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Abstract: Inrecent years, numer-
ous single-atom catalysts (SACs)
have been synthesized to activate
persulfate (PS) by a non-radical
pathway because of its high se- o

Construction
methods

lectivity, and activity for the cata-
lyst. Metal-nitrogen-carbon (M-
N,-C) has been identified as the

key active site in SACs. Although  c@+H@o@\@s@c'®

, SLI
p\ex Mace
oy,
/ éb
@ Z
O

3 0 f./L ) g <
S S o I o
Electron transfer process & °

o High-valence metals o] =4

@

% Role of E
Z M-N,-C e
o\ 2
% I
%, I

@

%"o; 04 o

%, “ (> &
s s ,5 &\

S’ale

Electron &

methods for preparing SACs have been extensively reported, a systematic summary of the direct construction of M-N,-C, espe-
cially unconventional metal-nitrogen-carbon (UM-N -C, x#4), on SACs for PS non-radical activation has still not been reported.
The role of the M-N,-C active sites on PS non-radical activation is discussed and methods for the formation of M-N,-C and
UM-N,-C active sites in SACs and the effect of catalyst carriers such as carbon nitride (g-C;N,), MOFs, COFs, and other car-
bon materials are reviewed. Direct and indirect methods, especially for UM-N -C active site formation, are also elaborated.
Factors affecting the formation of a M-N,-C active site on SACs are also discussed. Prospects for the use of M-N,-C active sites

for the non-radical activation of PS by SACs to remove organic contaminants from wastewater are evaluated.
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In recent years, a large amount of wastewater has
been discharged with the development of the chemic-
al industry. The wastewater produced from the chem-
ical manufacturing processes process contains a lot of
organic contaminants, which are difficult to remove
through traditional wastewater treatment technology.
The chemical wastewater usually contains phenolic
compounds, halogenated hydrocarbons, organic pesti-
cides, hydrocarbons, and endocrine disruptors. These
contaminants are carcinogenic, teratogenic, mutagen-
ic, and toxic, and would cause irreversible harm to hu-

[1-3]

mans' . Those refractory organics usually have a
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stable chemical structure, and the traditional wastewa-
ter treatment technologies such as coagulation, ad-
sorption, precipitation, membrane separation are diffi-
cult to remove them. In recent years, advanced oxida-
tion processes (AOPs) have been widely used to treat
refractory organic contaminants in wastewater'’, Ac-
tivated persulfate (PS), as one of the AOPs, is widely

used to oxidize refractory organic contaminants in
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wastewater, The sulfate radical (SO, ) produced by
PS activation has a wider pH range, better reaction
activity, and a longer half-time than that of hydroxyl
radicals (-OH)" . PS mainly consists of peroxymono-
sulfate (PMS) and perdisulfate (PDS), which have dif-
ferent characteristics due to the asymmetric structure
of PMS. Compared with PDS, PMS has an asymmet-
ric molecular structure, shorter O—O bond length
(1.453 =), positive peroxy bond, higher activity, and is
easier to activate.

PS can be activated using different methods, such
as heating, alkali, ultraviolet (UV) light, ultrasound,
and other physical methods' ). Meanwhile, incorpor-
(including Fe/Co/Mn/Cuw/
Ce/Ni/Zn) onto metal oxides or activated carbon to

ating transition metals

form effective heterogeneous catalysts has also been
used for PMS activation. However, impurities in com-
plex wastewater, such as salinity wastewater, would
consume the free radicals that are highly reactive spe-
cies with unpaired electrons, mainly -OH and
SO, """, CI” would react with OH and SO,” to
form radicals with lower oxidizing state (Eqgs. (1-
4)),

SO; +CI” - SO2 +Cl- (1)
OH+CI" - HOCI" @)
H*+HOCI~ - CI-+H,0 3)
CI"+HSO; — SO2 +HOCI (4)

There are several non-radical pathways for the
oxidation of organic pollutants, in which organic con-
taminants are oxidized by intermediates with high ox-
idizability rather than radicals. The intermediates with
high oxidizability include singlet oxygen ('O,) oxida-
tion, electron transfer process (ETP), and high-valent
metal-oxo species (HVMO). Compared with radical
oxidation, non-radical oxidation has significant differ-
ences in the oxidation mechanisms, oxidation-reduc-
tion potential (relatively mild), activation pathway,
and reaction region (surface region)!' """, The degrad-
ation of organic contaminants by non-radical oxida-
tion has several advantages. Non-radical oxidation has
high catalytic activity in a wide range of pH values.
Du et al.”" found that single-atom iron catalysts ex-
hibit high catalytic activity over a wide pH range of 5-
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9 during the activation of PS. The non-radical oxida-
tion degradation process of organic pollutants is not
affected by the presence of inorganic anions in
wastewater, and the presence of inorganic anions fa-
cilitates the degradation of contaminants. In addition,
the non-radical oxidation of organic contaminants in
wastewater is not affected by background organic
matter in wastewater, such as humic acids””. For ex-
ample, a low concentration of Cl is beneficial in pro-
moting the degradation of contaminants, and non-rad-
ical oxidation could also significantly reduce the pro-
duction of toxic by-products””. Chloride ions are usu-
ally oxidized to form Cl, and HOCI in a non-radical
oxidation system dominated by 'O,, and the sub-
stances formed contribute to the degradation of organ-
ic contaminants” "\, The non-radical oxidation pro-
cess can avoid the inefficient consumption of PMS,
thus improving its utilization efficiency (stoichiomet-
ric efficiency)”. These characteristics indicate that
non-radical catalytic oxidation has promising applica-
tions in pollution control.

Single-atom catalysts (SACs) have attracted con-
siderable attention because of their maximum atomic
availability, unique activated sites, and high activity
and selectivity in various catalytic reactions’””. SACs
are superior to homogeneous and heterogeneous cata-
lysts and have great application potential in advanced
oxidation processes. SACs have been widely used to
activate persulfate to degrade organic contaminants in
wastewater, improving atom and persulfate utilization
efficiency. Miao et al.”" prepared g-C;N, doped with
metal and a Fe-SAC using g-C;N, as the carrier. It
was found that Fe-SAC activated PS can improve
atom utilization efficiency and persulfate utilization
efficiency. The report also pointed out that the com-
plete removal of contaminants by Fe-SAC-activated
PS is mainly achieved through the non-radical path-
way.

In this work, we outlined the generation and de-
velopment of the active sites of SACs, usually formed
by constructing metal-N -C (M-N_-C) active sites on
carbon materials. The M-N -C active sites with differ-

ent N-coordination numbers in SACs have different

https://www.sciengine.com/NCM/home
New Carbon Materials


https://www.sciengine.com/NCM/home
https://www.sciengine.com/NCM/home

SI Wen-hao et al: Methods for the formation of M-N,-C active sites on single-atom catalysts------

roles and construction methods. Several reviews have
systematically introduced the applications of SACs to
activate persulfate!""”. Still, there is been little sys-
tematic introduction to designing M-N,-C active sites
and unconventional M-N -C (x£4) (UM-N_-C) active
sites to activate PS and produce non-radical degrada-
tion of organic pollutants. In addition, the direct and
indirect construction methods of the UM-N -C active
sites in the SACs and the important factors affecting
the construction of the UM-N -C active sites are sys-
tematically introduced in this work. This review
would be helpful for deepening the understanding of
the PS activation by the M-N -C active sites on the
SACs, and provide some enlightenment for the better
design of the UM-N -C active sites on the SACs.

