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ARTICLE INFO ABSTRACT

Editor: Dr. B. Lee

We prepared a single-atom Fe catalyst supported on an oxygen-doped, nitrogen-rich carbon support (SAFe-OCN)
for degrading a broad spectrum of contaminants of emerging concern (CECs) by activating peroxides such as
peroxymonosulfate (PMS). In the SAFe-OCN/PMS system, most selected CECs were amenable to degradation and
high-valent Fe species were present for oxidation. Moreover, SAFe-OCN showed excellent performance for
contaminant degradation in complex water matrices and high stability in oxidation. Specifically, SAFe-OCN, with
a catalytic center of Fe coordinated with both nitrogen and oxygen (FeNyO4_y), showed 5.13-times increased
phenol degradation kinetics upon activating PMS compared to the catalyst where Fe was only coordinated with
nitrogen (FeN4). Molecular simulations suggested that FeNyO4_x, compared to FeNy, was an excellent multiple-
electron donor and it could potential-readily form high-valent Fe species upon oxidation. In summary, the single-
atom Fe catalyst enables efficient, robust, and sustainable water and wastewater treatment, and molecular
simulations highlight that the electronic nature of Fe could play a key role in determining the activity of the
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single-atom catalyst.

1. Introduction

Contaminants of emerging concern (CECs) found in an aquatic
environment can potentially pose risks to humans and ecological sys-
tems (Mawhinney et al., 2011; Fu et al., 2019; Patel et al., 2019). Due to
their environmental persistence and trace level concentrations, con-
ventional water and wastewater treatment cannot remove CECs effi-
ciently (Wang and Wang, 2016; Patel et al., 2019). Activated carbon
adsorption and nanofiltration/reverse osmosis are employed to retain
CECs (Ternes et al., 2002; Shannon et al., 2008; Patel et al., 2019); but
further treatment or disposal of exhausted adsorbents or concentrated
brine is needed (Bartolomeu et al., 2018). Advanced oxidation processes
(AOPs) have emerged as a promising technology for degrading CECs by
taking advantage of reactive oxygen species (ROS), such as hydroxyl
radical (*OH), sulfate radical (SO%), and singlet oxygen (*0y) (O’Shea
and Dionysiou, 2012; Lee et al., 2020).

*OH is the most powerful oxidant for water treatment (E = 1.9-2.7 V)

* Corresponding authors.

and it non-selectively attacks most organics at a near diffusion-
controlled rate (10'® M~! s71) (Buxton et al., 1988; Lee and von
Gunten, 2010; Lian et al., 2017; Nosaka and Nosaka, 2017; Lee et al.,
2020). SO7 (E = 2.5 - 3.1 V) is also capable of decomposing many CECs
(Lianetal., 2017; Lee et al., 2020; Wang et al., 2019). Unfortunately, the
presence of natural organic matter (NOM) and inorganic anions (e.g.,
CO%’, HCO3, and CI') in water can significantly lower the reactivity of
*OH/SOj towards CECs (Oh et al., 2016; Lee et al., 2020; Wojnarovits
etal., 2020). Moreover, these radicals can form toxic byproducts, such as
trihalomethanes, bromate, and chlorate, which compromise the safety
of treated water (Oh et al., 2016; Lee et al., 2020). In addition, due to the
poor radical production efficiency and low selectivity of the radicals, a
large amount of oxidants (e.g., hydrogen peroxide (H2O2) and perox-
ydisulfate (PDS)) is needed to maintain a reasonable steady-state con-
centration of the radicals for water purification, which is costly and not
sustainable (Brame et al., 2015). Last but not least, catalytic materials
used in radical-based AOPs could be sacrificed by radical attack,
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resulting in decreased long-term reactivity (Marin et al., 2012). Because
of the limitations of radical-based AOPs, the use of nonradical-driven
reactions for CEC degradation are attracting attention.

