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Single-atom catalysts (SACs) are a promising area in environmental catalysis. We report
on a bimetallic Co-Mo SAC that shows excellent performance in activating peroxy-
monosulfate (PMS) for sustainable degradation of organic pollutants with high ion-
ization potential (IP > 8.5 eV). Density Functional Theory (DFT) calculations and
experimental tests demonstrate that the Mo sites in Mo—Co SACs play a critical role in
conducting electrons from organic pollutants to Co sites, leading to a 19.4-fold increase
in the degradation rate of phenol compared to the CoCL,~PMS group. The bimetallic
SAC:s exhibit excellent catalytic performance even under extreme conditions and show
long-term activation in 10-d experiments, efficiently degrading 600 mg/L of phenol.
Moreover, the catalyst has negligible toxicity toward MDA-MB-231, Hela, and MCF-7
cells, making it an environmentally friendly option for sustainable water treatment. Our
findings have important implications for the design of efficient SACs for environmental
remediation and other applications in biology and medicine.
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The treatment of organic wastewater has become an increasingly critical issue in the
long-term development of society (1, 2). The depletion of fossil fuels, environmental pol-
lution, shortages of water, and other resources are prompting efforts to treat wastewater
sustainably (3, 4). The reaction between Fe** and H,O, proposed by Fenton in 1894 can
produce strong oxidizing free radicals which have a broad application prospect in wastewater
treatment (5). In recent years, a variety of catalysts for Fenton and Fenton-like reactions
were presented to overcome inherent defects of traditional Fenton reactions. But the for-
mation of iron cement, intolerance of inorganic salts in solution, narrow pH applicable
range, and nonrecovery still bother researchers for now (6-10). In addition, organic mole-
cules in wastewater are complex, and some with high ionization potential (IP) are hard to
degrade through oxidation. This is because it takes a lot of energy to remove an electron
from their outer layer, making it difficult to start the process of breaking them down.

Single-atom catalysts (SACs) with excellent chemical and physical properties are emerg-
ing as a new area in the catalysis community, and it has become the most active new
frontier in the CO reduction, methane oxidation, hydroformylation of propylene,
water-gas shift conversion, and many other fields beyond dispute (11-14). In the field of
Fenton and Fenton-like environmental chemistry, SACs can indeed improve the activation
rate of active oxides such as H,0O,, peroxymonosulfate (PMS), and so on (15-20).
However, the =Co(III) produced after the activation reaction needs to sostenuto consume
PMS for its own reduction with slow reaction rate (21-23). The reduction and oxidation
rate of Co sites in the PMS system is close to 30 times under certain conditions (Egs. 1
and 2) (23). Furthermore, this process indirectly causes the continuous loss of electrons
on the Co sites, which hinders the utilization of PMS and reactive oxygen species (ROSs)
in the system. Therefore, the reaction between PMS and single-atom Co catalysts is a
REDOX reaction instead of the catalytic process. This reaction leads to the short-term
property of single-atom cobalt catalysts and blocks the persistent degradation of organic
pollutants. In addition, transition metal SACs such as single-atom iron and cobalt are
susceptible to extreme alkaline and acidic conditions. Recent studies indicated that the
activity of transition metal SACs decreased in strongly alkaline or acidic solutions
(20, 24-27), and the resistance of transition metal SACs in the complex environment is
alarming. Therefore, it is necessary to develop a technology that can support the adaptable
and long-term degradation of pollutants by single-atom cobalt catalyst at present.

= Co(Il)+ HSOS — =Co(Ill)+ SO, + OH ;k=100.0M~'S™}, (1]
= Co(Ill)+ HSOZ - =Co(I)+SO0; + HY k=035 M~'S™". (2]
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Significance

Combined with the cocatalytic
effect of single-atom
molybdenum, single-atom cobalt
catalysts achieved long-term and
efficient degradation of organic
pollutants and retained their
catalytic ability even at pH = 1.0
or 13.0. The transfer of electrons
from organic pollutants to cobalt
sites achieved by single-atom
molybdenum reduced the
dissolution toxicity of metal ions,
significantly expanded the range
of pollutants that could be
degraded by single-atom cobalt
catalyst-PMS systems, and solved
the electron loss of catalysts in
heterogeneous Fenton-like
reactions.
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This study reported on the development and testing of a
single-atom catalyst, SAMCC,, 5, which contained both Mo and
Co sites. The results indicated that this catalyst was robust and
versatile in its ability to degrade organic pollutants, with high
resistance to interference from extreme pH levels and other ionic
species. The results also suggested that the Mo sites acted as a
bridge to facilitate electron transfer from the organic pollutants
to the Co sites, a process supported by both theoretical calculations
and degradation experiments using different model contaminants
with varying IPs. The long-term stability and recyclability of
SAMCC, 5 were also demonstrated through a 10-d, 30-round
degradation experiment, where ROSs such as singlet oxygen (102)
and high-valent cobalt were identified. Overall, these findings
contributed to the advancement of sustainable and efficient cata-
lytic technologies for environmental remediation.

