condensation, dissolution,
precipitation and rearrangement, N-C-Fe exhibited metal-enclosed shell structure and N-G showed
hollow onion-like shells after metal removal by acid wash. The formation mechanism of MOF-C was

similar to N-G, without the addition of DCDA (Scheme S2c¢).
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Scheme 1. The formation mechanism of N-C-Fe and N-G.

The compositions and chemical states of N-C-Fe and N-G were analyzed by XPS. As shown in
Figure 3a, the oxygen content of N-C-Fe decreased from 4.10 at.% to 2.99 at.% after post-acid
treatment, due to the loss of Fe>Os. N-C-Fe and N-G contained much lower oxygen levels than N-
doped reduced graphene oxide (N-rGO, 11.53 at.%) and rGO (14.44 at.%)%* , therefore, the oxygen
groups in the samples contributed little to the catalytic oxidation®!. N-C-Fe and N-G contained a
similar N content, 2.91 at.% and 2.31 at.%, respectively. As shown in Figure 3b, three high-resolution
N peaks of N-C-Fe and N-G were observed at 398.6, 401.1 and 403.9 eV, corresponding to pyridinic
N, graphitic N and nitrogen oxide, respectively!” 4. The results suggested that nitrogen was

successfully doped into graphene. As previously reported, the existence of Fe facilitated the formation

10



of quaternary N in high temperature pyrolysis of carbon/nitrogen precursors®® %4, Both N-C-Fe and
N-G showed a higher content of graphitic N (one specific type of quaternary N within graphene plane)
than that of pyridinic N, suggesting that nitrogen atoms preferred to be doped into the basal plane
instead of the edges of graphene sheets. The de-convoluted C1s XPS spectra of N-C-Fe and N-G

(Figure S3) centred at 284.6, 285.8, 286.7 and 290.1 eV, assigning to sp>-C, C=N/C-O, C-N/C=0 and

n-n* shake-up satellite, respectively 745,
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Figure 3. (a) XPS survey and (b) N 1s spectra of N-C-Fe and N-G.

The SSA and pore size distribution of the samples were investigated through N
adsorption/desorption isotherms. The curves shown in Figure 4a agreed with a type IV isotherm and
H3 hysteresis loop. The SSA and pore volume of N-G (351.2 m?/g and 0.597 cm?®/g, respectively)
were much higher than those of C-N (219.2 m?/g and 0.484 cm®/g), MOF-C (206.1 m?/g and 0.383
cm®/g) and N-C-Fe (212.2 m?/g and 0.351 cm®/g) (Figure 4b). C-N presented slightly higher SSA and
pore volume than MOF-C and N-C-Fe due to the presence of iron in the latter two samples. The
addition of DCDA, the framework of MIL-100 as the template and the post-acid treatment for
removal of unstable iron species induced more porous structures and higher surface areas. The pore

size of the materials above mainly ranged from 0 to 5 nm (Figure S4).
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Figure 4. N2 sorption isotherms (a) and SSA/pore volumes (b) of the catalysts.
3.2 Catalytic oxidation of organic pollutants

The catalytic degradation of phenol solutions on various materials is shown in Figure 5a. PMS
alone without a catalyst exhibited negligible oxidation of phenol. The catalytic oxidation can deliver
more effective removal of organics. For BTC-C, less than 10% phenol was degraded within 180 min,
while 80% phenol removal was achieved on C-N. It was suggested that N doping could significantly
improve the catalytic effect by boosting the electron transfer 34, About 90% phenol was decomposed
within 180 min on MOF-C, which was superior to C-N, even though the C-N (doped by N 7.43 at.%,
Figure S5a) had a higher SSA and pore volume than MOF-C. This is because free electron flowing
of graphene on MOF-C facilitated more effective catalytic oxidation, compared with amorphous
carbon of C-N 3. Almost 98% phenol was removed on N-C-Fe in 180 min. The XRD results in Figure
S6 showed that the peaks assigned to Fe,O3; became weaker after the 1% run, indicating that Fe,Os
worked during PMS activation for N-C-Fe. N-G presented the greatest catalysis for phenol
degradation, with 100% phenol removal within 30 min. Meanwhile, N-G showed minor adsorption
of phenol. Thereby, the decomposition of phenol on N-G was mainly attributed to catalytic oxidation.
It was noteworthy that C-N showed a higher content and the similar chemical states of N (Figure S5)
compared with N-G, while the catalytic efficiency was inferior to that of N-G. It could be explained
by both the higher SSA/pore volume and graphene structure of N-G. It could be concluded that the

fascinating metal-free catalysis on N-G was contributed by high SSA/pore volume, N doping and
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graphene structure. The reusability of N-G in catalytic degradation of phenol is shown in Figure S7.
About 100% and 61% phenol removals were achieved in 120 and 180 min for the second and third
runs, respectively, indicating that N-G showed a much better stability than rGO 2 and N-rGO*. The
deactivation of N-G catalysts was attributed to the change of surface chemistry and structure covered
by produced intermediates*®. N-G showed weaker defectiveness (Io/1c=0.9), compared with rGO
(Ip/16=1.48) and N-rGO (Ip/lc=1.34). As a result, the surface chemistry of N-G was more stable than

the highly defective rGO and N-rGO, inducing an excellent stability in catalytic performances.