Singlet oxygen ('0,) is a reactive oxygen species
that differs from free radicals. It has a high oxidation-
reduction potential and can oxidize organic substrate
into smaller intermediate products, which can be con-
verted into CO, and H,0. Meanwhile, 'O, is a highly
selective oxidant that interacts with unconventional
organic compounds by electrophilic addition and elec-

tron extraction'”. Typically, in SACs/PS, 'O, can be

Removal

Enhanced electron transfer
(Dominated pathway)

Fig. 1

Minor pathway

generated through various pathways (Fig. 1a), includ-
ing PS self-decomposition, recombination of O, , and
the interaction between the catalyst and PSY' . The
concentration of 'O, is affected by several factors in-
cluding the concentrations of HSO; and O, " (Egs.

(5-7)).

HSO; — SO; +H"+e~ ®)
SO; +S0; — S,02 +' 0, (6)
SO; +S0; — 2502 +' 0, (7)

During the degradation of organic contaminants
using SACs to activate PS, the organic contaminants
are usually enriched on the surface of SACs, and PMS
is activated by the interaction between a single atom
with the surrounding coordination atom, this contrib-
utes to the production of 'O, by activating PMS. It
was found that the Fe-N,-C active site in Fe-SAC!",
the Cu-N_-C active site in Cu-SAC"", and the Co-N, -
C active site in Co-SACY could effectively activate
PS to produce 'O,. However, the 'O, has a relatively
short life and is not as strong as radicals of SO, and
-OH for the reduction of wastewater COD or TOC"*,
Therefore, the content of 'O, can be increased by in-
creasing the PS, H,0,, and other oxidants in the sys-
tem. A summary of the reported non-radical path-
ways for PS activation with single-atom catalysts is
provided in Table 1.

N W
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Electron transfer
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Different pathways for PMS activation: (a) 'O, (Reprinted with permission, Copyright 2021, Wiley)""". (b) Electron transfer (Reprinted with permis-

sion, Copyright 2022, Elsevier)"’ and (c) high-valent metal (Reprinted with permission, Copyright 2018, American Chemical Society)""”
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The mediated electron transfer process is one of
the non-radical pathways in the activation of PS by
SACs (Fig. 1b). Quenching experiments usually con-
firm this to eliminate the effects of radicals and 'O,.
The contaminant degradation through the mediated
electron transfer process is that organic contaminants
adsorb on the M-N -C active sites in SACs to form a
“donor-receptor complex” with PS, which enables
electron transfer from co-adsorbed organics (electron
donors) to PS (electron receptors) and leads to a dir-
ect attack on organics”” "\ It has been found that
many factors influence the electron transfer process,
including the concentration of contaminants, the con-
tent of PMS/PDS in the system, and the coordination
configuration of different metal centers’”""'1,

Usually, the sp” hybrid carbon network affects
the electronic configuration of PS, weakens the O—O
bond and forms metastable complexes (the active state
of PS)"". The existence of organic contaminants
enhances PS decomposition. The electron donor-me-

diator (SACs)-receptor ternary system was formed

when the organic contaminants were in contact with
activated PS molecules. With the help of SACs, the
activated PS can degrade pollutants through non-rad-

ical generation by double-electron conduction.

High-valent metal-oxo species (HVMO) have

been identified as the reactive-active species’” in

PS/SAC systems, which attack organics mainly
through electron transfer and oxygen transfer'" "\,
Their oxidation ability primarily comes from 2 ways:
(1) the direct oxidation of high valence metal and (2)
the indirect oxidation ability transfer from PS. Peng et
al." and Li et al."” found that the formation of high
valence metal is affected by the content of pyridine N
rather than environmental pH. A higher pyridine N
content would lead to higher valence metal on the
SACs. Li et al.'" successfully doped Fe (III) into g-
C;N,, a mechanism for the activation of PMS by high-
valent iron-oxo species for organic contaminants de-
gradation was proposed (Egs. (8, 9)): PMS first binds
to the Fe(Ill) to generate Fe(V)=0, then reacts effect-

ively with the pollutant (Fig. 1c).

Table 1 Examples of a non-radical pathway in the activation of PS by a single-atom catalyst

SACs carriers Catalysts PMS/PDS Non-radical pathways gs;gz;‘;z;zt;) Degrada/t(ir(r)lriln(;omp lete Refs.

ZIF-8 (f)i??;is) (01.341\1%) ETP (233 r}:l[;/L) 20 (371

&GN (Fgls Q/(ﬁi (OI.D4N:SL) ETP O-I)(I;T)nrzllgeE(;nOI 40 (51

&GN, %SESQE)S (ZPEE/I) ETP (1(1)3()P:?M) 3 (521

Waste biosorbent f(;l _182/1(5)5 (Oi]v;L) ETP (233 Ifl[;/L) 30 [53]

Polymeric carbon nitride ?(;) -ZS;;I?)S (OFZNSL) 102 T(ezt(r)a;:nygc/lli‘r;e After 60 [54]

ZIF-8 ?&SQE; (01.321\/5L) '0, S“g%s‘:llf/f)"“e After 30 [55]

Biochar f&?ﬁ; ( o?sNSL) HVMO ngif}g?;’l 60 [48]

ZIF-8 (1(:)61 EZ/CLS) (o?SL) HVMO (2(;3 nI;g/L) 30 (491

Biochar ((:(;)182/5)5 (OF)ZN;L) ETP/'0, (1(? rf;L) 30 (571

Biochar S&SQE)S (o?SL) ETP (1/31:1%1/1) 11 [58]

Expanded graphite %"2325)5 (OZN;L) ETP/'0, (ZIéi]ng(/)L) 60 [59]

Note: M: mol L™
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Fe(I) + SHO; — Fe(V)=0+S0; +H" ®)
Fe(V) = O +organics — Fe(III) + products ©)
The binding energy of Co with PMS is higher
than that of N or C, so PMS is more likely to be ad-
sorbed onto the Co atom of the Co-N,-C active center
to form a more stable PMS-Co-N,-C structure"™”. Co
(II) at the Co-N,-C active site acts as an electron
donor during the PMS activation to form SO, and
high-valent Co (IV)=0. Subsequently, the high-valent
Co (IV)=0 with high activity can oxidize organics on
the catalyst surface to form intermediates and small
molecules. The specific reaction equations are as fol-
lows (Egs. (10, 12)):
HSO;+HSO; — 250 +2H*+'0, (10)
Co(Il) + HSO; — Co(IV) = O+ SO; +H* (11)
Co(IV) = O + organics — Co(III) + products (12)