Results

Synthesis and Characterization of SAMCCy 5. With a simple
synthesis method (Fig. 14), Co and Mo atoms coordinated with
1,10-phenanthroline in mixed solution, and then, the metal
atoms were fixed together with the substrate after calcination.
‘The proportion of Co and Mo elements in the catalyst was found
to be crucial and was studied through ST Appendix, Figs. S1 and S2.
Therefore, the ratio of the Co to Mo element in the raw material
was the first to be studied in S7 Appendix, Figs. S1 and S2. In the
end, the best catalyst in this series was identified as SAMCC,,.
SAC only containing Co element was called Co-N-C.

Scanning electron microscope (S Appendix, Fig. S3) and
high-resolution transmission electron microscopy (HRTEM)
images (Fig. 1B and SI Appendix, Fig. S4) showed that this catalyst
was a porous particle with a rough surface and there was no aggre-
gation of metal particles on the evenly distributed edge flakes.
According to SI Appendix, Fig. S5, nitrogen adsorption and des-
orption isotherms of SAMCC, 5 and Co—N-C showed that their
specific surface areas were 372.3731 m2/g and 306.2080 mz/g,
respectively. Through infrared spectroscopy in S/ Appendix,
Fig. S6, the main chemical bonds of SAMCC 5 and Co-N-C
were C-N and C=C bonds, and there were some hydroxyl groups
on the catalyst surface. The existence of C-N and C=C bonds
indicated that the conjugate skeleton still existed in the SAMCC,
and Co-N-C. The high-angle annular dark-field (HAADF)
STEM images in Fig. 1Crevealed that the SAMCC 5 sample was
abundant in atomic Co and Mo sites, and most of the metal atoms
were in the form of single atoms or several adjacent atoms. Mo
atoms appeared slightly brighter than Co atoms in the high-angle
annular dark-field image due to their larger atomic number. The
ratio of Mo to Co atoms was estimated to be approximately 1:4.
The X-ray diffraction (XRD) pattern, as shown in S Appendix,
Fig. S7, confirmed the absence of detectable amounts of crystalline
Co or Mo phases, indicating that SAMCC, 5 was substantially
free of metallic Co/Mo or cobalt/molybdenum oxides. The energy
dispersive X-ray spectroscopy mapping images in Fig. 1D showed
a homogeneous distribution of Mo (represented by purple), Co
(represented by indigo), and N (represented by orange) elements,
demonstrating a uniform distribution of Mo and Co atoms
throughout the SAMCCO.5 particles. The results from the induc-
tively coupled plasma atomic emission spectrometry (ICP-AES),
as presented in ST Appendix, Table S1, showed that the Co and
Mo content in the catalyst were approximately 0.74% and 0.19%,
respectively. As a comparison, the content of the Co element in
Co-N—-C was 1.00%.

The chemical state and local environment of Mo and Co were
further investigated by the X-ray adsorption near edge structure
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(XANES) and extended X-ray absorption fine structure (EXAFS)
spectra. According to S/ Appendix, Fig. S8, the Co and Mo K-edge
X-ray absorption near-edge structure (XANES) and valence anal-
ysis suggested the valence state of Co in SAMCC, 5 including Co™*
and Co”" states while the valence state of Mo was Mo®*, combining
with k-space and fitted data of Co and Mo elements in S/ Appendix,
Figs. S9 and S10. As is shown in Fig. 1E, the k;-weighted
Fourier-transformed extended X-ray absorption fine structure
spectra (FT-EXAFS) showed that the Co element in SAMCC, 5
was mainly coordinated with nitrogen (N) atoms, with a bond
length of 1.42 A corresponding to the Co-N bond in CoPc.
Meanwhile, no obvious peaks assigned to the Co—Co bond at 2.18
A were observed, thus implying the absence of Co clusters or
crystalline particles. Moreover, for the FT-EXAFS curves of the
Mo element in Fig. 1F, the main peaks for SAMCC, 5 were located
at 1.34 A differing from the Mo—Mo bond located at 2.38 Aand
were consistent with the location of the fitting curve for Mo—-N
bond. To assign the above peaks, the wavelet transform (WT)
EXAFS in Fig. 1G was carried out for the SAMCC, 5 sample as
well as the standards. Referring to the WT-EXAFS feature of CoPc
in ST Appendix, Fig. S11, the peak at 1.42 A on SAMCC, 5 could
be assigned to the Co—N bond. Compared to the feature peak of
Mo foil (2.38 A, 8.66 A™) in WT-EXAFS, the presence of the
peak of the Mo element in SAMCC (1.38 A, 7.78 A7) excluded
the existence of the Mo—Mo bond. Therefore, Mo atoms and Co
atoms in SAMCC, 5 were mainly coordinated with N atom in

SAMCC, .