The effect of reaction temperature on catalytic oxidation is shown in Figure 5b. The temperature
exhibited a slight influence on phenol degradation. According to the Arrhenius equation, the
activation energy on N-G was calculated to be 15.8 kJ/mol (the initial concentration of phenol 50
ppm, catalyst 100 mg/L), which was lower than the value of materials previously reported such as
graphene (84.0 kJ/mol), N-rGO (31.6 kJ/mol) and N-doped carbon nanotube (N-CNT, 39.2 kJ/mol)
3747 The lower activation energy of N-G could be attributed to the higher surface area (351.2 m?/g)
than others (<160 m?/g) as well as N doping, inducing more active sites participating in the reactions

and boosting the electron transfer.

The catalytic oxidation of phenol on N-G was also much better than the generally used metal-based
catalysts such as FesOs, MnO2 and Co0304 (Figure 5c). Moreover, N-G also showed excellent

degradation efficiencies of some other organic pollutants such as SCP, PHBA and TCP (Figure 5d).
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Figure 5. Phenol removal on various catalysts (a); effect of reaction temperature on phenol removal
on N-G and activation energy (inset) (b); phenol removal on N-G and various metal-based catalysts
(c); various pollutant removals on N-G (d). Reaction conditions: catalyst 100 mg/L, PMS 3.25 mM,
phenol 50 ppm, SCP 20 ppm, PHBA 20 ppm, TCP 50 ppm, temperature 25 °C (if not mentioned

specifically).
3.3 Mechanism of the catalytic oxidation

In the previous studies, hydroxyl and sulfate radicals were found to be produced during PMS
activation by metal-based catalysts and N-rGO "8, Here, EPR was employed to examine free radicals
generated during PMS activation using DMPO as a radical spin trapping agent. As shown in Figure
6a, DMPO-OH and DMPO-SO4 peaks could be observed on MOF-C, N-C-Fe and N-G, indicating
that *OH and SO4" radicals were generated during PMS activation by the three catalysts. Meanwhile,
DMPO-OH peaks were greatly higher than DMPO-SOa. In this research, the hydroxyl radicals’
intensity from N-G catalysis was much lower than that of N-C-Fe. However, N-G exhibited a higher
catalytic oxidation than N-C-Fe. Furthermore, Figure 6b reveals that the intensity of *OH radicals for
N-G climbed fastest between 5 and 10 min while the degradation rate of phenol reached the maximum
at the initial 5 min. Conclusively, hydroxyl radicals were not the dominating radicals during phenol

oxidation via PMS activation on N-G.
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Figure 6. EPR spectra of PMS activation on various catalysts (a) and variation of hydroxyl radicals
and phenol removal during PMS activation on N-G (b). (catalyst: 100 mg/L, PMS: 3.25 mM, phenol:

50 ppm, temperature: 25 °C. o: DMPO-OH, 4¢: DMPO-SQ.).

It was reported that 'O, can be generated during the self-decomposition of PMS and the rate

constant « is about 0.2 M1 s14%%0 a5 shown in reaction (1).
HSOs + SOs>” ——> HSO4 + SO + 10, (1)

PMS could also be activated by ketones and benzoquinone to produce *O; as previously reported °
%2 The carbonaceous materials synthesized in this research could boost the degradation of phenol by
activating PMS. So it is likely that more *O2 would be generated during the activation of PMS. TMP
was then selected to trap O, for EPR, forming the stable TMPN which can be detected by its typical
three-line EPR spectrum with equal intensities (an=16.9 G, g=2.0054). As it is shown in Figure 7,
TMP used here was not oxidized and could not react with N-G due to no peaks detected. Three peaks
assigned to TMPN could be seen for PMS only without any catalyst in phenol solution due to the
self-decomposition of PMS. However, the intensity is much weak and negligible effect on phenol
degradation was produced by PMS only. In addition, the phenol degradation in the system possibly
occurred on the interface of catalysts and solution by the surface functionalities. Much more 1O, was
then generated in the catalysts/PMS system and N-G showed the greatest intensity of O, which could