The M-N,-C active site configuration on the
SACs is usually composed of one metal atom cova-
lently linked to four pyridine N or pyrrole N atoms, in
which the abundant d-orbital electrons of transition

metals can significantly modulate the local electronic

structure through the strong electron metal-carrier in-
teraction. As their stable active sites, M-N,-C active
sites have been widely used to activate PS to generate
non-radical pathways for efficient degradation of or-
ganic contaminants!*"*"",

Metal atoms are the main active centers in the
process of PS activation by SACs. At the same time,
the coordination environment also plays an essential
role in regulating SAC activity and the PS activation
pathway. The reports discovered that the coordination
environment can be further optimized by adjusting the
coordination number, configuration, and metal spin

71 The coordination structure of SACs can be

status
directly affected by changing the coordination ratios
of different N-groups (pyridine N, pyrrole N and
graphite N) with a single metal atom'*”,

For the non-radical activation process of PS on
M-N,-C, PS-M-N,-C as an adsorption site for contam-
inants, contaminants were adsorbed to the active site
of M-N,-C through the ‘“donor-receptor complex”
mechanism to form non-radical PS intermediates
(Fig. 2). Then, the pollutants were degraded through
non-radical pathway ('O,, ETP, and HVMO) effect-
ively!™”. Tt is found that M-N,-C active sites on SACs

can adsorb PS to form metal-containing metastable in-

Systems
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HO-0S05 (PMS) SMX oxidation
-

I P
. 22018
M-N-CNTs o lw oy 2202,
e {0,453 g 8
)"?,Eﬂ (2 N/ g |®
g PR 2% EREIS
18, S 1 .. Products g |zos
“;" i 2 10F=
X \q p [ ]
e ®,. e @ o 504
3 7 i, M 3d 4mmspO 2p & w
?}ig, M-N sites : |

@MaC oN @S @

'0,; ETP; HYMO

Effects

N
j5 _ :}%2;0 +S04|

L. PViS /oS0,
PR ez f073ev

Free energy/eV

Spin-dependent interaction
o

o
o
o

Mn-N  Ni-N  Co-N Fe-N 0

%uro=154’74m0\
R !

25

- £, 0=166.57 kJ/mol

Transfer 1.2617¢ 8 ® fm
.

(Ea==1.134 €V _--="""

Fig. 2 Mechanism of two effects on pollutant degradation derived from the spin-state change generated by activation of PS at the M-N,-C active sites on the

SACs (Reprinted with permission, Copyright 2021, American Chemical Society) (Reprinted with permission, Copyright 2023, Wiley)

(Reprinted with permission, Copyright 2023, Elsevier)***71
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termediates, and the PS can be spontanecously ad-
sorbed on the coordination active sites of M-N,-C,
triggering S—O bond breakage and O —O bond polar-
ization in PS and the selective generation of
'0,5"""1 The calculation results based on density
functional theory (DFT) also showed that the degrada-
tion of contaminants was mainly achieved on the act-
ive site of M-N,-C, which formed metal-O-O-SO,"
through the adsorption of PS and reacts with HSO;™ to
form 'O,

In addition, SACs are often used to activate PS to
form high-valent metal species through the “donor-re-
ceptor complex” mechanism for degradation of organ-
ic contaminants. Jiang et al.”! and Wang et al.””! pro-
posed that during non-radical oxidation, single atom
Fe (III) is converted to Fe (V) by PDS double-elec-
tron extraction after coordination with pyridine N
atom, Fe (V) may be an intermediate oxidant for the
removal of contaminants. Further studies found that in
Co-SAC, the active site of Co-SAC elongates its
O—H and O—O bonds and spontaneously dissoci-
ates to H', and SO,” by adsorption and activation of
PS, O atoms coordinate with the Co atoms to form a
high valence Co=0 structure'"”’.

On the other hand, SACs are also often used to
activate the PS generation electron transfer pathway
for the degradation of organic contaminants through
the “donor-receptor complex” mechanism. The applic-
ation of ETP in the degradation of enrofloxacin (ENR)
in the Mn-SAC/PMS system was proposed by design-
ing Mn-SAC for the degradation of ENR by activated
PMS. Firstly, the O—O bond of PMS polarizes the
original Mn (III)-N,-C active site position to form Mn
(IV)-N, species, and then PMS is further adsorbed by
Mn (IV)-N,-C active sites to form Mn (IV)-
0080, complex, the electron transfer from ENR to
Mn-SAC is promoted. Then, Mn (IV)-OO0SO; will be
further attacked by internal nucleophiles to form
0,7/'0, and surface Mn (III). Mn-SAC acts as an
electron shuttling. Through the redox cycle of Mn
(ITII)/Mn (IV) on the surface, the electrons are trans-
ferred from ENR to PMS, and the effective degrada-
tion of contaminants is realized' ).
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Research has shown that in the design of SACs,
the coordination state between metal atoms and nitro-
gen atoms has a significant impact on the spin state of
the metal atoms. The spin state of metal atoms means
the arrangement of electron spins within the metal
atom. Typically, in M-N -C activate sites under weak-
er crystal fields, electrons tend to spread across differ-
ent orbitals, maintaining the state of unpaired elec-
trons as far as possible. This leads to a higher total
spin quantum number, known as the high-spin state
(such as the high activity of Mn-N; was discerned to
be the formation of higher-spin-state N;Mn (IV)=0
species) .

The larger spin-state values of M—N enhance
catalytic activity for PMS activation, attributed to the
spatial electronic configurations of the transition met-
al d orbitals. Typically, the e, orbital of transition
metals engages in c-bonding with oxygen-containing
species by overlapping with the O 2p orbitals, which
influences the bonding strength and electron transfer
rates, thereby affecting the catalytic activity for PMS
activation. The high-spin state of M—N sites, with a
large magnetic moment, favors the coupling of oxy-
gen-containing adsorbates on metal sites and en-
hances the transfer of spin-oriented electrons. This, in
turn, promotes PMS adsorption, strengthens the oxida-
tion potential of the intermediates, and accelerates
electron transfer, resulting in improved catalytic activ-
ity for PMS activation and organic pollutant
oxidation!”™*, Miao et al.’”"! and Zhang et al."" pro-
posed that the spin state of Fe in Fe-N,-C active sites
determines the generation of reactive species and elec-
tron transfer pathways in the Fe-N,-C/PMS system.
The relative content of high-spin species (Fe (II) and
Fe (III)) promoted catalytic performance. Fe (II) in the
active site of Fe-N,-C activates PMS by a single-elec-
tron transfer, forming sulfate and hydroxyl radicals
and the Fe (III) in the active site of Fe-N,-C is more
inclined to produce high-valent iron oxides with lower
free energy.

In summary, the coordination environment plays
an important role in regulating SAC activity and activ-

ating the PS pathway. By changing the coordination
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ratio of the N atom with a single metal atom, the act-
ive sites of PS activation in SACs can be affected, ul-
timately achieving the degradation of organic pollut-
ants through the “donor-receptor complex” mechan-
ism. Additionally, the formation of high-spin state co-
ordination structures enables the effective transfer of
electrons from organics to the metal site through a
lower energy barrier, thereby achieving the degrada-

tion of organic compounds.