Catalytic Effect Test. The catalytic activity of SAMCC,; for
Fenton-like reactions was evaluated using phenol as a model
pollutant. The results in Fig. 24 showed that the degradation rate
of phenol reached 78% in 3 min with the addition of PMS. On the
other hand, the degradation rate of phenol in the presence of Co—
N-C, which did not contain Mo, only reached 28%. Additionally,
Mo-N-C and N-C, which lacked Co or other metal elements,
were unable to effectively activate PMS. According to the Zeta
potential of catalysts under different pH in S7 Appendix, Fig. S12,
negative charge existed on the surface of catalysts and the addition
of phenol did not change the chemical environment which mean
that the adsorption of phenol hardly existed. At the same time, the
degradation of phenol in the SAMCC;  system decreased sharply
with the absence of PMS, which also indicated that SAMCC 5
could not adsorb fhenol.

The use of Co™ as a classical catalyst for PMS activation in
Fenton-like reactions is widely established. However, few heter-
ogeneous catalysts can match the efficiency of PMS activation
of Co™, let alone surpass it. To further demonstrated the effec-
tiveness of phenol degradation by the SAMCC ;—PMS system,
experiments were conducted using Co(Ac), and CoCl, as com-
parison catalysts. The results in Fig. 2 B and C showed that
phenol was not efficiently degraded when using Co(Ac), and
CoCl, equivalent to the Co element in SAMCC 5. The apparent
kinetic constant of the SAMCC, s~PMS system was 19.4 times
higher than that of the CoClL,-PMS system. Even when the
concentration of CoCl, was increased 20 times, the degradation
rate of phenol was still not as efficient as the SAMCC —PMS
system. The use of Co;0j as a catalyst in a Fenton-like reaction
also showed limited effectiveness in oxidizing phenol, as shown
in ST Appendix, Fig. S13. These results further demonstrated the
unique advantage of the single-atom catalyst in addressing envi-
ronmental pollution.

The SAMCC, s—PMS system was a modified version of the
traditional Fenton reaction and has been used to treat phenol
solutions under different pH conditions and buffer systems. It was
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Fig. 1. (A) Synthesis process of SAMCC, s and schematic diagram of the structure. (B) HRTEM image of SAMCC, ;. (C) Aberration-corrected HAADF-STEM image
of SAMCC, s: Yellow circles indicate single Co atoms, and green circles indicate single Mo atoms. The atomic number contrast indicates that the larger the atomic
number, the brighter the image. Thus, atomic Mo will be brighter. (D) Elemental mapping for SAMCC,s. (E) EXAFS in R-space and corresponding fitting curves for
Co foil, CoS,, CoPc, and SAMCC,s. (F) EXAFS in R-space and corresponding fitting curves for Mo foil, MoS,, MoO,, and SAMCC, 5. (G) WT-EXAFS for the Mo element

of SAMCC, 5, Co element of SAMCC, 5, Mo foil, and Co foil.

found in Fig. 2D that the pH of the reaction solution had little
effect on the catalytic activity of SAMCC s, and the reaction rate
did not decrease when phosphate buffer was used as the reaction
solution (87 Appendix, Fig. S14). When pH was set to 12 or 13,
the degradation rate of phenol decreased slightly, and the pH after
reaction was 11.68 and 12.70, respectively (Fig. 2D). According
to the pH of reaction solution after reaction, the whole process of
reaction was under an alkaline environment, and the decline of
the degradation rate of phenol here was probably due to the inef-
fective self-decomposition of PMS under alkaline environment

PNAS 2023 Vol.120 No.29 e2305933120

(28, 29). To sum up, Fenton-like reaction dominated by the
SAMCC, s—PMS system has greatly escaped the disadvantage of
a narrow pH range of application.

Inspired by phosphate buffer, Na,CO;, NaHCOj, humic acid,
and other salts were used as interferences in the reaction system,
and further activity tests were carried out. It can be seen from
Fig. 2 that most of the salts and humic acid could not cause the
attenuation of the activity of the SAMCC, s—PMS system, and
the degradation rate of phenol in the SAMCC; s—PMS system
interestingly became faster when humic acid was added as is shown
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Fig. 2. (A) Degradation rate of phenol when SAMCC,s, Co-N-C, Mo-N-C and N-C were used as catalysts. (B) Degradation rate of phenol when 300 mg L™
SAMCC, s and different equivalents of CoCl, were used as catalysts. (C) Apparent kinetic constants of (B). (D) SAMCC, 5 catalytic degradation rate of phenol under
different pH environments. (F) SAMCC, ;s and different equivalents of CoCl, catalytic degradation rate of phenol with interference of 0.2 M salts and humic acid.
(F) SAMCC, 5 catalytic degradation rate of phenol with interference of 0.2 M salts and humic acid with pH = 1 and 13. (G) Decomposition rate of PMS with the
catalytic effect of SAMCC, 5, Co-N-C and 20 times equivalent CoCl,. Dosage: PMS: 200 mg L™, reaction solution: 100 mL, catalyst: 300 mg L™, reaction time: 30 min.