Nonradical-based oxidation processes have been developed for
decomposing CECs in photocatalysis, electrocatalysis, and peroxide-
driven reactions, but a low reduction potential of 102 (E0 = 0.65V)
limits its application (Nosaka and Nosaka, 2017; Lee et al., 2020).
Electron transfer from organic contaminants to peroxides mediated by
conductive catalysts is another possible mechanism for
nonradical-driven reactions (Yun et al., 2018; Lee et al., 2020). How-
ever, '0y-based oxidation processes and catalyst-mediated electro-
n-transfer are at their nascent stage and thus have not been used for
large-scale water purification. High-valent metal species including fer-
rate (Fe'") and permanganate ™nYY are long-established oxidants for
water and wastewater treatment, although they produce
metal-containing sludges that require further disposal (Hu et al., 2010;
Sharma et al., 2015; Li et al., 2018b; Chen et al., 2019).

Bioinspired catalysts leveraging high-valent transition metals for
nonradical-driven oxidation of contaminants have been proposed,
developed, and implemented (Collins and Ryabov, 2017; Lee et al.,
2020). In nature, during the catalytic cycle of peroxidases and cyto-
chrome P450 enzymes, high-valent Fe species (Fe!V/V=0) are produced
at the active site of FeNy via the heterolytic cleavage of the O-O bond in
Fe'"".0-0-R intermediates (Chen et al., 2018; Fasan, 2012; Rana et al.,
2015). Fe-tetraamidomacrocyclic-ligand activators (Fe-TAMLs) were
one of the first bioinspired catalysts that have been used for CECs
removal by activating peroxides (e.g., H2O2 and PMS) and forming
Fe'Y"V=0 (Collins and Ryabov, 2017; Gupta et al., 2002; Kundu et al.,
2013; Li et al., 2018a). However, Fe-TAMLs are water soluble, and
immobilization or separation of the catalyst is essential for practical
water applications, highlighting the need for heterogenous bioinspired
catalysts. Currently, single-atom catalysts (SACs) are emerging as
excellent candidates for mimicking peroxidases and cytochrome P450
enzymes (Jiao et al., 2020; Kaiser et al., 2020). As the new frontier in
heterogenous catalysis, SACs show promise for use in organic synthesis,
renewable energy production, and environmental remediation. The
favorable properties of SACs include 100% of metal dispersion,
well-engineered coordination environment of the catalytic center, spe-
cific interactions between reactants and the catalysts, and high stability
and reusability of the catalysts (Cui et al., 2018; Liu, 2017; Yan et al.,
2018). Nitrogen-rich materials that can provide abundant
nitrogen-coordination sites for maximum deposition of single metal
atoms have been selected for preparing SACs (Wu et al., 2020; Yang
et al., 2020; Zhang et al., 2019). To date, transition metals like Fe, Cu,
and Co have been successfully deposited on different nitrogen-rich
supports by forming metal-Ny structures in SACs; in contrast to
high-valent metal species, however, radicals were always produced by
activating peroxides (Li et al., 2018¢; Wu et al., 2020; Yin et al., 2019).
Introduction of dopants can tailor the local coordination environment
with dispersed metal atoms to enhance SAC performance (Chu et al.,
2013; Ong et al., 2016; Wang et al., 2018a). It is also known that the
heterolysis of hydroperoxide O—O single bonds and the formation of
high-valent Fe species were preferred in electron-deficient rather than
electron-rich Fe porphyrin complexes in activating peroxides, and the
high-valent Fe species associated with electron-deficient porphyrin li-
gands had more enhanced reactivity for hydroxylation than those with
electron-rich porphyrin ligands (Goh and Nam, 1999; Nam et al., 2000).
Therefore, the electronic nature of transition metals is the key for
designing SACs to advance the production of high-valent transition
metal species.

In this work, we prepared an Fe-based SAC on an oxygen-doped,
nitrogen-rich carbon support (SAFe-OCN) that advanced the perfor-
mance of CEC degradation for water purification. Several CECs were
selected to evaluate the catalytic performance of SAFe-OCN by acti-
vating PMS, and the contribution of high-valent Fe species (instead of
radicals or 102) for contaminant degradation was demonstrated. The
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effects of complex water matrices on catalytic performance and catalyst
robustness were also evaluated. Many previous studies have identified
the positive impact of Fe on peroxide activation via enhanced adsorption
(Chen et al., 2021; Peng et al., 2021; Qian et al., 2021). Instead, we
focused on the electronic nature of Fe complexes in the single-atom
catalyst, which was largely overlooked before. We found that
oxygen-doping in the Fe-nitrogen complexes tailored their frontier
orbital energy levels, enabled multiple-electron transfer from the Fe
center, and potentially promoted the formation of high-valent Fe spe-
cies, which could in turn increase the reactivity for contaminant
degradation.