It is widely believed that the UM-N -C active
sites have a higher activity on PS activation than M-
N,-C active sites on the SACs with a similar non-rad-
ical pathway.

However, there are two different mechanisms of
UM-N -C active sites for improving the activity of
SACs on PS activation. Firstly, the unconventional
coordination of UM-N -C active sites greatly affects
the electron density of the metal atom, enhancing the
interaction between metal centers and PS in SACs and
facilitating the removal of organic contaminants by
PS'"I. Different UM-N -C active sites have differ-
ent activation properties of PS, and it is generally be-
lieved that the unconventional monatomic sites of
transition metals have higher activity. Among the
UM-N -C (M = Fe, Co, Cu, Mn, etc.) active sites, it is
reported that a lower coordination number of Co-N;-C
active site leads to higher adsorption-free energy and a
unique electron transfer mechanism, which makes the
electron density of Co-N;-C active site higher than
that of Co-N,-C active site and enhances the interac-
tion between Co and PS in SACs

the enhancement mechanism of lower coordination

991771 Interestingly,

numbers was also found in Zn-SACs. The unconven-
tional Zn-N;-C active sites promote electron delocal-
ization and decrease the average valence state of Zn in
the mixed coordination Zn-N -C active sites, which
benefits the interaction between Zn-SACs and PS. Xin
et al. proposed high-loading and low-valence Zn-
SACs to obtain a fast Fenton-like catalyst with the
formation of Zn-SAC/PS complex and efficiently re-
ducing contaminants through a strong direct electron

transfer pathway' . It has also been reported that the
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asymmetric structure of the UM-N_-C/PS system ex-
hibits obvious selectivity, anti-interference ability, and
durability for contaminant removal in the complex
matrix. This may be due to the fact that the energy
barrier of PS dissociation on UM-N_-C active sites is
much lower than that of M-N,-C active sites””"".
Secondly, the enhancement of the PS activation by
UM-N,-C active sites can also be realized by decreas-
ing the surface atomic oxygen barrier by affecting the
O—O bond energy in PS. It has been found that the
UM-N,-C (M = Fe or Mn) active site has a higher
activity to weaken the O—O bond energy in PS and
cause it to break, reducing the surface atomic oxygen
barrier and producing abundant 'O, oxidizing contam-
inants and their intermediates”""’. Song et al.’"
found that Fe-SAC with the Fe-N,-C active site had a
greater effect on the O—O bond energy in PMS com-
pared to the Fe-N,-C active site, which can efficiently
degrade acyclovir by generating 'O, and Fe (IV)=0
non-radical pathways. Furthermore, the UM-N -C act-
ive site could produce high-valent metal-oxo species

besides 'O, for pollutant degradation (Fig. 3).

Two-dimensional (2D) graphite carbonitride (g-
C,N,) consists of three layered hexagonal units and
forms a sheet m-m conjugate structure consisting of
sp°C and sp’N""". The abundant nitrogen atoms in g-
C,N, facilitate the anchoring of individual metal
atoms through the effective coordination between the
empty orbitals of metal atoms and the lone pair elec-
trons of nitrogen. Meanwhile, the folded space of g-
C;N, benefits the stabilization of metallic single
atoms. Therefore, g-C;N, may serve as a promising
2D carbon structure for constructing SACs"". It was
found that SACs using g-C;N, as carbon carriers had
high specific surface area and abundant pore structure
(Fig. 4a). It has a positive effect on the PS activation

to form high-valent metal-oxo species and '0,""". Al-

https://www.sciengine.com/NCM/home
New Carbon Materials


https://www.sciengine.com/NCM/home

BB EL (HE0)

https://www.sciengine.com/NCM/home

Review

Active sites Influence

. 0.80,
l . '0.74
0.4 0.68
0.62,

0.56

0.50

. 0.44

. 0.38]

. 0.32]
0.26;

. 0.20

0.80)
0.74
0.68
0.62|
0.56
0.50
0.44
0.38)
0.32]
0.26;

Enhancement
Co-N,/PMS Co-N,/PMS

LUMO -2.314 eV LUMO -2.365 eV
T L2g B

o N b

|
N

Gap 3.861eV Gap 3810eV

MO energy/eV
N

-6 HOMO —6.1'75 eV HOMO —6.1;5 eV
-8 :
-10 !
CBZ CBzZ
o 3t
» W e s

Side A &

Side B

Side A,

The length changes of O-O bond

Side B

Fig. 3 Enhancement of non-radical pathway by the UM-N -C active sites (Reprinted with permission, Copyright 2022, Wiley) (Reprinted with permission,
Copyright 2021, Elsevier) (Reprinted with permission, Copyright 2023, Elsevier) (Reprinted with permission, Copyright 2023, Elsevier)"""""]

(@) Fe

FeSO, 7H,0
P4
melamine .« ‘?* o

2-Ml

PYe » # ~ MeOH

AQ%

Ball milling

lashing
Drying

~ Annealing
“ 600 °C, 6 h

FelCC

Dark green solid

FeN,
ZnN,

CTAB
2-methylimidazole

Stirring
p2> >4
Aqueous solution

Pyrolysis
p2>>24
N, atmosphere

Synthesis of Fe-doped ZIF8 Fe-doped ZIF8 precursor

s
Dehydrale “ w ‘
PyronS|s “.“‘*

@CueN@CeOCH

SA Fe-g-CsN,

Carbon nanorods

Ar Pyrolysis
800°C2h

Assembly Pyrolysis
. E— m—

M/Zn-L complexes

Reed

from wetland e )
N2~

Fig. 4 SACs prepared with different carbon carriers: (a) G-C;N, (Reprinted with permission, Copyright 2022, Elsevier)!' ", (b) MOFs (Reprinted with permis-
sion, Copyright 2021, American Chemical Society)!"””, (c) COFs (Reprinted with permission, Copyright 2024, Elsevier)! "), (d) Biomass carbon (Reprinted
with permission, Copyright 2021, American Chemical Society)"""! and (e) carbon nanotubes (Reprinted with permission, Copyright 2022, Elsevier)*”!

though there are abundant N sources in carbon nitride,
adding N sources can enhance the coordination of car-
bon nitride and metal atoms to form SACs. Liu et
al.'""! used dicyandiamide as N source to strengthen
the coordination of Fe on g-C,N,. The content of Fe
can reach 2.03%, and the content of N element in
SACs can reach 38.2%. In addition, attempts to an-
chor other metals onto g-C,N, carriers to construct
SACs have been investigated'’' "1, There are a large
number of studies about SACs using g-C,N, carriers.
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Wu et al.'”! and Gao et al.””! proposed the perform-
ance order of different SACs using g-C;N, as a carri-
er Fe-SAC > Co-SAC > Mn-SAC > Ni-SAC > Cu-
SAC. Carbon nitride has become a frequently used
carbon material for preparing SACs for PS activation.
In addition, the physical appearance of g-C;N, also af-
fects its activity. Carbon nitride is easy to crimp dur-
ing calcination, and the crimp structure is not condu-
cive to sufficient contact and reaction between a

single atom site and PS. Therefore, some studies have
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been done to control carbon nitride morphology to

help form more M-N,-C active sites. Liu et al.""”!

pre-
pared anti-curling g-C,N, SACs with hemin as a met-
al source. As the iron in hemin is difficult to aggreg-

(0197 " the curling of g-C,N, was

ate during pyrolysis
inhibited by using hemin as a precursor. The anti-curl-
ing of g-C;N, was beneficial to forming the active site

of M-N,-C.