in ST Appendix, Fig. S15. In the traditional Fenton reaction, -OH
and SO,", which are the main ROSs in the traditional Fenton
system, easily interact with a variety of anions to generate other
free radicals with weaker oxidizing potential (30, 31). In Fig. 2,
the degradation rate of 20 times equivalent CoClL,~PMS system
declined when salts and humic acid were added. Among these,
humic acid, Na,SO,, and NaHCO; disturbed the degradation
indeed. For single-atom Co catalysts, Co sites were the electron-rich
region in the catalyst and cannot strongly attract various anions
(18, 32). While Co®" as a transition metal ion has many vacant
orbitals, which is easy to coordinate with anions and results in the
inactivation of Co*". In addition, it is suggested that the nonrad-
ical ROSs rather than free radicals may dominate in the
SAMCC, s—PMS system, which could hardly be consumed by the
anions. In order to further verify the stability and anti-interference
ability of SAMCC, 5 in complex actual water treatment scenarios,
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the degradation ability of the SAMCC s-—PMS system was tested
under extreme pH conditions in Fig. 2F. Surprisingly, the degra-
dation effect of the SAMCC, s—PMS system was not affected by
the addition of various salts, no matter at pH = 1 or 13. After the
addition of various salts, the degradation rate of phenol was all
close to 100% at pH = 1. And the degradation rate of phenol at
pH = 13 was not very different from that before the addition of
inorganic salts, although the degradation rate of phenol could not
reach 100%. Therefore, the SAMCC s—PMS system maintains
good resistance to interference even under extreme pH conditions.
In order to further investigate the performance of the SAMCC, s—
PMS system in complex environments, phosphate buffer solutions
with different anions were used as reaction solutions. In S/ Appendix,
Fig. S16, it could be clearly seen that even in the complex envi-
ronment of buffer solution, the SAMCC, s—PMS system was still
not affected by various anionic interferences. The character that
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had great anti-interference capability under wide pH environment
made this system promising in the future application of actual
waste treatment. Moreover, in order to further verify the ability
of the catalyst to degrade pollutants in practical applications, activ-
ity tests were carried out with river water from different locations
as the reaction solution. The results, shown in S/ Appendix,
Fig. S17, demonstrated that the catalyst was highly effective even
when tested with river water from the Huangpu River in Shanghai,
the Changjiang River in Nanjing, the Bailang River in Shandong,
the Zhujiang River in Guangzhou, and running water from
Shanghai. The catalyst was able to effectively degrade phenol in
all these water samples, indicating its strong potential for practical
use.

Therefore, the results of the degradation of phenol demon-
strated that the SAMCC,) s—PMS system outperformed traditional
Fenton and Fenton-like reaction systems. The superior perfor-
mance could be attributed to the higher activation rate of PMS
in the SAMCC, 5 system, as indicated by the Iodine reduction
reaction. This was further supported by the results presented in
Fig. 2G and SI Appendix, Fig. S18, which showed a significantly
higher PMS activation rate in the SAMCC, 5 system compared
to the other two catalysts.

Possible Degradation Pathways. The degradation products of
phenol in the SAMCC, s—PMS system were analyzed using gas
chromatography—mass spectrometry (GC-MS), as illustrated
in SI Appendix, Fig. S19. Three of the four resonance products
of phenol were easy to be oxidized, and the products were
catechol and hydroquinone (m/z = 110) (33, 34). Both catechol
and hydroquinone were found to be more easily oxidized than
phenol due to their lower ionization potential. Further oxidation
of catechol and hydroquinone led to the formation of o-quinone
and p-quinone (m/z = 108), followed by the oxidation of these
compounds into C.H,O, (m/z = 142), C.H,O, (m/z = 172) and
CH,O, (m/z = 116). Ultimately, these organic compounds were
oxidized to C,H,0, (m/z = 142), which was easily converted into
CO, and H,0.

Catalytic Mechanlsm of the SAMCCq5-PMS System. In the
study of the Co**~PMS system, researchers have long believed
that the system is dominated by the presence of -OH and -SO;".

In order to evaluate the role of ROSs in the SAMCC, ;—~PMS
system, four sacrificial agents were employed in Fig. 34. Tert-
butanol was utilized as a limiting agent for -OH and -SO,", while
p-benzoquinone was employed to restrict the presence of -O,".
However, neither of these agents showed significant inhibitory
effects when used at concentrations of 2 mM or 20 mM in the
SAMCC, s—PMS system. The use of 2,2,6,6-tetramethylpiperidine
(TEMP) and dimethyl sulfoxide (DMSO) as sacrificial agents
for 'O, and high-valent cobalt in the SAMCC, s—PMS system
was found to have a significant inhibitory effect on the reaction.
Both 20 mM TEMP and DMSO were shown to significantly
decrease the rate of degradation of the system. The results of
this experiment were consistent with the results of the electron
paramagnetic resonance (EPR) test in Fig. 3B. When TEMP
was utilized as the capture agent in the experiment, a distinct
triplet peak corresponding to 'O, was observed. On the other
hand, the use of 2,2-dimethyl-3, 4 dihydro-2H-pyrrole 1-oxide
(DMPO) as the capture agent resulted in a sevenfold peak in the
EPR test, which was identified as the deep oxidation product
of DMPO, (5,5-dimethyl-2-oxo-pyrroline-1-oxyl, DMPOX).
It is important to note that the presence of DMPOX does not
provide specific information about the types of ROSs present in
the system, as various oxides can lead to the conversion of DMPO
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into DMPOX (35, 36). Here, -OH was detected through the
fluorescence method. According to SI Appendix, Fig. S20, there
was a weak peak at 410 nm, which meant that the content of -OH
in the SAMCC, ;~PMS system was small. Combining with the
results of sacrificial agent experiments and EPR test, the active
oxygen species dominated m the SAMCC, s—PMS system was
still high-valent cobalt and 'O,.

