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Singlet oxygen (*O,) is a promising reactive species for the selective degradation of organic pollutants.
However, it is difficult to generate 'O, from H,O, activation with high efficiency and selectivity. In this
work, a graphene-supported highly dispersed cobalt catalyst with abundant Co—N, active sites (Co—N-
graphene) was synthesized for activating H,O,. The Co—N-graphene catalyzed H,O, reaction system
selectively catalyzed 'O, production associated with the superoxide radical (O,') as the critical
intermediate, as proven by scavenger experiments, electron spin resonance (ESR) spin trapping and
a kinetic solvent isotope effect study. This resulted in excellent degradation efficiency towards the model
organic pollutant methylene blue (MB), with an outstanding pseudo-first-order kinetic rate constant of
0.432 min~! (g Lcatalysfl)*l under optimal reaction conditions (Cy,0, = 400 mM, initial pH = 9).

Furthermore, this Co—N-graphene catalyst enabled strong synergy with HCO3z™ in accelerating MB
Received 18th April 2022

Accepted 23rd May 2022 degradation, whereas the scavenger experiment implied that the synergy herein differed significantly

from the current Co>*—HCOs~ reaction system, in which contribution of O,"~ was only validated with

DOI: 10.1039/d2ra02491h a Co—N-graphene catalyst. Therefore, this work developed a novel catalyst for boosting 1O, production
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1. Introduction

H,0, is a mild and commonly used oxidant due to its envi-
ronmental friendliness. H,O, can be activated by heat, illumi-
nation, ultrasonication, and versatile homogeneous and
heterogenous catalysts, to produce derivative reactive oxygen
species (ROS) including the hydroxyl radical ("OH), superoxide
radical (O,"7), and singlet oxygen ('0,) with extremely high
reactivity." Among them, the hydroxyl radical can be easily
produced in Fenton or Fenton-like processes, exhibiting
impressive application potential in refractory wastewater treat-
ment via the indiscriminate oxidation of organic pollutants. In
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from H,O, activation and will extend the inventory of catalysts for advanced oxidation processes.

contrast, singlet oxygen shows selective reactivity towards
organic compounds with electron-rich moieties, attracting vast
interest in pollutant remediation as well as fine chemical
synthesis and photodynamic therapy.** Besides, 'O, oxidation
can proceed over a wide pH range from 3 to 11 and is rarely
influenced by the anions in water, showing unique advantages
over 'OH oxidation.®” Hence, 'O, oxidation is attracting vast
research attention, especially in pollutant remediation.?
Generally, "0, can be produced in a photocatalytic process® or
through the disproportionation of H,O, catalyzed by high-
valent transition-metal ions, such as Mo00,."* However, 'O,
evolution from H,O, activation is usually accompanied by the
production of undesirable ‘OH following the Haber-Weiss
reaction.* Therefore, exploring new catalysts that specifically
boost 'O, generation from H,O, activation is of great
significance.

Due to the positive redox potential of the Co*/Co*" half
reaction, Co”" does not efficiently activate H,O, (Xu et al., 2011).
However, coordinating Co** to form a Co(u) complex signifi-
cantly reduces the redox potential and promotes H,O, activa-
tion. For example, Co(u) complexes of phthalocyanine
derivatives, monoethanolamine and polyampholyte were found
to effectively activate H,0,, degrading diverse organic pollut-
ants such as C.I. Acid Red, Orange II and methyl orange.”**
Besides, Co(u) complexes of inorganic ligands, especially
bicarbonate, greatly accelerated H,0, activation and pollutant

© 2022 The Author(s). Published by the Royal Society of Chemistry
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degradation.'®*®* Moreover, cobalt-containing mixed-metal
nanomaterials, such as spinel CoCr, ,Fe,O,, inverse spinel
Ni,CoS;, Fe-Co nanosheets, and Co,Mn-layered double
hydroxide, were synthesized and exhibited excellent H,0O, acti-
vation performance.’* Impressively, even though all these
cobalt-containing catalysts could efficiently activate H,0O,, the
activation mechanism and major ROS were found to be signif-
icantly different. For instance, ‘OH was accounted the domi-
nant ROS in most H,O, activation processes by cobalt-
containing mixed-metal nanomaterials, probably due to the
easy regeneration of metal ions for O-O bond dissection.'**
Moreover, "OH was also dominant when H,0, was activated by
soluble coordinated Co(u) complexes of monoethanolamine
and bicarbonate."*® Surprisingly, immobilizing the coordi-
nated Co(u) complex into a solid matrix, such as a hydrogel,
mesoporous carbon or diatomite, to form a heterogenous cobalt
catalyst inhibited the generation of ‘OH but promoted O, ™
and/or '0,.%*'>"7 Since O, is an important intermediate in 'O,
evolution, highly selective 'O, oxidation might be achieved in
heterogenous catalysts with coordinated Co(u) complexes as
active sites.