Metal-organic frameworks (MOFs) are unique

porous crystal materials composed of metal
ions/clusters and organic linkers. Because of its struc-
tural diversity, adjustable function, and high specific
surface area, different MOF-based SACs can be well
developed, forming unconventional coordinating met-
al sites from metal nodes and metal junctions' . In
recent years, MOFs with ultra-fine porosity, as-
sembled from functional organic linkers and metal
nodes, have attracted much attention as precursors for
preparing porous SACs. It has also become an import-
ant precursor material for the construction of
SACS[H)‘)—I 1 ]].

Because of its simplicity, the zeolite imidazole
skeleton (ZIF-8) is used as a MOF precursor for SACs
(Fig. 4b). ZIF-8 can be used as a carbon material pre-
cursor. After the pyrolysis at 900 °C, Zn was re-
moved to form a carbon carrier with abundant defects
and microporous structure, which is a good carrier for
preparing SACs'' "), The removal of Zn atoms by high
temperature is likely to produce more defect sites on
the carrier to increase the specific surface area of the
carrier. It has been found that ZIF-8 can be synthes-
ized by using methanol, 2-methylimidazole, and Zn
(NO,),"6H,0 as precursors of SACs. Then, the Zn
atoms are removed by high-temperature pyrolysis,
which destroys the original structure of the carrier and
forms more defects, making it easier to synthesize M-

N,-C or UM-N -C active sites.”"""""".

Covalent organic frameworks (COFs) are a kind
of crystalline organic polymers with porous, highly
ordered, and tunable structures''”. Recently, COFs
have been regarded as a promising 2D and 3D crystal-
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line polymer precursor for preparing SACs. COF-
based SACs are typically prepared by introducing a
single metal atom, utilizing the coordination in the or-
ganic linker and the pore size limiting effect of COF
framework, and finally forming SACs after pyrolysis
at high temperatures (Fig. 4c). Compared with MOFs,
COF exhibits great stability in organic solvents or
highly acidic and alkaline solutions, it also has the ad-
vantages of porous structure, custom function, and
high metal loading. SACs based on COFs have be-
come important catalysts for efficient catalytic reac-

tions!! 7120

. Peng et al. successfully introduced a
single Cu atom and electron donor group into COFs
based on ketamine and successfully synthesized Cu-
SAC with COFs as carriers. It was found that the in-
troduction of individual metal atoms increases the
electron density at the active center, and electron-
donating groups accelerate the transfer of photogener-
ated carriers and improve the PMS adsorption to the
material, thus significantly improving the catalytic
activity. After five consecutive recycles, Cu-SAC can
remove more than 92% of the contaminants with a
high content' "),

Because of the similar structure between MOFs
and COFs, COFs are often used to combine MOFs to

1" prepared a core-

prepare complex SACs. Liu et a
shell SAC using a precursor with a COF (TP-BPY-
COF) as the shell and a MOF (ZIF-67) as the core.
The thin COF shell not only prevented the collapse
and aggregation of ZIF-67 but also facilitated meso-
pore formation for mass transport and improved
graphitization for enhanced conductivity. The SAC
had M-N,-C atoms together with metal nanoparticles
embedded in carbon, which enables catalyzing the
oxygen reduction reaction with high activity and ex-
cellent stability. This SAC derived from the
MOF/COF composite may be used to activate PS to

degrade organic contaminants in wastewater.

SACs show great application potential for the ox-
idation process. It is important to find high-perform-
ance, low-cost materials as precursors of SACs.

Biochar, carbon fibers, and other carbon materials are
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also popular materials for preparing SACs besides g-
C,N,, MOF-derived carbons, and COF-derived car-
bons. SACs can be prepared by using waste biosorb-

48]

ents, iron-rich enteromorphal’l,  wastewater

sludge'”, and biomass to activate PS for pollutant de-
gradation'””,

The easy availability of carbonaceous com-
pounds could significantly reduce the preparation cost
such as common lignin, waste paper-derived active
carbon, and other biomass materials (Fig. 4d). Yang et
al."’! modified the Co/Zn-lignin complex through N
doping, and the construction of Co-SACs was real-
ized after a high-temperature calcination treatment un-
der the protection of the N, atmosphere. In addition,
Qian et al.'”"! anchored metal atoms to waste paper-
derived active carbon materials, and SAC containing
the active site of UM-N -C was prepared. There are
also many reports on the construction of SACs
through calcining carbonaceous compounds. Sodium
citrate™” and tetrahydrofuran'' " were the precursors
to easily obtain Co-SAC and Cu-SAC with an N-
source addition and calcination. Therefore, the carbon
carriers for preparing SACs are abundant and easy to
get. SACs can be prepared from carbonaceous materi-
als and carbonaceous organic compounds in a relat-
ively simple process, and it is easier to synthesize
complex and diverse active sites.

The construction methods of SACs from carbon
fibers are becoming more and more mature, but there
are not many cases of using carbon fiber-based SACs
for PS activation to degrade organic contaminants in
wastewater (Fig. 4e). The porous and hetero-atom
modifications are usually used for carbon fiber pre-
treatment to optimize the coordination environment
and electronic structure of isolated metal atoms and

2627 Duyan et

better construct M-N,-C active sites
al.™ found that a higher content of pyridine N cre-
ated more defects for metal coordination and the an-
choring of metals on the SAC also promotes N-dop-
ing, which ensures the atomic dispersion of metals on

the carbon surface.

The M-N,-C active site is the key active site of

Vol. 40 | Issue 5 | Oct. 2025 |

SACs, mainly constructed by anchoring metal atoms
on the carbon carrier containing N. The catalytic per-
formance of M-N,-C active sites generally depends on
the coordination environments of the central metal
atoms'". The metal in the M-N-C active site is
mainly composed of multivalent transition metals
such as Fe, Co, Cu and Mn. As the stable structure
and facile construction methods, the construction of
the M-N,-C active site for PS activation is the re-

[83,89,12

search hotspot *l. Besides usual transition metals,
it has been found that Zn and Ni can be used as the
new transition metal atoms to prepare the active sites
of M-N,-C on the SACs, which can activate PS to pro-
duce a non-radical pathway for the effective degrada-
tion of organic contaminants' ", The main factors af-
fecting the construction of M-N,-C active sites in-
clude carriers, immobilization methods, pyrolysis con-
ditions, and so on.

It is well known that preparing SACs with high
metal loading and minimal agglomeration is challen-
ging. The construction of M-N4-C requires more ac-
curate metal anchoring and homogeneous metal dis-
persion. To prevent the formation of excessive
clusters and nanoparticles during the preparation of
SACs, more and more innovative methods have been
employed in recent years. Among these, atomic layer
deposition (ALD) creates metal vacancies by anchor-
ing and dispersing metal atoms strongly, so facilitat-
ing the formation of SACs. The coprecipitation and
impregnation methods typically control the metal
loading, and acid washing on the catalyst before and
after the pyrolysis reaction, effectively prevents the

. . . 135
excessive formation of clusters and nanoparticles' .