In order to investigate the presence of high-valent cobalt,
(E)-1,2-diphenylethene was utilized as a probe molecule in deg-
radation experiments (Fig. 3C and SI Appendix, Table S2).
High-valent cobalt, which is characterized by its ability to carry
out an oxygen atom transfer reaction, can oxidize (E)-1,2-
diphenylethene to produce 2,3-diphenyloxirane. Although other
ROSs can also react with (E)-1,2-diphenylethene, the products
produced by these reactions are complex and can be differentiated
from 2,3-diphenyloxirane. The probe experiment with (E)-1,2-
diphenylethene showed the presence of 2,3-diphenyloxirane in
both the SAMCC, s—PMS and Co-N-C-PMS systems. Although
the proportions of 2,3-Diphenyloxirane in the products of these
two systems were only 4.47% and 3.14% respectively, the low
conversion rate of (E)-1,2-diphenylethene suggested the presence
of a certain amount of high-valent cobalt. For the CoCl,-PMS
system, 2,3-Diphenyloxirane occupied a very small proportion in
the product, while most of the reaction products were the outcome
of (E)-1,2-Diphenylethene reacting with free radicals. Therefore,
high-valent cobalt was negligible compared to other ROSs in the
CoCl,~PMS system.

In accordance with the above findings, it has been determined
that 'O, was generated as a result of the interaction between a
single-atom cobalt site and PMS. Conversely, PMS has the capa-
bility to oxidize the cobalt site, leading to the formation of
high-valent cobalt in its oxidation state. This accepted series of
reactions serve as a basis for understanding the generation of ROSs

(Egs. 3-6) (37-39).
= Co(Il) +HSO; — = Co(I)+S0;” + H¥, 3]

2505 — 28057 +'0,, (4]

= Co(ID+HSO5 — = Co(IV)=0+S0;” +H*, 5]

=Co(IV)=0/!+ Organic pollutants

— =Co(IlI)/ = Co(Il) + Oxidation products (6]

From Fig. 24, it was clear that the Mo—-N-C catalyst alone
failed to effectively activate PMS. However, the introduction of
Mo enhanced the interaction between Co sites and PMS, resulting
in a substantial improvement in phenol degradation. This high-
lighted the crucial role that Mo played as a cocatalyst in the
SAMCC, s—PMS system. To further explore the role of Mo in the
cocatalytic process, X-ray photoelectron spectroscopy (XPS) was
conducted on samples of SAMCC, 5 and Co—N-C before and
after the reaction. XPS analysis of the Co element in Co—N-C as
shown in Fig. 3D revealed a shift in the peak position of the Co
element toward higher energy levels by 0.5 ¢V as a result of oxi-
dation after its reaction with PMS. Notably, the XPS results of
the Co element in SAMCC 5 in Fig. 3E showed a shift of 0.7 eV
toward lower energy levels, indicating that the Co site in the
SAMCC,, s—PMS system has received electrons. However, the Mo,
C, and N elements in SAMCC, 5 did not change significantly
before and after the reaction as is shown in S/ Appendix, Fig. S21,
and the Mo element always existed in the valence state of +6. It
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adsorption of phenol on the Mo site.

indicated that the source of electrons transferred to the Co site
was not the Mo element. Meanwhile, PMS with strong oxidizing
properties can hardly reduce the Co element, and there was no
obvious trace of reaction between PMS and Mo element. As such,
the source of electrons was likely to be the residual organic phenol
molecule present in the system.