Carbon-based nitrogen coordinated atomically dispersed
metal catalysts (M-N-C) are the most active new frontier in
heterogeneous catalysis.”® M-N-C catalysts including Fe, Mn
and Cu have already proved their value in activating Fenton-like
reactions.”*>* Co-N-C was also applied for activating persulfate
in pollutant remediation,””*® whereas their role in H,O, acti-
vation has not been fully addressed yet. In this work, a highly
dispersed Co-N-graphene catalyst was prepared in a two-step
process by the incorporation of Co and N into the graphene
matrix. The activation of H,0, and catalytic oxidation were
investigated with a model pollutant, methylene blue (MB). The
decisive 'O, mediated oxidation was confirmed with an ROS
scavenger experiment, electron spin resonance (ESR) spin
trapping and a kinetic solvent isotope effect study with D,0 as
an alternative solvent. The selective 'O, generation mechanism
is discussed based on a comparative study with the current
soluble Co**~HCO; ™ reaction system.

2. Materials and methods

2.1. Chemicals

Commercial graphene oxide (GO) powder (99.0% purity,
average 10 pm in size) was purchased from Carbon Thin
Technologies Co., Ltd. (China). L-Tryptophan (C;;H;,N,0,, AR)
and cobaltosic oxide (Co3;04, AR) were purchased from
Shanghai Macklin Biochemical Co., Ltd. (China). Deuterium
oxide (D,0, 99.9%) was purchased from Manalab (Guangdong,
China). All the other chemicals were in AR and purchased from
Sinopharm Group Co. Ltd. (China), and used directly unless
otherwise indicated.

2.2. Catalyst fabrication

The Co-N-graphene catalyst was prepared in a two-step
process.”® Typically, 0.5 g of GO powder was dispersed in
500 mL of DI water by sonification for 30 min. After that, 169 mg
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of Co(Ac),"4H,0 (8 wt% of cobalt to GO) and 338 mg of
dicyandiamide were successively added and dispersed in the
GO solution. After magnetic stirring for 30 min, the mixture was
dried in an oven overnight (60 °C). The obtained solid mixture
was ground into fine powder, and placed in a tube furnace for
carbonization in an N, atmosphere. The carbonization followed
a two-step temperature programming (550 °C for 2 h and 700 °C
for 1 h) with heating rates of 5 °C min~". After the calcination
processes, the oven was cooled down to room temperature and
a black powder was obtained. Catalysts with different cobalt
contents were fabricated using the same procedure by varying
the Co(Ac), 4H,O dosage but fixing the mass ratio of dicyan-
diamide to Co(Ac),"4H,0 at 2 : 1. The cobalt-free catalyst (N-
graphene) was synthesized similarly, but only 338 mg of
dicyandiamide was added. Acid treatment of Co-N-graphene
proceeded as in previous work, by refluxing the product in
1 M H,SO, for 4 h 3 times.*”