To the best of our knowledge, this is the first work that (i) develops
the single-atom Fe catalyst to promote multiple-electron-transfer of Fe
and possibly high-valent Fe species formation through oxygen-doping
and (ii) acknowledges the heterogeneity of the local coordination
environment of Fe atoms in experimental characterizations, which could
provide a framework for advancing rational catalyst design. Our work
also underscores the excellent performance and broad-spectrum appli-
cations of SACs for environmental remediation, especially in water and
wastewater treatment.

2. Experimental section
2.1. Chemicals

All chemicals are listed in Supplementary Materials (Text S1). They
were at least reagent grade and used as received without any treatment.

2.2. Catalyst synthesis

A single-atom Fe catalyst on an oxygen-doped, nitrogen-rich carbon
support (SAFe-OCN) was synthesized by heating a mixture of dicyan-
diamide (DCD), pyromellitic dianhydride (PMDA), and ferric chloride
hexahydrate (FeCls-6H20) at 325 °C for 4 h. During thermal poly-
condensation, DCD was converted to a nitrogen-rich carbon support
(possibly melem) while electron-deficient PMDA introduced oxygen
dopants. An Fe catalyst on carbon nitride support (Fe-CN) and an
oxygen-doped, nitrogen-rich carbon support without Fe (OCN) were also
fabricated based on previous studies as reference materials (Kofuji et al.,
2016, 2017; Li et al., 2018b), which have been systematically charac-
terized before. Details of catalyst development are included in Text S2.

2.3. Catalyst characterizations

X-Ray diffraction (XRD) patterns were collected using an X-ray
diffractometer (Panalytical PW-3040 Pro Series) in the range of 260
=5-90° with Cu Ko radiation (45 kV/40 mA). Attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectra were
collected using an iS10 Nicolet Thermo ATR-FTIR in the spectral range
of 525-4000 cm L. X-ray photoelectron spectroscopy (XPS) analysis was
conducted on a PHI 5600 system with a Mg Ka source (1253.6 eV) under
ultrahigh vacuum conditions (pressure < 1078 Torr). The Brunauer-
Emmett-Teller (BET) specific surface area and pore size distribution
were measured by nitrogen gas (Ng2) adsorption-desorption using a
Micromeritics ASAP Plus 2020 physisorption analyzer collected for Py
P! =0.01-0.99. Prior to analysis, samples were degassed at 120 °C for
4 h under dynamic vacuum (1072 Torr). The Fe loading in Fe-CN and
SAFe-OCN were determined by inductively coupled plasma optical
emission spectrometry (ICP-OES). Transmission electron microscopy
(TEM) and high-angle annular dark-field scanning transmission electron
microscopy with energy dispersive X-ray spectroscopy (HAADF-STEM-
EDS) were conducted on a FEI Talos™ F200X scanning transmission
electron microscope operated at 200 kV. Aberration-corrected HAADF-
STEM (AC-HAADF-STEM) images were taken by a JEOL JEM ARM200F
transmission electron microscope operated at 200 kV, equipped with a
spherical aberration corrector. The X-ray absorption near-edge structure
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(XANES) and extended X-ray absorption fine structure (EXAFS) mea-
surements at Fe K-edge were carried in a transmission mode at beamline
20-BM-B. %’Fe Mossbauer spectra were recorded using a spectrometer
operated in a constant acceleration mode, equipped with a liquid-
helium-cooled, 8DT Janis cryostat fitted with an American Magnetics
superconducting coil. More details of catalyst characterizations are
included in Text S3.