The hypothesis was verified using DFT calculations. The
adsorption energy of the model organic pollutant (phenol) on
Mo/Co sites in SAMCC 5 was calculated in Fig. 3F, and the
results showed that the adsorption energy of phenol to the Mo
site was —=5.100 eV, which was more favorable than that to the Co
site (-4.998 eV). This suggested that phenol molecules are more
likely to interact with Mo sites compared to Co sites. To further
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support the hypothesis, the differential charge of the system when
phenol was adsorbed on the Mo site was calculated, as illustrated
in Fig. 3G. The yellow regions indicated areas of increased electron
density, while the cyan regions indicated areas of electron defi-
ciency. The electron transfer path of the SAMCC) -—PMS system
could be described as follows: phenol adsorbed on the Mo site on
the catalyst surface injected its electrons into Mo, which were then
transferred to the Co sites through the conjugated framework,
resulting in an increase in the electron cloud density of Co after
the reaction. This suggested that the electrons used for activating
on the Co site primarily come from the organic pollutant of phe-
nol and that Co itself did not lose electrons, thereby enabling
cyclic degradation of phenol. These calculation results were
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basically consistent with our hypothesis. The previous experiment
revealed an intriguing phenomenon, where the addition of humic
acid and tert-butanol did not diminish the degradation rate of
phenol. Rather, humic acid and tert-butanol served as electron
donors, facilitating the transfer of electrons to the Mo sites and
increasing the likelihood of electrons flowing to the
electron-deficient Co sites. This, in turn, allowed the Co sites to
sustainably activate PMS by continuously reducing itself.
According to the results obtained, it could be stated that the Mo
sites played a crucial role as a bridge that facilitated electron trans-
fer from organic pollutants to the Co sites throughout the entire
conjugate structure. Additionally, the results of the electrochemical
impedance spectroscopy performed on SAMCC, 5 and Co-N-C
also provided support for this conclusion. As shown in S/ Appendix,
Fig. S22, SAMCC, ; displayed a significantly lower electrochem-
ical impedance compared to Co-N-C, indicating that electrons
were able to flow more efficiently on SAMCC, 5 and reinforcing
the role of the Mo site as an electron conduit. AgNO; was added
as a sacrificial agent to the SAMCC, s—PMS system to demon-
strated that electron transfer in the reaction system only existed
on the surface of the catalyst. In S/ Appendix, Fig. S23, both 2
mM and 20 mM AgNO; could not inhibit the degradation reac-
tion. This indicated that electron transfer hardly occurred in the
reaction solution.

Different model organic pollutants differ in the ability of electron
donation. To further prove the previous hypothesis, we further
determined the range of organic pollutants that Mo sites can offer
a cocatalytic effect in the degradation, with the 5-min degradation
effect of various pollutants. The adsorption of various model
pollutants by SAMCC5 and Co-N-C was first excluded in
SI Appendix, Fig. S24. The adsorption capacity of various model
pollutants was less than 20%, and the degradation rate part
of subsequent experiments had excluded the adsorption part.
Depending on the IP of different model pollutants in Fig. 4
(40-43), SAMCC, 5 had little difference in the degradation effect
of pollutants with low IP compared with Co-N-C. Starting from
phenol (IP = 8.49 eV), the cocatalytic effect of Mo sites on pol-
lutants was significantly improved. Previous studies have indicated
that high-valent cobalt systems exhibit improved degradation
efficiency for pollutants with low IP due to their relatively weak
oxidation potential (44, 45). As a result, for low IP pollutants,

Co—N-C systems could effectively degrade these contaminants
on their own, and the electron-donating effect of the Mo sites in
this system was not pronounced. On the other hand, for pollutants
with higher ID, high-valent cobalt systems were less effective in
degradation. In this case, the interaction between the pollutant
and the Mo site acted as an electron donor, leading to faster regen-
eration of ROSs in the system and increased resistance to the
pollutant. Therefore, the cocatalytic influence of Mo sites in
SAMCC, 5 was particularly pronounced during the oxidation of
pollutants with high IP. In other words, the presence of Mo in
SAMCC, s might broaden the scope of model pollutants that
could be oxidized by the single-atom Co catalyst-PMS system,
and this scope of pollutants was likely related to their IP. However,
there were specific conditions that must be met for this cocatalytic
process to occur, such as the adsorption of pollutant molecules on
Mo sites. The electron donation effect of Mo sites on pollutants
could be effectively applied to substances with an IP ranging from
8.5 t0 9.8 ¢V or even higher. The adsorption of pollutant mole-
cules on Mo sites is an important factor in facilitating the transfer
of electrons. However, the strength of the cocatalytic effect of Mo
sites is not solely determined by the IP value. Other factors, such
as the spatial arrangement of the pollutant molecules and the
electronegativity at the adsorption site, also play a significant role
in this electron donation process.

Biotoxicity Test of SAMCCys. In evaluating the suitability of
SAMCC, 5 as a catalyst in water treatment, its biological toxicity
is of paramount importance. To assess this, the effect of SAMCC,
on human myeloid leukemia mononuclear cells (THP-1), human
breast cancer cells (MCF-7 and MDA-MB-231), and Hela cells was
evaluated by in vitro cytotoxicity test experiments. The duration of
these experiments was set at 48 h, and the concentration of viable
cells was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay at a concentration of
0.5 mg/mL. The results were presented in Fig. 5 A and B and
SI Appendix, Figs. S25 and S26. The biotoxicity of CoCl, was
found to be substantial in a dose-dependent manner. At 4.44
mg/L CoCl,, cell viability was found to be generally less than
5%. Notably, the addition of SAMCC, 5 resulted in a surprising
outcome, with high survival rates observed in all cell lines. The
survival rate of THP-1 cells remained close to 60% even when
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, IP=7.4 eV IP aossev i
| /‘><‘\ Phenol 1P=9.3 eV IP=9.86 eV |
1
| 1P=8.49 COOH 1
1 IP=7.72 eV coon
i € IP=8.69 eV ] CUN
i i Nitrobenzene !
| Salicylic Acid S9CH a 1P=9.86 eV 1
i IP=8.63 eV it ]
i _ p-Nitrophenol I
vk IP=7.742 eV 1P=9.10 ~ 1P=9.96 eV y
i) I sAvcc,, 1.6
& Co-N-C -.‘L';
c [ IncreaseRate |1 2 [
.0 o
b= 108 ©
© ©
k] o
g lo4 &
S c
g || =
[a] 0.0