2.3. Batch experiment for MB degradation

The methylene blue (MB) degradation was carried out in
a 100 mL conical flask at room temperature with magnetic
stirring (200 rpm). Typically, the catalyst powder was dispersed
in DI water under sonification to prepare a stock solution of the
catalyst (1 g L™"). After that, 1.5 mL of stock solution of the
catalyst was mixed with 28.5 mL of MB solution (finally, C.,. =
50 mg L !, Cyp = 50 uM). The pH of the solution was adjusted
with 1 M HCl or 1 M NaOH, and hydrogen peroxide was added
to initiate the MB degradation. 1 mL of solution was sampled
each time, centrifuged (7500 rpm, 1 min, TG18G, Hunan Kaida
Sci. Inst. Co. LTD, China) to obtain the supernatant and the
absorption at 660 nm was measured with UV-vis spectroscopy
(DU-800, Beckman Coulter, USA). All the concentrations of MB
were reported as C/Cy, where C is the absorption at the time of
sampling and C, is the absorption before H,0, addition. In the
scavenger experiments, the scavengers of ‘OH (1 mL of tert-
butanol or TBA), O,"~ (1 mM of benzoquinone or BQ) or 'O,
(10 mM of tryptophan or TRP) were applied before the addition
of H,0,. In the kinetic solvent isotope effect (KSIE) study, D,O/
H,0 mixed solvent (1 : 1 molar ratio) was used, and the reaction
solution was stabilized for an extra 0.5 h before adding H,0,,
which improved the fitting of the degradation kinetics to the
pseudo-first-order kinetic equation (data not shown). The
reusability of the catalysts was tested by five successive batch
cycles, and the catalyst in the sample and reaction solution was
harvested by centrifugation and washed with DI water and
reused for the next batch experiment.

2.4. Characterization

The morphology of the catalyst was observed with field emis-
sion scanning electron microscopy (FESEM, JSM-7800F, Jeol,
Japan), transmission electron microscopy (TEM, HT7800,
Hitachi, Japan) and spherical-aberration-corrected trans-
mission electron microscopy (STEM, JEM-ARM200F, Jeol,
Japan) with a JEM-ARM200F (URP) ED for energy-dispersive X-
ray spectroscopy (EDS) analyses. The BET specific surface area
was characterized with a TriStarIlI3020 (Micromeritics Instr.
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Corp., USA). The chemical status and crystalline structure of the
catalysts were analyzed by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi, Thermo, UK) and X-ray diffractometry
(XRD, D8 ADVANCE, Germany), respectively. The cobalt content
of the catalyst was calculated from the XPS spectrum and also
measured with inductively coupled plasma mass spectrometry
(ICP-MS, iCAP QC, USA). The chemical oxygen demand (COD) of
the sample was quantified with a COD meter (Model 6B-200,
Shengaohua Environ. Protect. Technol. Co., Ltd, China). Elec-
tron spin resonance (ESR) spin trapping investigation was
conducted with an A300 spectrometer (Bruker, USA), with
a center field at 3510 G and a sweep width of 100 G at room
temperature. DMPO (100 mM) was used as the trapping agent
for "OH (water as solvent) and O,"~ (methanol as solvent), and
TEMP (50 mM) as the 'O, trapping agent.*

3. Results and discussion

3.1. Synthesis and characterization of highly dispersed Co-
N-graphene

The Co-N-graphene catalyst was synthesized in a two-step
process, in which water-dispersed GO was reacted with
Co(Ac), 4H,0 and dicyandiamide of different dosages, and then
dried and carbonized in an N, atmosphere. For the catalyst
prepared with 8% cobalt (Wt% to GO), SEM imaging indicated
the reservation of a graphene-like structure on the surface
(Fig. S1t), and the BET specific surface area was determined to
be 97.5 m* g~ ' (Fig. S21). Meanwhile, the spherical-aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images disclosed a large
quantity of bright spots that probably corresponded to single
cobalt atoms (Fig. 1a). In addition, the HAADF-STEM and EDS
(Fig. 1b-e) images revealed that C, N and Co elements were
homogeneously distributed over the entire catalyst, indicating
the successful incorporation of Co and N into the graphene
matrix. Moreover, the high dispersity of cobalt was also sup-
ported by XRD analysis, in which only the reflections belonging
to GO (12.9° and 26.7°) can be discriminated,*** whereas the
typical reflection of cobalt species cannot be observed (Fig. S37).

Next, XPS analysis was used to investigate the chemical
status of the catalyst. The emergence of adsorptions around
790 eV also confirmed the presence of cobalt in the catalyst
(Fig. S4t), and the surface elemental contents were determined
to be C 79.77%, O 11.87%, Co 1.2%, and N 7.17%, equaling
a cobalt content of 5.36 wt%. Moreover, a similar cobalt content
(5.78 wt%) was suggested by ICP-MS analysis. Furthermore, the
high-solution N1s peaks revealed subpeaks of pyridinic (398.3
eV) and pyrrolic (400.3 eV) nitrogen species when dicyandia-
mide reacted only with GO. With the presence of cobalt, an
additional subpeak at 399.2 eV was discriminated (Fig. 1f), and
the peak location was consistent with reported Co-N,.*® In the
high-solution Co2p peaks, the subpeaks of Co2p3/2 (780.7 eV)
and Co2p1/2 (796.3 eV) and satellite peak of Co2p3/2 (785 eV)
were observed (Fig. 1g), and the peak at 780.7 eV was consistent
with previously observed Co-N,.** Therefore, all these charac-
terizations indicated the formation of highly dispersed Co-N-
graphene.
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3.2. Catalytic performance