explain the best catalytic performance of N-G. It could be speculated that O played a dominating
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role in degradation of phenol on N-G. In addition, the higher efficiency of phenol decomposition on
N-C-Fe than MOF-C can be attributed to more *OH radicals, because the intensities of O, on N-C-
Fe and MOF-C were almost equal. Moreover, the intensity of 1O increased rapidly in the first 5 min
and then at a slower rate, which was in accordance with the decomposition rate of phenol (Figure 7b),
confirming that singlet oxygen dominated the phenol degradation on N-G. The reaction atmosphere
(ambient condition, nitrogen gas and air purging) exerted no influence on phenol degradation as
shown in Figure S8, confirming that 'O, was originated from PMS rather than dissolved oxygen in

the reaction solution.
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Figure 7. EPR spectra of TMPN on various catalysts (a), variation of singlet oxygen evolution and
phenol removal during PMS activation on N-G (b). (catalyst: 100 mg/L, PMS: 3.25 mM, phenol: 50

ppm, temperature: 25 °C, reaction time: 20 min; TMP: 1.16 g/L).

It was reported that only free radicals were generated during PMS activation by Co?* 3153, For
comparison, TMP was then used as a trapping agent in Coz04/PMS system (Figure S9). The intensity
of 10, was much lower than PMS only in the initial 5 min and disappeared after 10 min, which was

totally different from that on N-G/PMS system.

To further verify the effects of *OH and SO, radicals as well as O,, quenching tests were
conducted. Ethanol and tert-butanol were used as the scavengers of «OH and SO4™ radicals. NaN3

was chosen to quench 02 according to the previous report 4. Remarkably, 1O, could oxidize phenol
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with a high efficiency while trifle activity towards ethanol and tert-butanol®®. The rate constants of
quenching are shown in Table S1. As shown in Figure 8a, the addition of ethanol and tert-butanol
had no influence on phenol degradation, indicating that *OH and SO4™ radicals exhibited negligible
effects on phenol oxidation. For comparison, the efficiencies of phenol degradation on MOF-C, C-N
and N-C-Fe were inhibited at various degrees by ethanol (Figure S10), suggesting that «OH and SO~

radicals contributed to the decomposition of phenol on the above three catalysts.

The addition of NaNs could hinder the degradation of phenol effectively as shown in Figure 8b.
Although NaNs could also quench *OH and SO4™ radicals, the scavenging ability of NaNs at 3 mM
(3.6 x 107 and 3 x 10° s, respectively) was weaker than that of ethanol (ethanol vs. PMS = 1000:1,
3.9 x 10%? and 2.5 x 10 s, respectively). Ethanol should be more effective in hindering phenol
degradation than NaNsz if *OH or SO4™ radicals played the dominant role during the catalytic
oxidation. The contrary results indicated that O, was the contributor to phenol removal. The presence
of NaN3z (1 mM and 3 mM) would boost the decomposition of PMS by ~10% and 24%, respectively
(Figure Sl1la). However, the degradation efficiency of phenol did not decrease when the
concentrations of PMS in the reaction solution were 0.7 and 0.9 g/L compared with 1 g/L (Figure
S11b). Asaresult, the decrease in degradation efficiency with the addition of NaN3z was attributed to

10, quenching.

b
104 @ 10 (b)
—e— no ethanol
084 —v— ethanol (1000:1) 084 no NaN
—a— ethanol (2000:1) 3
—u— tert-butanol (500:1) 1mM NaN,
061 0.6 - —4— 3mM NaN,
9 S
) o
0.4 0.4 4
0.2 3 0.2
0\
0.0 T T T T T 0.0 T ' Y T T +
0 5 0 15 20 25 30 0 10 20 30 40 50 60
time (min) time (min)

Figure 8. Influence of various quenching agents on phenol degradation. (a) ethanol and tert-butanol

as the quenching agents; (b) sodium azide as the quenching agent. Reaction conditions: catalyst: 100
17



mg/L, PMS: 3.25 mM, phenol: 50 ppm, temperature: 25 °C, molar ratio (ethanol vs. PMS) = 1000:1

(2000:1), molar ratio (tert-butanol vs. PMS) = 500:1.

The influence of pH on phenol degradation was also investigated (Figure S12), showing that the
alkaline condition could enhance the degradation of phenol. For one thing, the phenolate anion
exhibits higher reactivity toward O, than neutral phenol *¢°8; in addition, alkaline environment

facilitated the generation of SOs2, inducing more singlet oxygen to be produced.
4. Conclusions

In this research, N-G was prepared using a mixture of MIL-100(Fe) and DCDA as the precursors
in combination with a post-acid treatment. N-G showed excellent phenol degradation by catalytic
PMS activation, due to N doping, fast electron flowing of graphene and high SSA. The mechanism
of PMS activation on N-G was investigated by means of both EPR and quenching tests. Singlet
oxygen was observed during PMS activation on N-G and was determined to be the primary role in
phenol degradation. The N-G/PMS system showed a better efficiency on phenol degradation in
alkaline condition. This study opened a facile avenue to synthesize N-doped graphene for
environmental remediation and provided a new insight into the catalytic reaction on N-doped

graphene.
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