()
e“o N\\\\“ 0‘“\“ eo“ ?‘\ pe

@
\\o‘l\\ \0‘09

$o o G>°‘° >°‘° o

g T
\\\\‘o ge“io Q‘\«\a ‘\\“O‘O \\\°‘
< “\\-

Fig. 4. Degradation rate and increase rate of different model pollutants in the comparison between the SAMCC, s-PMS system and the Co-N-C-PMS system.

Dosage: catalyst: 300 mg L”'"PMS: 200 mg L™
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, aqueous solution: 100 mL, reaction time: 5 min.
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the cobalt concentration in SAMCC, 5 was elevated to match
that of 4.44 mg/L CoCl,, at a dose of 600 mg/L (Fig. 5A4). The
results of our experiments demonstrated that SAMCC, 5 exhibited
low biotoxicity toward MDA-MB-231, Hela, and McF-7 cells, in
comparison to the commonly used CoCl, (S Appendix, Figs. S25
and $26). This made SAMCC 5 an environmentally friendly
option for water treatment. Furthermore, SAMCC 5 exhibited
higher PMS activation activity than previously reported cobalt
catalysts, further highlighting its potential for sustainable use
in environmental and biological contexts. The combination of
low toxicity and high activity presented a compelling case for the
utilization of SAMCC, s in these fields.

Universality and Stability Testing. The stability of the SAMCC, 5
and Co—N-C catalysts was rigorously evaluated through a series
of experiments, including cycle tests, long-term degradation
experiments, and relevant assessments. To assess the residual
metal ions present in the reaction solution, ICP-AES analysis
was employed. The results, as reported in ST Appendix, Table S3,
showed that the residual Co and Mo ions in the solution after
the reaction were only 0.39 mg/L and 0.20 mg/L, respectively,
for SAMCC, . This was much lower than the equivalent CoCl,
experiment group, which had residual Co ions of 20.10 mg/L.
Compared to SAMCC5, Co-N-C and Mo-N-C exhibited
higher loss of metal ions (0.63 mg/L Co ions for Co-N-C and
2.5 mg/L Mo ions for Mo—N-C) after the reaction. In the cycle
tests, SAMCC, 5 and Co—N-C were filtered out of the reaction
solution after each cycle and washed thoroughly with deionized
water. According to ST Appendix, Fig. S27, the SAMCC, 5 catalyst
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demonstrated consistent reaction rates during the first two cycles
of the five-cycle experiment. Although there was a slight decrease
in reaction activity in the latter three cycles, attributed to the
impact of the washing process on the catalyst's performance,
the SAMCC, 5 still exhibited good catalytic activity. Conversely,
the cycle experiment for the Co-N-C catalyst in SI Appendix,
Fig. $28, indicated a declining reactivity with each successive cycle,
reflecting its inherently short-lived activity.

In comparison, the long-term experiment provided a clearer
illustration of the catalyst’s stability in the degradation of organic
pollutants within the reaction solution, offering a more compre-
hensive evaluation of its performance. As shown in Fig. 5C, the
results of the 10-d long-term degradation experiments with 600
mg/L phenol revealed that the SAMCC, s-—PMS system demon-
strated superior performance compared to the CoClL,-PMS and
Co—-N-C-PMS systems. The latter two systems exhibited a sig-
nificant decline in reactivity after 3 and 13 rounds of testing,
respectively, whereas the SAMCC,, s—PMS system retained high
reactivity over 30 rounds of experiments. The slow reduction of
Co”" produced after activation was found to hinder the effective
and rapid activation of PMS in the latter stages of the reaction,
particularly in the CoCL,~PMS system. In the case of the Co-N-C~
PMS system, a similar decline in reactivity was observed. The
unique advantage of the SAMCC, s-—PMS system lied in the Mo
element, which played a crucial role in the Co**/Co’* cycle. In
the SAMCC, s—PMS system, the reduction of Co sites was facil-
itated by the transfer of electrons from organic pollutants via the
Mo sites and conjugated skeleton. The SAMCC,, 5, with its unique
feature, maintained high activity throughout the extended
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degradation process, which provided a significant advantage com-
pared to catalysts lacking a cocatalytic system. Moreover, the
SAMCC, s—PMS system exhibited broad universality in its ability
to degrade a wide range of pollutants. This was evidenced by the
results of the degradation experiments with complex model pol-
lutants, as shown in Fig. 5D. Within 30 min, the degradation rate
of various antibiotics and dyes, including sulfadiazine, enroflox-
acin, tetracycline, Rhodamine B, acid orange 7, tartrazine, and
methyl orange, reached 90%. This demonstrated the system's
ability to effectively oxidize organic compounds with complex
structures. In order to further verify the performance of the
SAMCC, s—PMS system in pollutants degradation, actual indus-
trial wastewater was used as a reaction raw material and reaction
solution in SI Appendix, Table S4, with chemical oxygen demand
(COD) as the index. For the sample from biochemical wastewater,
the COD decreased by 127 mg/L. And for the actual wastewater
from Beijing Construction Engineering Group Co., Ltd., the
COD decreased by 95 mg/L after treatment.