The catalytic performance was investigated in a magnetically
stirred flask containing catalyst, H,O, and a model pollutant,
methylene blue (MB). The study was initiated with an assay
containing 50 mg L~ * of catalyst, 300 mM of H,0O, and 50 uM of
MB. Decolorization of MB was observed in all assays, but the
highest decolorization ratio of 86.7 &+ 3.9% was only achieved
with Co-N-graphene as the catalyst after treatment for 180 min,
whereas the value was only 27.1 £ 0.1% for the assay with N-
graphene as the catalyst and 19.3 £ 0.8% in the absence of
a catalyst (only H,0,). Moreover, a decolorization ratio of 22.2 +
0.1% was also confirmed when only Co-N-graphene was adop-
ted (without H,0,) (Fig. 2a). Hence, although there was a certain
adsorption of MB by the catalyst involved, the decolorization of
MB should be attributed to catalytic removal by the Co-N-
graphene activated H,0,. Consistently, UV-vis adsorption
belonging to the chromophoric group of MB (N-S conjugated
system on the central aromatic heterocycle)** simultaneously
disappeared (Fig. S5f) and 53.1% COD was removed after
treatment (from 52.7 to 24.7 mg L"), confirming that MB was
decolorized via oxidative degradation rather than physical
adsorption or reduction.

Moreover, nanoparticles belonging to the aggregated cobalt
also formed on GO during the fabrication of the catalyst
(Fig. S6at). In order to exclude the potential contribution of
these aggregated nanoparticles, Co-N-graphene was acid
treated via refluxing in 1 M H,SO, for 4 h 3 times.”” The SEM
image confirmed the successful removal of nanoparticles
(Fig. S6bt); meanwhile the XRD and BET patterns were almost
identical to those of untreated Co-N-graphene. However, the
N1s XPS spectrum showed slight differences, with a much more
pronounced Co-N, subpeak observed in the N1s XPS spectrum
(Fig. S7t). Moreover, the catalytic performance of acid-treated
Co-N-graphene was also tested. Interestingly, the MB degrada-
tion efficiency by acid-treated Co-N-graphene was almost the
same as that without acid treatment (Fig. 2a), suggesting the
reaction was simply catalyzed by the dispersed Co(u), even
though almost 40% of the cobalt was removed after acid treat-
ment (3.63 wt% cobalt remaining after acid treatment, based on
ICP-MS analyses). The above postulation is reasonable since
cobalt-containing nanoparticles alone are not effective for H,O,
activation.”® Therefore, the influence of aggregated nano-
particles was neglected and only Co-N-graphene was used for
the rest of the study.

To further discover the catalytic capacity of Co-N-graphene,
the reaction conditions, including the dosage of cobalt
precursor, pH and H,0, concentration of the reaction system
were optimized. Firstly, catalysts with different dosages of
cobalt precursor were synthesized (1 wt%, 2 wt%, 4 wt%, 8 wt%,
12 wt% and 20 wt% of cobalt to GO) with a fixed mass ratio of
Co(Ac),'4H,0 to dicyandiamide (1:2). Unsurprisingly, the
cobalt dosage significantly influenced MB degradation (Fig. 2b).
With the lowest cobalt dosage (1 wt%), 46.7 = 0.6% MB was
degraded, which was obviously higher than with N-graphene
(27.1 £ 0.1%, Fig. 2a). Increasing the cobalt dosage synchro-
nously promoted the MB removal efficiency and a highest

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a and b) HAADF-STEM images; (c—e) EDS mapping of C, N or Co elements of Co—N-graphene; (f) N1s and (g) Co2p XPS spectra of N-

graphene and Co—-N-graphene.

removal ratio of 98.3 £ 0.1% was achieved with the 8 wt%
catalysts. However, further increasing the cobalt dosage
inhibited MB degradation, and a removal ratio that was almost
identical to that of N-graphene (27.1 + 0.1%) was recorded for
20 wt% cobalt dosage (28.4 £+ 0.7%). These results imply that
even a small amount of Co-N active sites can efficiently activate
H,0,; increasing the cobalt dosage probably increased the
amount of Co-N active sites and promoted MB degradation.
However, with the formation of non-reactive nanoparticles on
8% catalysts (Fig. S6at), an even higher cobalt dosage may result
in more severe aggregation, reducing the availability of
dispersed active sites. Therefore, 8% was determined as the
optimal cobalt dosage and the corresponding Co-N-graphene
was employed in the rest of the study.