2.4. Catalytic oxidation for contaminant degradation

All experiments were conducted in sealed and aluminum-foil-packed
serum bottles under magnetic stirring at room temperature (500 rpm,
20 °C). A contaminant was introduced to the phosphate buffer (pH 7,
10 mM), then a peroxide (e.g., PMS, peracetic acid (PAA), PDS, or H,O3)
and a catalyst were added to initiate the catalytic reaction. Samples were
withdrawn at different time intervals, filtered through 0.2 ym poly-
vinylidene difluoride (PVDF) syringe filters and immediately quenched
by sodium nitrite (NaNOy, 0.5 M) before further analysis. Contaminant
concentrations was analyzed by high performance liquid chromatog-
raphy (HPLC, Shimadzu LC-20AT Prominence, Kinetex® C18 reverse
phase column (50 x 4.6 mm, 2.6 um particle size), column temperature
at 40 °C), and analytical parameters are available in Table S1. The PMS
concentration was determined by a colorimetric method with 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) by
a UV-vis spectrophotometer (GENESYS™ 150). Details of PMS quanti-
fication are shown in Text S4. ROS scavengers (i.e., tert-butyl alcohol
(TBA) for °*OH, ethanol (EtOH) for both *OH and SOj%, and furfuryl
alcohol (FFA) for 102) were introduced into catalytic reactions to
selectively quench specific ROS and to understand the role of ROS in
contaminant degradation. Radicals (e.g., *OH, SO%, and O%) and 10,
were also detected by electron paramagnetic resonance (EPR) on a
Bruker (Billerica, MA) EMX X-band spectrometer at room temperature
with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and 2,2,6,6-tetra-
methyl-4-piperidinol (TEMP) as the trapping agents, respectively.
Methyl phenyl sulfoxide (PMSO) was used for quantifying high-valent
Fe species. The concentrations of FFA and PMSO were also quantified
by HPLC. To understand the impact of complex water matrices on cat-
alytic performance, inorganic anions (e.g., CI" and HCO3) and humic
acid that commonly quench ROS were added to the phosphate buffer to
evaluate contaminant degradation kinetics. Treated wastewater samples
collected from a local wastewater reclamation facility were also used for
contaminant degradation. The pseudo-first-order reaction rate constant
for the degradation of contaminants, FFA, and PMSO was obtained from
the slope of a linear regression of natural logarithm of chemical con-
centrations versus time. At least duplicates were conducted for batch
experiments, and the mean and standard deviation were reported.

2.5. Molecular simulations

For each Fell complex, its structure was first optimized at its singlet
(S = 0), triplet (S = 1), and quintet (S = 2) spin states at the complete
active space self-consistent field (CASSCF) level with 8 active electrons
and 8 active orbitals denoted as CAS(8,8) (Siegbahn, 1981). Similarly,
for the Fel complex, its optimized structures at doublet (S = 1/2),
quartet (S = 3/2), and sextet (S = 5/2) were determined at the CAS(7,8)
level. Unless otherwise specified, all simulations were carried out by
ORCA quantum chemistry software with def2-TZVP basis set (Weigend
and Ahlrichs, 2005; Neese, 2018). Next, the redox centers of those
optimized structures were ascertained by examining their electrophilic
and nucleophilic Fukui functions, which are defined as f(r)
=p(N,r)—p(N-1,r) and f*(r) = p(N+1,r) — p(N, r), respectively,
where p(N,r) is the electron density of a molecule, and p(N —1,r) and
p(N+1,r) are its counterparts when an electron is removed and added,
respectively. Finally, we extracted the frontier orbital energies in all Fe
complexes at their most stable spin state to compare their relative redox
capacity.
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3. Results and discussions
3.1. Catalyst characterizations