Atomic layer deposition (ALD), a technique that
allows the controllable synthesis of materials at atom-
ic scale, began in the late 1990s and early 2000s' "),
The method is a cyclic process based on continuous
self-limiting molecular surface reactions between
gaseous chemical precursors and solid substrate sur-
faces, which has been used to design and prepare
SACs with atomic-level control' ", ALD can pre-

cisely control the deposition of individual atoms and
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nano-clusters, allowing precise control of atomic lay-
er thickness at 100 nm or single-layer levels. Recent
research discovered that controlling the number of
ALD cycles and the deposition temperatures can in-
crease the metal load on the SACs. In addition, the
size of SACs can be controlled by ALD, and SACs
prepared by ALD have high stability! . SACs ob-
tained through ALD have extremely high atomic util-
ization efficiency! """\ Based on this, Li et al. used
the ALD method to prepare highly loaded Pt atoms on
nitrogen-doped carbon nanoplates! ! (Fig. 5a).

In addition, Stambula et al. have prepared isol-
ated single Pt atom catalysts on N-doped graphene
nanosheets (NGNs) by ALD. They found that the size
of Pt catalysts on the NGNs was controlled by adjust-
ing the number of ALD cycles. Regardless of apply-
ing 50, 100 or 150 ALD cycles, Pt-SAC can be ob-
served' "'l In addition, Wang et al. also synthesized
Fe-SAC successfully by the ALD method and found
that the photocatalysis experiment demonstrated that
TiO, nanoparticles, deposited with two cycles of Fe
ALD, showed the highest activity and had a more than
6-fold photocatalytic activity enhancement over pure

TiO, for the degradation of contaminants' **.

In a typical coprecipitation process, there are 2 or

more cations in the solution as a homogeneous phase,
a homogeneous precipitation of various metal com-
ponents can be obtained after adding a precipitator
and a precipitation reaction. Coprecipitation is an im-
portant method for preparing composite oxide ul-
trafine powders containing two or more metals' """,
Owing to its ease of mass production and operation, it
has been widely used for metallic oxide preparation
while the coprecipitation process inevitably leads to
metal atoms being buried within the bulk of the mater-
ial, which limits the accessibility of these metal atoms
in the catalysis process' .

There are many cases of preparing SACs by the
coprecipitation method. Zeng et al. have successfully
incorporated ruthenium and copper single atoms into
polymeric carbon nitride (PCN) through a simple pre-
This
method led to the formation of atomically dispersed
Ru-N, and Cu-N, active sites!™ (Fig. 5b). Shi et
al.l'"!

supports with various Ce/Ti molar ratios synthesized

assembly-co-precipitation-pyrolysis  process.

used a series of CeO,-TiO, mixed oxides as

by a modified coprecipitation method. The corres-

ponding Pt-SAC was prepared by an electroless de-

position method. Meanwhile, Yi et al.l'*"! employed a

single-atom Pt and an ionic liquid to prepare the Pt-

SAC for coprecipitation with ReO, salt. The con-
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Fig. 5 (a) High-loading Pt single atom on N-doped carbon nanoplates (PT-1/NCNS) achieved by ALD method (Reprinted with permission, Copyright 2021,
Wiley)!' ", (b) Ru and Cu loaded onto carbon nitride by the coprecipitation method (Reprinted with permission, Copyright 2022, Elsevier)' .. (¢) Au-SAC pre-

pared by the impregnation method on porous C,N, nanosheet loaded with Au (Reprinted with permission, Copyright 2024, Elsevier)"*”
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struction method is simple, but the metal load is not

very high because the metal atoms are easily covered.

Some advanced impregnation methods have been
proposed to regulate the M-N,-C active sites more
precisely (Fig. 5¢). For the impregnation process, a
solid or a shaped support is immersed into a metal salt
solution and the active metal is attached to the carrier
in the form of ions or compounds after separation of
the carrier from the residual liquid"’”. Hu et al.l'"*’
used porous C,N, nanosheets as supports to prepare
Au single atoms catalyst (Au-SAC) with Au-N, act-
ive sites via a facile “impregnation + freeze-drying”
process. This advanced impregnation method resulted
in Au SAC that exhibited efficient and stable perform-
ance. Wang et al.!"”! proposed a two-step ion ex-
change method for SAC construction, and transition
metal (M = Fe, Co, Ni, Cu) was precisely anchored on
ZIF-8 derived carbon carriers to form the M-N, -C act-
ive sites. The SACs obtained by the impregnation
method have high metal content and uniform metal
dispersion, which is beneficial to forming M-N -C act-
ive sites to adsorb and activate more PS.

It has been revealed that the number of N co-
ordination greatly affects the activity of active sites
for PS activation”'"""), M-N,-C active sites with a
symmetric coordination structure have excellent activ-
ity in SACs. However, the adsorption energy of inter-
mediates on the M-N,-C active site is not always the
highest in a PS activation process. Experimental and
theoretical studies show that the D-band of metal can
move toward the center and exhibit more electronic
states by adjusting the microenvironment with a reas-

5 The difference in

onable coordination structure
charge distribution can be used to regulate the adsorp-
tion energy of the intermediate, thus achieving higher
activity! """’ The M-N,-C active sites usually have a
stable covalent structure, so the number of N atoms
can hardly be increased or decreased. Some effective
methods have also been proposed to enhance the
activity of SACs by regulating the coordination num-
ber of M-N,-C active sites and constructing UM-N_-C

active sites.

Vol. 40 | Issue 5 | Oct. 2025 |

The structure of the UM-N -C active sites can be
obtained by direct or indirect construction. Construc-
tion of UM-N,-C active sites requires a more elabor-
ate process design than M-N,-C active sites. This pa-
per summarizes the literature on UM-N,-C and M-N,-

C active sites, as listed in Table 2.

It was found that the structure defects of the pre-
cursors affected the construction of the UM-N -C act-
ive sites in the direct structure process. In addition, the
content of N in SACs also played an important role in
the N coordination number of UM-N -C active sites.
The number increases with the content of the N atoms,
especially pyridine N and graphite N, facilitating elec-
tron transfer and affecting the electron density around
metal atoms. Zhang et al.l” employed kaolin clay
with abundant defect sites as carrier. The layered ka-
olin clay provides abundant anchoring space for Fe-
SAC, which is destroyed by pyrolysis at high temper-
atures to produce the N vacancy defect sites. The elec-
tron structure of the Fe atom was optimized by in-
creasing the N vacancy concentration, and the Fe-N-
C active site was successfully constructed on Fe-SAC.

"7 and Qian et al.'* have successfully

Wang et al.
prepared Co-SAC containing Co-N;-C active sites us-
ing hydrogel and nano-biocarbon as precursors. This
is mainly owing to the abundant structural defects of
the precursor carbon materials. Co atom in the UM-
N,-C active site was bound to pyridine N, which
means that pyridine N facilitates the formation of Co-
N;-C active site coordination.