The influence of initial pH was examined over a wide pH
range covering 3, 5, 7, 8, 9, 10, 11. As expected, pH was critical
and the highest degradation efficiency was achieved at pH = 9,
in which 98.6 + 0.1% MB was degraded within 100 min. At pH
as high as 10 and 11, slightly lower degradation efficiencies of
89.4 + 0.1% and 86.4 + 0.2% were obtained within 100 min,
respectively. In contrast, acidic pH (3 and 5) severely inhibited
MB degradation, and degradation efficiencies as low as 28.1 £

© 2022 The Author(s). Published by the Royal Society of Chemistry

1.1% and 52.3 £ 1.8% were recorded after 100 min, respectively.
Moreover, the role of H,O, concentration was also investigated,
and the highest degradation efficiency was observed with
400 mM H,0,. A low H,0, dosage cannot generate sufficient
ROS to promote effective MB degradation due to the substrate
limitation, whereas radical scavenging by H,0, became domi-
nant once the optimal dosage was exceeded and the MB
degradation was constrained as well. Notably, the observed
optimal H,0, concentration (400 mM) was higher than in
previous work with ‘OH as the main ROS (Table S1%), implying
that this reaction system may be not as sensitive to scavenging
‘OH. Hence, pH = 9 and 400 mM were set as the optimal pH and
H,0, dosage, respectively.

Since MB is a well-known photosensitizer which produces
ROS including 'O, with excellent quantum yield,* the potential
role of self-produced ROS in MB degradation was investigated
by comparing the performance in the presence or absence of
environmental light. The results showed that enveloping the
conical reaction flask with aluminum foil only resulted in
a slight suppression of MB degradation (Fig. S8t). Hence, MB
was degraded mainly by the ROS produced from Co-N-
graphene catalyzed H,0O, activation, and the influence of

RSC Adv, 2022, 12, 17864-17872 | 17867
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environmental light was neglected. Moreover, this catalyst
showed excellent reusability under the optimal reaction condi-
tions, and only a slight reduction in the performance was
observed in five consecutive MB degradation cycles (Fig. S9F).
Such performance reduction might be caused by the deme-
tallation of Co-N-graphene in the presence of H,0,.%® Besides,
H,0, may be activated by the released Co?". To exclude this, the
Co®" ions in the reaction solution after MB degradation were
quantified and the same dosage of the measured soluble Co**
(0.066 mg L™ ") was added to N-graphene for MB degradation.
The results showed that such a small content of Co®" rarely
influenced MB degradation (Fig. S101). Therefore, the Co**
released from Co-N-graphene demetallation did not contribute
to MB degradation.

3.3. '0, mediated MB degradation

Next, the main ROS contributing to MB degradation was iden-
tified. Firstly, an ESR spin trapping investigation was conducted
to disclose the ROS species generated from H,O, activation.
Since the presence of "OH, O,"~ and 'O, was observed in the
diverse cobalt-containing catalyst activated H,0,,'**®* DMPO
(100 mM, for "OH with water as solvent and O,"~ with methanol
as solvent) and TEMP (50 mM, for '0,) were used as trapping
agents. The results showed very weak peaks belonging to the
DMPO-"OH adduct but revealed peaks corresponding to O, ™

17868 | RSC Adv, 2022, 12, 17864-17872

and 0O, (Fig. 3a) (Luo et al., 2019). Therefore, O," and 'O, were
the dominant ROS species when H,0, was activated by as-
prepared Co-N-graphene.