SAFe-OCN had a low surface area of 1.05 + 0.10 m? g~! and con-
tained pores with diameter of 19.6 + 0.8 nm (Table S2 and Fig. S1). The
similar surface area and average pore size were shared by SAFe-OCN and
OCN, suggesting negligible change in the pore structure after intro-
ducing Fe for catalyst synthesis and well-dispersion of Fe species in
SAFe-OCN. In the XRD spectra of OCN (Fig. S2), two peaks at 20 = 13.5
and 27.8° could be assigned to the (100) in-plane reflection and the
(002) interlayer stacking of graphitic materials, respectively (Fina et al.,
2015; Zheng et al., 2016; Li et al., 2018b). XRD spectra of OCN also
showed another two peaks at 26 = 19.4 and 29.8° which might arise
from the thermal polycondensation of PMDA-PMDA and DCD-PMDA
units, respectively (Kofuji et al., 2016). Notably, there was no signifi-
cant difference between OCN and SAFe-OCN in their XRD patterns, and
therefore no new diffractions on SAFe-OCN suggested that Fe was
well-dispersed and did not form aggregates such as nanoparticles or
microparticles (Yin et al., 2019).

TEM characterization revealed a thin-layered structure of SAFe-OCN
without nanoparticles or aggregates (Fig. S3). HAADF-STEM-EDS
elemental mapping showed that C, N, O, and Fe elements were uni-
formly distributed throughout the catalyst (Fig. 1A); specifically, Fe was
present as single-atom highlighted in the AC-HAADF-STEM image
(Fig. 1B). X-ray absorption spectroscopy (XAS) analysis including
XANES and EXAFS were performed to investigate the coordination
environment and the chemical state of Fe in SAFe-OCN at the atomic
level. The absorption edge of SAFe-OCN in XANES indicated Fe'l and/or
Fe'' could be present in SAFe-OCN (Fig. 1C). The EXAFS spectra of
Fe''Pc, FeO, and Fe displayed the peak around 1.50, 1.63, and 2.18 A
individually, which represented the Fe-N, Fe—-O, and Fe-Fe bond,
respectively (Fig. 1D). Only a large peak centered at 1.59 A was
observed for SAFe-OCN, which could be attributed to the Fe—N or/and
Fe—O bond. Most importantly, no Fe—Fe bond was observed in SAFe-
OCN, indicating that the isolated and monodispersed Fe atoms were
present over the entire catalyst. The quantitative EXAFS fitting was
implemented to further investigate the local coordination environment
of the Fe atom in SAFe-OCN. As shown in Fig. S4 and Table S3, the fitting
curves suggested that a FeN,O structure (the same structure of Oy-Fe'-
N, complex in Fig. 5) might represent the active center of SAFe-OCN on
average. EXAFS is an ensemble-averaged characterization for a heter-
ogenous sample (Lin et al., 2017), therefore the coordination number
with O and N might vary for each Fe atom in SAFe-OCN. The result
suggested the heterogeneity of the coordination environment of Fe in
SACs.

XPS analysis was also used to evaluate the binding energy and sur-
face concentration of elements (< 10 nm of probing depth) in SAFe-OCN
(Fig. 1E). In the C(1s) region, the peak at 284.5 eV was attributed to
adventitious carbon or/and graphitic carbon formed during the material
calcination process, and the peak at 287.5 eV represented the sp? hy-
bridized carbon (i.e., -C-N~C-) (Li et al., 2008). In the N(1s) region, three
characteristic peaks observed at 398.5, 400.0, and 404.9 eV represented
sp2 hybridized nitrogen (i.e., -C-N~C-), tertiary nitrogen (i.e., N-(C)3),
and n—n* excitations between the graphitic layers, respectively (Ye
etal., 2017a; Zheng et al., 2016). In the O(1s) region, a single broad peak
centered at 531.5 eV corresponded to -N-C-O- (Wei et al., 2018). In the
Fe(2p) region, two peaks consistent with the Fe(2p3,2/2p;,2) doublet
were found at 710.1 and 722.4 eV, respectively. Due to the low loading
of Fe (Table S4), it was difficult to precisely discern the oxidation state of
Fe, though they appear likely a combination of Fe'' and Fe'', and are
clearly not zero-valent Fe. ATR-FTIR spectra of SAFe-OCN showed bands
in 3500-3000 and 1650-1100 cm™! region that represented the
stretching of primary (-NHj) and secondary amines (-NH-), and C-N
heterocycles, respectively (Fig. S5) (Li et al., 2018b; Zheng et al., 2016).
The results were in good agreement with XPS data. Notably, the
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Fig. 1. (A) Elemental distribution of C, N, O, and Fe characterized by HAADF-STEM-EDS mapping and (B) single-atom nature of Fe in SAFe-OCN characterized by
AC-HAADF-STEM. (C) XANES spectra and (D) k3-weighted Fourier transform of EXAFS spectra at Fe K-edge of SAFe-OCN and reference materials. (E) XPS spectra of
C(1s), N(1s), O(1s), and Fe(2p) in SAFe-OCN. (F) >’Fe Mossbauer spectra of SAFe-OCN.