Conclusions

In this article, we synthesized bimetallic site SACs that were well
suited to environmental remediation and explored the interactions
between metal sites and pollutants. The individual distribution of
metal sites in SAMCC, 5 ensured both excellent stability and high
reactivity. The addition of Mo sites significantly increased the cat-
alytic performance of Co-N-C in the initial 10 min of the reaction,
resulting in a 19.4-fold increase in the degradation rate of phenol
compared to the CoClL,—PMS group. Furthermore, the degradation
efficacy of SAMCC, 5 was not impacted by variations in pH or the
presence of ions, even at extreme pH = 1 or 13. In the 10-d long-
term experiments, SAMCC, 5 exhibited stable, long-term activa-
tion, as a result of the cocatalytic effect of Mo sites, leading to the
complete degradation of 600 mg/L of phenol. And the cocatalytic
effect of Mo sites was proved to be the guidance of the electron
transportation from pollutants to Co sites. The electron transfer
facilitated by Mo sites was particularly well suited for pollutants
with IP ranging from 8.5 t0 9.8 ¢V or higher. This cocatalytic effect
of Mo sites represented a significant advancement in the study of
cocatalysts, offering a unique perspective compared to previous
work on the cocatalytic effect of the Mo element. Furthermore,
this research provides valuable insights into the interaction between
different metal sites in SACs, leading to increased metal utilization
and reduced biotoxicity of the catalyst. With its environmentally
friendly and low biotoxicity properties, SAMCC, 5 holds great
potential for a range of applications in fields such as environmental
remediation, biology, medicine, and catalysis.

Materials and Methods

Preparation of Catalysts. First, 1,10-phenanthroline and Co(CH,C00), were
dissolved in 20 mL ethanol, and (NH,),M00, was dissolved in 5 mL deionized
water. After mixing the above solution, the solution was treated with ultrasound
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for 30 min. In the second step, Mg(OH), was added to the mixed solution and
treated with ultrasound for 30 min. Subsequently, the mixture was placed in a
vacuum oven to dry after rotary evaporation. The dried sample was then ground
and calcined in a tube furnace at 700 °C for 120 min. The product was stirred in
1M of HNO, for 4 h to leach Mg(OH),, MgO, and any possible metal or oxide. After
washing with ultrapure water five times, the solid was dried at 60 °C overnight.
Here, we name the resulting catalyst SAMCC, and the amount of relevant raw
materials in catalyst synthesis was indicated in S/ Appendix, Figs. S1 and S2.
In the synthesis of Co-N-C, (NH,),Mo0, was not used while other processing
methods were consistent. In the synthesis of Mo-N-C, Co(CH;C00), was not
used while other processing methods were consistent. In the synthesis of N-C,
Co(CH;C00), was replaced by the same amount of acetic acid, and other metal
salts were not added.

Catalytic Effect Test in Fenton-Like Reaction. Typically, 30 mg catalyst was
added into 100 mL phenol solution (20% wt. %). Then, NaOH and H,S0, were
added to adjust pH if needed, and various inorganic salts were also added at this
time if needed. Twenty mg of PMS was added at the beginning of the experiment.
After sampling at different time points, it was filtered with a filter head, and then,
methanol was added to quench the reaction. The concentration of phenol was
detected by HPLC.

Cell Culture and Cell Viability Assay. The Hela and MDA-MB-231 cell lines were
obtained from China Center for Type Culture Collection (CCTCC). These cell lines
were cultured in Dulbecco’s modified Eagle’s medium (DMEM; KeyGEN Biotech)
with 10% fetal bovine serum (FBS; ExCell Bio). The cells were maintained at 37 °C
in a humidified incubator with 95% air and 5% CO,.

Cells (5 x 10° cells/well) were seeded in 96-well plates overnight and then
treated with various concentrations of tested samples. The concentrations were
0,75,150,300,and 600 mg, respectively, for SAMCC, 5. The concentrations were
0,0.555,1.11,2.22,and 4.44 mg, respectively, for CoCl,. After 48 h, the original
medium was removed, and 100 L fresh medium containing 0.5 mg/mL 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to each
well for 4 h at 37 °C. Then, the medium was replaced with 150 pL of DMSO to
dissolve the formazan. Absorbance was measured at 570 and 630 nm using a
microplate reader (Molecular Devices). All the experiments were performed in
three independent replicates.

Statistical Analysis. All data were gained directly from the source experiment
and processed using Origin. All experiments were carried out in duplicate. Full
details for DFT computations, control experiments, and materials characterizations
were introduced in S/ Appendix.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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