After that, the scavenger experiments were processed to
investigate the contribution of these ROS species to MB degra-
dation. tert-Butanol (TBA) shows good reactivity with "OH (k-on
=6.0 x 10 M ' s7"), and was selected as the "OH scavenger.*’
Meanwhile, benzoquinone (BQ, 1 mM) and tryptophan (TRP, 10
mM) were used due to their good reactivity and selectivity
towards O,"~ (1.1 x 10* M~ s™ ") and 'O, (10% to 10° M~ s 1),
respectively.*®** Impressively, TBA exhibited a negligible effect
on MB degradation (Fig. 3b, blue and red), implying that "OH
hardly contributed, which was consistent with the weak peaks
of the DPMO-"OH adduct observed in ESR. In contrast, BQ and
TRP substantially inhibited MB degradation (Fig. 3b, green and
pink). In particular, only 8.4 + 0.8% MB was removed when
10 mM TRP was added, which was similar to H,O, alone (10.0
0.2%) (Fig. S11f). Hence, scavenging 'O, alone almost
completely inhibited MB degradation. These results were
remarkably different from previous observations, in which
more than one ROS species usually contributed to substrate
degradation in the cobalt-containing catalyst activated H,O,
system, and certain degree of catalytic degradation could still be
obtained when even combined ROS scavengers such as TBA and
NaN; (another 'O, scavenger) were applied.'”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) ESR spectra of Co—N-graphene activated H,O,, with DMPO and TEMP as trapping agents. (b) Effect of ROS scavengers on the removal

of MB. TBA: 1 mL of tert-butanal (for “OH), BQ: 1 mM of benzoquinone (for O, ), TRP: 10 mM of tryptophan (for 10,). Effect of D,O on (c) the
removal of MB and (d) fitting with pseudo-first-order kinetic model. Ca: 50 mg L%, Ch,0,: 400 mM, Cpg: 50 uM, pH: 9.

To further confirm the dominant role of 'O,, a kinetic
solvent isotope effect (KSIE) study was carried out by applying
deuterium oxide (D,O) as an alternative solvent. Because
quenching of 'O, is solvent-dependent, it was reported that the
rate constant is 16 times slower in D,O (kpyo, 1.6 X 10* s™') than
in H,0 (ki,0, 2.5 x 10° s~).” Since the fast quenching of 'O,
was decisive for the overall reaction,* the reaction rate constant
of MB with 'O, in a D,0O and H,0 mixed solvent (kobs, mix)
follows the equation below :**

kr,0 X Kops H,y0
Xm,0 X ku,0 + Xp,0 X kp,0

kobs, mix — (1)
where kops 1,0 is the reaction rate constant of MB with 10, in
H,0, and xy,0 and xp,o are the molar proportions of H,O and
D,O in the mixed solvent. In this study, 50% H,O was replaced
by D,O, and a comparative kinetic study was carried out. The
result showed that replacing 50% H,O with D,0 immediately
accelerated MB degradation, and an improved degradation
efficiency of 95.2 £+ 0.2% was achieved within 50 min (Fig. 3c).
Moreover, the time profile of unreacted MB concentration was
well-fitted by the pseudo-first-order kinetic equation (R* > 0.99,
Fig. 3d), and the observed rate constant was improved by 92%
(0.0415 vs. 0.0216 min~'). Interestingly, the increased magni-
tude was identical to that predicted by eqn (1), which was 89%
when xp,o equals 50%. Accordingly, it is reasonable to assert
that MB degradation was completely mediated by 'O, in this

© 2022 The Author(s). Published by the Royal Society of Chemistry

reaction system.”?” Therefore, both the scavenger experiments
and the KSIE study indicated that MB was degraded by 'O,
alone. The definite role of 'O, explained the excellent reactivity
towards MB, which oxidized the S atoms of the C-S'=C group
of MB first,"»** broke the C-S bond and then decomposed the
macromolecular intermediates to form multiple benzene
derivatives.** Finally, the benzene ring was destroyed by an
attack by 'O, to form smaller organisms.*