MOF materials were transformed into porous
graphene-based carbon materials with a large specific
surface area and abundant defect structure. They were
treated to prepare SACs containing the active site of
UM-N,-C. The active site of UM-N,-C was easily
formed on the precursor materials with abundant de-
fect sites by binding pyridine N to metal atoms and
pyrolysis at high temperatures. The interaction
between pyridine N and metal atoms results in a slight
decrease in the electron density of the N atom, en-
abling the N atom more favorably to bond with the M
atom and form the UM-N,-C active site. This method
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Table 2 Construction methods of M-N,-C and UM-N -C

Construction method ~ Sites Carriers Active species Synthesis method Loading/% Ref.

- N 0 Pyrolysis of Fe(acac), encapsulated ZIF-8 in N, e
Coprecipitation ~ Fe-N,-C ZIF ) at 900 °C, 3 h 6.32 [55]
Coprecipitation ~ Co-N,-C Cobalt-based nanomaterials '0, Pyrolysis of DPA-cnMoS, N, at 600 °C, 2 h 4.79 [164]

Pyrolysis of CuCl, and metallic precursor in N
Impregnation ~ Cu-N,-C Carbon matrixes '0, oy at 550 °C, 21 h and at 950p°C, lh > 033 [132]
M-N,-C Pyrolvsis of Feuimidazol o

Impregnation ~ Fe-N,-C Fe-imidazole coordination precursor ~ ETP/'O, yrop};ZICSu(r)s Oreirllr;;jlztz (éoeocg((:)’rcélr}llatlon 4.82 [165]

s N Pyrolysis of Mn, -NCNT in N, at 800 °C, 2 h -
Coprecipitation ~ Mn-N,-C NCNTs ETP and' at 600 °C, 2 h 0.47 [85]

SN L High-valent Pyrolysis of carbon nitride polymer,
ALD Ni-N,-C Carbon nitride Niand ETP at 450 °C, 4 h 3.2 [166]
. N 0 Pyrolysis of Fe-doped ZIF-8 in Ar
Directly Fe-N;-C ZIF b at 900 °C, 2 h 0.75 [162]
Directly Fe-N,-C Nitrogenated carbon 0, Pyrolysis of FeCl, an(i dicyandiamide in Ar at 1.68 [96]
800°C,3 h

Directly Co-N,-C ZIF '0, Pyrolysis of Zn/Co-ZIFs in Ar at 800 °C, 3 h 2.26 [90]
Directly Cu-N,-C ZIF-8 ETP Pyrolysis of Zn/Cu-ZIF-8 in N, at 1000 °C,2h  1.57 [167]

. N . Pyrolysis of precursors, DCD, and NaOH in N, .
UM-N,-C Directly Co-N;-C Biomass carbon ETP at 1000 °C. 1 h 1.15 [23]

. N . 0 Pyrolysis of Z8-Mn@g-C;N, in Ar at 550 °C, o
Indirectly Mn-N,-C ZIF-8 ) Ahandat 1100 °C,2 h 0.95 [94]

. N Waste Pyrolysis of mixture in N, at 550 °C, 1 h and at .
Indirectly Cu-N;-C adsorbent-based biochar ETP 900°C, 1h 341 (53]

. N . 10 Pyrolysis of WP-COOH in N, at 550 °C, 2 h ",
Indirectly Co-N;-C Active carbon ) and at 700 °C, 1 h [124]
Directly Co-N,-C Biomass carbon ETP Pyrolysis of mixture in N, at 600 °C, 1 h 0.11 [58]

has become widely used for UM-N -C active site con-
struction, by which Cu-SAC containing the Cu-N;-C
active sites and the Mn-SAC containing Mn-N;-C act-
ive sites were prepared’ """,

To construct more UM-N,-C active sites, several
pre-treatments were proposed to create more defects
on the carrier, favoring metal atom dispersion and ex-

posure. Li et al.l'"!

used the template-etching method
to remove nano-MgO from the precursor. The acid
leaching process resulted in the great development of
pore structures, which increased the specific surface
area and achieved a high degree of dispersion and ex-
posure of Cu atoms in the Cu-N,-C active sites. In a
nutshell, the defect structures and the content of the
coordination functional group in the direct structure of
the carrier have a great influence. The pretreatment of
the structure defect site of the carrier is advantageous
to directly construct the UM-N -C active sites of
SACs.

The construction of SACs with UM-N,-C active
sites by indirect construction methods is also widely
studied. UM-N -C active sites can be formed through

Vol. 40 | Issue 5 | Oct. 2025 |

the modification of the coordination of metal atoms
with N atoms. The SACs with UM-N -C active sites
were obtained by secondary calcination or other treat-
ment. It is found that the secondary high-temperature
pyrolysis of the SACs affects the local electron dens-
ity and valence state of the metal atoms. It also helps
accelerate the dissociation of the carbon matrix to re-
lease nitrogen atoms, which are conducive to forming
more pores. A small shift of the pyridine N peak of
SACs in XPS spectra means that the secondary pyro-
lysis could promote the formation of the UM-N, -C
active sites between pyridine N and metal atom. Zhu
et al.l'"!! found that the Fe-N,-C active site was trans-
ferred to the Fe-N,-C active site after high-temperat-
ure pyrolysis in a g-C;N,-based SAC. High-temperat-
ure pyrolysis provides energy for Fe atoms to migrate
to the C-N vacancy to form a more stable Fe-N,-C
active site structure. The UM-N -C active site trans-
formation also can be achieved through an N atom re-
moval process.

Zhou et al''”’). prepared Fe-N,-C active sites by
secondary high-temperature pyrolysis of a zeolitic im-
idazolate framework (ZIF)-derived Fe-SAC. It is at-
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tributed that pyridine N is more likely to bond to Fe
atoms in the form of coordination bonds. Secondary
pyrolysis greatly influences the electron density and
pyridine N content of UM-N,-C active sites. A modi-
fication of the ratio of M and N facilitates the forma-
tion of UM-N,-C active sites”"'""'""],

The temperature has a significant effect on the
coordination number of N in the construction process
of UM-N,-C active sites, and the M-N,-C active sites
can be destroyed by secondary calcination at high
temperatures to form the UM-N,-C active sites. Han et

al.[l(w&]

prepared a series of Ni-SACs by loading single-
atom metals on N-doped carbon substrates by the
solution-carbonization method, showing that the struc-
ture of carbon materials can be affected by changing
calcination temperature. Furthermore, the M-N -C act-
ive sites attached to the carbon material are affected
by the pyrolysis temperature. The change of Ni-N -C
active site coordination number in the construction of
Ni-SACs from MOF-derived carbons was investig-
ated by changing the temperature from 800 to
1000 °C. With increasing the temperature, the co-
ordination number of Ni-N,-C active site centers de-
creased from 3.14 to 2.63, and the relative ratio of
pyrrole N/pyridine N increased from 0.37 to 1.01.
This may be due to the transformation of pyridine N
to pyrrole N, which is the key factor for forming the
M-N _-C active site!'"”). In addition, the machine learn-
ing algorithm can also recognize that the heating tem-
perature during SAC synthesis has a significant effect
on the M-N -C active site coordination number. The
Fe-N_-C active sites of SACs are closely related to the
support construction and single-atom anchoring dur-
ing the coordination process, which ultimately de-
termines the catalytic performance of SACs. Through
machine learning-guided optimization, the SAC dom-
inated by the Fe-N,-C active site was developed and
showed excellent activity in the SACs/Fenton-like
system'' "\, In short, SACs containing the active site of
UM-N -C active sites may be more easily obtained by

Vol. 40 | Issue 5 | Oct. 2025 |

pyrolysis of carbon materials with high N contents at

high temperatures.