stretching bands observed at 1717 and 1061 cm ! could be assigned to
C~0 and C-O bonding, respectively (Kofuji et al., 2017).

57Fe Mossbauer spectroscopy was used to identify the nuclear envi-
ronment of Fe in SAFe-OCN (Fig. 1F and Table S5). The Mossbauer
spectra of SAFe-OCN could be well-fitted with five doublets (e.g., D1-
D5). Most Fe was shown as mononuclear high-spin Fe'' (quintet, S =
2) species (D2 and D3) and mononuclear high-spin Fell (sextet, S =5/2)
species (D1) (Giitlich et al., 2011). Mossbauer spectra also revealed the
presence of both Fe' (ca. 35 — 61%) and Fe'" (ca. 39 — 65%), which is
also supported by XANES. Last but not least, Mossbauer spectra, as well

as EXAFS fitting, highlighted the heterogeneity of SAFe-OCN, which was
largely underrecognized previously (Peng et al., 2021).

3.2. Single-atom Fe catalyst activating peroxides for CEC degradation

Nine CECs shown in Fig. 2A were selected to investigate the broad-
spectrum catalytic activity of SAFe-OCN for degrading contaminants
by activating PMS at a neutral pH (pH 7). CECs have distinct activities in
the SAFe-OCN/PMS system, and their degradation rate constants varied
by three orders of magnitude (Fig. 2B). Nevertheless, all CECs except for
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Fig. 2. (A) Chemical structure of CECs. (B) Degradation kinetics of CECs by PMS alone and SAFe-OCN activated PMS (SAFe-OCN/PMS). Columns in (B) represent the
first-order reaction rate constant of CEC degradation. Blue numbers in (B) represent the ratio of the first-order reaction rate constants with and without the presence
of the SAFe-OCN catalyst. Experimental conditions: initial contaminant concentration of 0.1 mM, initial PMS concentration of 1 mM, SAFe-OCN catalyst loading of

0.5 gL', and 10 mM phosphate buffer (pH 7).

sulfamethoxazole (SMX) degraded slowly by the direct oxidation of PMS
alone (107-1072 min~1). Phenolic contaminants including 4-chloro-
phenol (4-CP), bisphenol A (BPA), phenol, and salicylic acid (SA)
degraded rapidly in the SAFe-OCN/PMS system, especially compared
with contaminant degradation only with the presence of PMS: the
catalyst of SAFe-OCN promoted degradation kinetics by 532, 300, 99.3,
and 25.8 times, respectively (Fig. 2B). In addition, contaminants that
contain amino groups were also susceptible to oxidation in the SAFe-
OCN/PMS system, diclofenac (DCF), atrazine (ATZ), and SMX showed
an increased degradation rate constant by 75.3, 8.14, and 1.35 times,
respectively, compared to contaminant degradation with PMS alone.
Beyond phenolic and amino functional groups, other groups in the
contaminants could also play an important role in determining the
catalytic activity. 4-CP, DCF, and ATZ which contain electron-
withdrawing moieties such as chlorine were susceptible to catalytic
oxidation in the SAFe-OCN/PMS system, while contaminants containing
a carboxyl group, such as benzoic acid (BA) and acetylsalicylic acid
(ASA), degraded very slowly regardless of the presence of SAFe-OCN.
The substrate-selectivity shown in the SAFe-OCN/PMS system suggests
that radicals like *OH and SO may not dominate the oxidation because
these radicals are highly reactive and generally non-selective, while it
agrees with the observations of contaminant degradation by high valent
Fe species to a large extent (Shappell et al., 2008; Luo et al., 2017; Li