Table S11 summarizes representative recent achievements of
using diverse heterogeneous nanocatalysts to activate H,O, and
degrade MB. For a reasonable comparison, the observed
pseudo-first-order kinetic rate constants (kops) were also
normalized to the catalyst dosage (k;) and metal amount in the
catalyst (k,). The k; herein (0.432 min~"* (g L") ") was obviously
larger than most nanocatalysts in directly activating H,O, to
degrade MB, except those anchoring Fe,O; nanoparticles inside
a nanoporous carbon matrix to promote catalytic efficiency via
a nanoconfinement effect.>*¢ Strikingly, the direct catalytic
efficiency was also comparable to most heterogeneous photo-
Fenton catalysts. Moreover, since H,0, was activated by metal
species, the small atomic fraction of cobalt in Co-N-graphene
(1.25%) indicated an impressively large k, compared with
aggregated nanocatalysts, demonstrating excellent atomic effi-
ciency. Besides this, '0, was the ROS solely contributing to MB
degradation when H,0, was activated by this dispersed Co-N-
graphene catalyst.
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In these previous approaches, the decisive contribution of
'0, was observed only with the nanoconfined Fe,O;@FCNT-H,
which was attributed to the nanoconfinement provided by
carbon nanotubes enabling pulse-like water transmission with
concerted and rapid motion along the tube axis, promoting 'O,
generation by accelerating the one-electron reductive genera-
tion of intermediate HO,/O," due to the strong electronic
interaction between CNT and nanoconfined Fe,O; nano-
particles.®* However, the dispersed Co-N-graphene catalyst
produced herein features 'O, dominated oxidation from H,O,
activation in an “open” aqueous environment, and better cata-
lytic efficiency than most aggregated heterogeneous
nanocatalysts.

The “dark” production of 'O, from a peroxide such as H,0,
is significant due to its independence of illumination.* This
process involves one-step two-electron or two-step one-electron
oxidation of H,0,.*” In this work, MB was almost completely
degraded by '0O,, whereas O, was also detected by ESR
(Fig. 3a) and scavenging of O, significantly inhibited MB
degradation (Fig. 3b). Therefore, O, ™ was the key intermediate
here, and 'O, was likely to have been generated in the two-step
one-electron processes following the Haber-Weiss reaction.’ In
particular, Co(m) was generated when coordinated Co(u) was
initially oxidized by H,0,, and then carried on the one-electron
oxidation of H,0, to form O, . Another one-electron oxidation
proceeded to generate 'O, thereafter. The second step one-
electron oxidation might be carried out by ‘OH, H,0, or
cobalt species. The involvement of ‘OH in 'O, formation was
observed in a diatomite-supported cobalt powder catalyst acti-
vated H,O, system."” However, since the scavenging of “OH
rarely influenced MB degradation, the oxidation by "OH is
probably marginal in this study. In contrast, O," " is more likely
to be oxidized by H,0,, making the high optimal concentration
of H,0, (400 mM) reasonable since the reaction rate constant of
0,"~ with H,0, is several orders lower than with “OH.*# Also, the
oxidation of O,"~ by cobalt species cannot be excluded in this
study due to recent reports showing the critical role of high-
valent cobalt-oxo complexes in persulfate oxidation.**' In
brief, O,"~ from the one-electron oxidation of H,O, was the
critical intermediate here and 'O, was most likely generated via
the oxidation of O,"~ by H,0, (Fig. 4).

3.4. The influence of anions in the wastewater

Anions in the wastewater can react with radicals generated,
consuming the ROS available to the organic pollutants and
produce secondary radicals, having a contradictory influence on
the degradation efficiency (Luo et al., 2019). Therefore, the effect
of anions was studied. Among the common anions in the
wastewater, HCO; ™ is specific for a cobalt-H,0, catalytic system
because it might coordinate with Co>" to form a Co®>*~HCO;~
complex that is extremely effective for Fenton-like reactions and
also to generate secondary carbonate radicals for pollutant
degradation.’®*® Consistent with previous reports, Co>*
(50 mg L") alone marginally catalyzed MB degradation
(Fig. S11f), but supplying HCO; (10 mM) remarkably
enhanced the degradation efficiency, with 96.6 + 0.1% MB
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Fig. 4 Proposed H,O, activation and 'O, evolution mechanism
catalyzed by Co—N-graphene.