(1) Effect of defect degree

The distribution of metal particle size and the
single metal site can be precisely adjusted by adjust-
ing the molar ratio of Zn/M in the ZIF carbon carrier
and the annealing temperature during post-treatment,
which are beneficial to the formation of the active site
of UM-N,-C active sites on the SACs'""'"”|. This ef-
fect may be because the evaporation of Zn atoms at
high temperatures (> 900 °C) results in more metal
vacancies and defects in the original carbon carrier.
The increased surface area of the support facilitates
the exposure of metal atoms, which are more readily
contacted with nitrogen-containing functional groups
to form the UM-N,-C active site!' "),

(2) Effect of N regulation

It was found that the more N-containing func-
tional groups (mainly pyrrole N and pyridine N), the
more favorable the formation of SACs containing
UM-N _-C active sites after pyrolysis at high temperat-
ures. It is likely that the high temperature has des-
troyed the coordination structure between the N-con-
taining functional group and the carbon carrier and
changed the coordination number of N to form a new
M-N,-C active site. The synergy of UM-N -C and N-
containing functional groups could also greatly re-
duce the migration distance of the oxidized species
through the PMS activation. PMS tends to bind to the
UM-N_-C site, leading to rapid electron accumulation
and depletion, thereby efficiently activating PMS to
produce 'O,. Meanwhile, contaminants adsorb onto
the pyrrolic N site by a “donor-receptor complex”
mechanism. The dual reaction sites within the SACs
greatly reduce the migration distance of the active
102[(5,1"4717;]'

Modifying the carrier also led to form more UM-
N,-C active sites on the SACs. Miao et al.!'""! regu-
lated the N coordination number in the Mn-N -C act-
ive sites by adding NH,CI to the carrier. It was found
that a SAC containing the Mn-N,-C active site could
be formed after adding NH,Cl to the g-C,N, support,
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which could activate PMS more effectively than a
SAC containing the Mn-N,-C active site.

Therefore, the regulation of the pyrrole N and
pyridine N content would greatly improve the forma-
tion of UM-N,-C active sites. Adding N sources to the
carbon-containing carriers and pyrolysis at high tem-
peratures can lead to more N-containing functional
groups, resulting in the formation of more M-N -C

. . . . 18.163
active sites on the carbon-derived materials!*'*".

PS can be effectively activated by M-N -C act-
ive sites on SACs to produce non-radical species for
deep mineralization or selective removal of organic
contaminants in complex waters. However, the role
and the construction method of different M-N -C act-
ive sites, especially UM-N -C active sites, for the non-
radical activation of PS has not been systematically
reviewed. In this review, the mechanism of PS activa-
tion by the M-N -C active site, the construction meth-
ods, and the effect of the carrier of the M-N -C active
sites were analyzed systematically. Moreover, the
factors affecting the UM-N -C active sites were also
summarized. The main conclusions are described be-
low.

(1) The mechanism of SACs activating PS
mainly involves 'O,, ETP and HVMO. The M-N,-C
active sites are important in the “Donor-receptor com-
plex” mechanism. The M-N,-C active sites could sig-
nificantly trigger S—O bond breakage and O—O
bond polarization of PS and form a non-radical PS in-
termediate through the adsorption of PS and contam-
inants on it. UM-N -C active sites would greatly af-
fect the electron density of the metal atom and de-
crease the surface atomic oxygen barrier, which could
significantly improve the activity of SACs on PS ac-
tivation.

(2) MOFs, g-C;N,, COFs, and biomass carbons
are good carriers for M-N_-C active site construction.
Owing to their defect-rich structures, g-C;N, and bio-

mass carbons could be used to attain a high concentra-
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tion of M-N_-C active sites. Because of their highly
adjustable structure, MOFs and COFs can be used as
carriers to prepare SACs with complex structures.

(3) The construction of SACs with M-N,-C act-
ive sites is mainly achieved using ALD, co-precipita-
tion and impregnation. The ALD method can pre-
cisely control the concentration of active sites in
SACs, while co-precipitation and impregnation meth-
ods allow for the convenient construction of large
quantities of SACs, but it isn't easy to control the
structure of the sites accurately. The construction of
UM-N,-C active sites is primarily achieved through
direct and indirect methods. The indirect method,
namely calcination of M-N,-C active sites, is more
controllable to form the UM-N -C active sites.

(4) The defect degree and N-containing function-
al groups (pyrrole N, pyridine N, and graphite N) sig-
nificantly impact the construction of UM-N -C active
sites. Among them, high temperatures can increase the
defect degree of the support, and more pyrrole N and
pyridine N are beneficial for the formation of UM-N -

C active sites.

M-N_-C active sites have been extensively util-
ized for the non-radical activation of PS in SACs to
remove organic contaminants from wastewater.
However, the following points should be considered
in future research:

(1) Much research reported are focused on the
activation mechanism of M-N -C active sites to PMS
through non-radical pathways. PDS is a cheaper and
more effective oxidant, but the research about M-N,-C
active site construction for PDS activation is still in-
sufficient. The activation mechanism of M-N -C act-
ive sites to PDS is not clear. Therefore, it is necessary
to recognize the importance of the interactions
between PDS and the M-N -C active sites.

(2) At present, most of the carbon carriers pro-
posed are made of organic compounds, which is ex-
pensive and the preparing processes are usually en-
ergy-intensive. Carbon materials derived from solid
waste, such as biomass carbon and gasification slag,

are cheap and readily available. These materials are
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expected to become promising supports for SACs in
the non-radical activation of PS, especially when com-
bined with new methods for defect creation.

(3) Secondary calcination is an effective method
for indirectly constructing UM-N -C active sites.
However, the transformation process from M-N,-C to
UM-N_-C active sites are still unclear, leading to a
complex construction method. More studies are
needed to be done about the transformation mechan-
isms to simplify the construction of UM-N -C active
sites.

(4) Degradation of organic contaminants through
non-radical pathways has a better anti-interference
performance, which is suitable for high-salinity
wastewater. Systematical works should be carried out
with PS activation on M-N -C active sites in real high-
salinity wastewater, such as concentrated wastewater
from membrane treatment.

(5) In order to better control the active sites dur-
ing the preparation process of SACs, it is necessary to
develop in-situ or semi-in-situ characterization tech-

niques, such as in-situ IR and in-situ Raman.
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