et al., 2018a, 2018b; Chen et al., 2020). The oxidation performance of
high-valent Fe species is strongly related to the ionization potential (IP)
of aromatic contaminants, which is affected by the electron donating/-
withdrawing abilities of substituted functional groups (Ye et al., 2017b;
Lietal., 2018b). For instance, phenolic compounds and aromatic amines
with lower IP values experience extensive removal by Fe'V/V=0 and
ferrates (Fe¥/V") oxidation (Shappell et al., 2008; Sharma, 2013; Sharma
et al., 2015; Li et al., 2018b). Faster oxidation by FeV! was reported for
tetrabromobisphenol A than for BPA, and the phenomenon was similar
to 4-CP versus phenol oxidation in our SAFe-OCN/PMS system (Fig. 2B),
highlighting the role that halogenation plays in making contaminants
more susceptible to oxidation by high-valent Fe species (Yang et al.,
2014; Sharma et al., 2015).

In addition to PMS, other peroxides like PAA, HoO5, and PDS have
also been activated for CEC oxidation (Yin et al., 2019; Jiang et al.,
2020). The SAFe-OCN catalyst also activated PAA for degrading phenol,
and increased the reaction rate constant by 3.08 times compared to the
SAFe-OCN/PMS system (Fig. S6, (1.20 £ 0.05) x 10~ 'and (3.90 £+ 0.04)
x 1072 min~! for the SAFe-OCN/PAA and the SAFe-OCN/PMS system,
respectively). Surprisingly, SAFe-OCN was not able to activate HoO5 or
PDS and no apparent phenol degradation was observed (Fig. S6). The
above results could be attributed to different chemical properties of
peroxides. Though the peroxide bond in PDS could be more easily
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activated from the thermodynamic point of view, due to its lower
dissociation energy of the peroxide bond (92 kJ mol~! for PDS) than
that in PAA, HyO,, and PMS (159, 213, and 377 kJ mol ™! for PAA, H,0,,
and PMS, respectively) (Lee et al., 2020; Wang et al., 2020), it is sym-
metrical in charge distribution. In contrast, the asymmetrical peroxide
bond in PAA and PMS induces a partial positive charge on oxygen at the
hydrogen side (R-O-O-H) (Lee et al., 2020). Hence, PAA and PMS are
more vulnerable to nucleophilic attack by the catalytic center of Fe in
SAFe-OCN, and they can enable oxygen atom transfer to the Fe center
and form high-valent Fe species for contaminant oxidation (Lee et al.,
2020). Owing to its environmentally benign nature and excellent per-
formance, PAA can be considered as an alternative to PMS for catalytic
oxidation of CECs for water and wastewater treatment (Kim and Huang,
2020).