removed within 20 min (Fig. 5a). Impressively, HCO;~ signifi-
cantly promoted MB degradation in Co-N-graphene catalyzed
reactions as well, recording an extremely high catalytic effi-
ciency (88.6 + 0.1% MB removed within 5 min and 99.6 + 0.2%
within 10 min) (Fig. 5b). Moreover, the scavenging experiments
disclosed a different inhibition pattern between Co®*~HCO;~
and Co-N-graphene-HCO; reaction systems. As shown in
Fig. 5, MB degradation was significantly inhibited when scav-
enging 10, in the Co*'-HCO;™ reaction system, but not O,
and 'OH. However, in the Co-N-graphene-HCO; system,
scavenging 'O, and O,"~ both exhibited a remarkable inhibition
effect, which was the same as for Co-N-graphene alone.
Therefore, 'O, was the dominant reactive radical contributing
to these systems, but it may be generated in quite a different
way. In a diatomite-supported cobalt powder and HCO;™ co-
catalyzed H,O, reaction system, 10, and "OH contributed to
MB degradation but O,"~ did not participate. It was postulated
that 'O, was generated in a process involving "‘OH, but O,"~ did
not contribute due to the fast radical-radical recombination."”
The negligible role of O,"~ was similar to the Co**~-HCO;~
reaction system here, but differed significantly from the Co-N-
graphene-HCO;  reaction system. Therefore, the observed O," ™
intermediated 'O, evolution regardless of the presence or
absence of HCO;  with dispersed Co-N-graphene catalyst
seems unique compared with those previous works, which
might be attributed to the Co-N-graphene catalyst being very
efficient for catalyzing the one-electron oxidation of H,O, to
form O,"". On the other hand, although HCO; effectively
promoted MB degradation, its role in coordinating cobalt to
form a metal complex as well as the formation of a derivative
carbonate radical is not evident here. Taking all these results
together, Co-N-graphene here possessed distinguished char-
acteristics to generate O, for 10, evolution, and the synergy
with HCO;™ probably derived from a currently unaddressed
pathway, in which the generation or sustaining of 'O, might be
enhanced.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Removal of MB in the (a) Co?>*—HCO3~ and (b) Co—N-graphene—HCO3~ reaction system in the absence or presence of ROS scavengers.

Ceat: 50 mg LY, CHCO3™: 10 mM, Ch,0,: 400 mM, Cpp: 50 uM, pH: 9.

In addition, the influence of other anions in wastewater
including H,PO, ™, CI~, NO;~, and SO,>~ was also studied. The
result showed that the anions tested rarely influenced MB
degradation even at a high concentration of 500 mM (Fig. 6). A
similar phenomenon was observed in the 10, dominated per-
oxymonosulfate (PMS) activation processes, except that 500 mM
Cl™ remarkably enhanced the pollutant degradation due to the
formation of HOCI via the direct reaction between Cl~ and PMS
(Luo et al, 2019). Hence, this dispersed Co-N-graphene cata-
lyzed H,O, reaction system enables excellent resistance to side
reactions caused by the anions in the wastewater and is
advantageous in practical applications.

4. Conclusion

In summary, a highly dispersed Co-N-graphene catalyst was
synthesized in a two-step process by the incorporation of Co
and N into the graphene matrix. The prepared catalyst showed
excellent performance in activating H,0, for methylene blue
degradation. After optimizing the dosage of cobalt precursor
(8 wt% of cobalt to GO), reaction pH (initial pH = 9) and content
of H,0, in the reaction (400 mM), the catalyst dosage normal-
ized pseudo-first-order kinetic rate constant was determined to

1.0 ~@-=w/0 interference
’ —e—H_PO,
0.8 b C1
—¥—=NO,

” 0.6- S0,
v
<

0.4 4

0.2 -

0.0+ T

0 20 40 60 80 100

Time (min)

Fig. 6 Effect of common anions in the wastewater on the removal of
MB. Cear: 50 mg L%, Ch,0,- 400 mM, Cyg: 50 pM, pH: 9.

© 2022 The Author(s). Published by the Royal Society of Chemistry

be 0.432 min~" (g L™")"", outperforming most current aggre-
gated nanocatalysts in the heterogeneous Fenton or Fenton-like
reaction for MB degradation. Moreover, the ESR, scavenger
experiment and kinetic solvent isotope effect study suggested
that MB was completely degraded by '0,, which was produced
in an O,"" intermediated two-step one-electron oxidation of
H,0,. Furthermore, this highly dispersed Co-N-graphene cata-
lyst enabled strong synergy with bicarbonate anions, but the
underlying mechanism of this synergistic interaction differed
remarkably from the current Co>*~HCO; reaction system,
suggesting the unrecognized role of bicarbonate in the gener-
ation or sustaining of 'O, in this reaction system.
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