3.3. High-valent Fe species involved contaminant degradation

We first used phenol as the probe compound to illustrate the domi-
nant reactive species and reaction pathway that determined CEC
degradation on the SAFe-OCN catalyst. No apparent phenol degradation
was observed by PMS treatment alone (Fig. 3A, PMS/phenol), indicating
direct oxidation of phenol by PMS was negligible. Phenol adsorption to
the catalyst of SAFe-OCN was also not significant (Fig. 3A, SAFe-OCN/
phenol). Peroxides including PMS are known to oxidize contaminants
via both radical and nonradical pathways (Lee et al., 2020). To deter-
mine whether radicals played a critical role in contaminant degradation
in the SAFe-OCN/PMS system, we employed scavengers that selectively
quench *OH and SOj3~, respectively. TBA and EtOH were introduced to
quench contaminant reaction with *OH and both *OH and SOj%,
respectively (kom, TBA) = 6.0 X 108 M1 s, keeon, eron) = 1.2-2.8 x
10° M ! s7}, and k{so4, Erom) = 1.6-7.7 x 107 M~! s71) (Buxton et al.,
1988; Neta et al., 1988; Lian et al., 2017). The addition of an excessive
amount of TBA or EtOH did not inhibit phenol degradation, implying
that both *OH and SO5~ were not important for oxidation (Fig. 3A,
SAFe-OCN/PMS/phenol/TBA and SAFe-OCN/PMS/phenol/EtOH).
Moreover, EPR spectroscopy did not detect the signals of DMPO-°OH,
DMPO-SO%, and DMPO-0O% adducts, confirming the absence of *OH,
S0O3~, and O3 (Fig. 4A and B) (Zhao et al., 2001; Li et al., 2018b; Yin
et al, 2019). Interestingly, 5,5-dimethyl-1-pyrrolidone-N-oxyl
(DMPOX) was apparently observed (Fig. 4A and B), indicating that the
direct oxidation of DMPO by an unknown oxidant took place in the
SAFe-OCN/PMS system (Stan and Daeschel, 2005; Verstraeten et al.,
2009; Li et al., 2018b; Jiang et al., 2020).
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0.8 —/A— SAFe-OCN/phenol
—_ —{J— PMS/phenol
s 0.6 —O— OCN/PMS/phenol
2 0 ~<}— SAFe-OCN/PMS/phenol/EtOH
A —[>— SAFe-OCN/PMS/phenol/FFA
U 0.4 —— SAFe-OCN/PMS/phenol
&) —{)— SAFe-OCN/PMS/phenol/TBA
0.2 1 ‘
0.0 -
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Many nonradical pathways could exist for contaminant oxidation. To
examine whether 10, was responsible for phenol degradation in the
SAFe-OCN/PMS system, FFA was used as the scavenger for selectively
quenching the reaction between phenol and 102 (k(loz, FrA) = 1.2 X 108
M1 s™Y) (Yun et al., 2018). Introducing FFA into the catalytic system
did not inhibit phenol degradation kinetics (Fig. 3A,
SAFe-OCN/PMS/phenol /FFA), which suggested that 10, did not domi-
nate phenol oxidation. By using TEMP as the spin trap for 105 in the EPR
analysis, we identified the triplet signals of 2,2,6,6-tetramethyl-4-pi-
peridine-N-oxyl (TEMPO) and confirmed the presence of 0, in the
SAFe-OCN/PMS system (Fig. 4C) (Li et al., 2018b; Pan et al., 2021).
However, a similar intensity of TEMPO was observed in the PMS-alone
and OCN/PMS systems (Fig. 4C and F). 0, may result from PMS
self-decomposition in water at circumneutral conditions, which is
initiated by SOZ" attacking HSO5 (Zhou et al., 2015; Ruiz et al., 2019).
Though 0, was present in our SAFe-OCN/PMS system, the previous
FFA scavenger test has demonstrated that this ROS did not play an
essential role for contaminant oxidation. To further prove this conclu-
sion, a competition study was conducted with the co-existence of phenol
and FFA in the SAFe-OCN/PMS system. Based on the degradation ki-
netics of phenol and FFA, and the second-order rate constants for the
reactions of 0 with both chemicals, FFA decomposition rate constant
would have been 1.05 x 10* times faster than what it showed in our
study if 'O, was the dominant reactive species for oxidation (Fig. S7 and
Text S5). This evidence excludes the contribution of 102 for contaminant
degradation.

Nanocarbon was found to mediate electron-transfer between per-
oxides and contaminants through the catalyst (Nie et al., 2020); how-
ever, OCN did not promote phenol degradation (Fig. 3A,
OCN/PMS/phenol), suggesting that OCN itself had a low catalytic ac-
tivity or it was not reactive. We also compared direct oxidation of DMPO
in the SAFe-OCN/PMS and OCN/PMS systems. As shown in Fig. 4D and
E, negligible or much less DMPOX were detected in the OCN/PMS sys-
tem, highlighting that Fe but not OCN determined catalytic oxidation.
From all analyses above, we hypothesize that high-valent Fe species may
be an important reactive species that determines the catalytic oxidation
of contaminants in the SAFe-OCN/PMS system. Many studies have
indicated that high-valent Fe species are the reactive species in Fe-based
catalytic systems, and we used sulfoxide oxidation to elucidate the key
reactive species in our SAFe-OCN/PMS system (Collins and Ryabov,
2017; Li et al., 2018a, 2018b). Sulfoxides, such as PMSO, can be selec-
tively oxidized by the high-valent Fe species to sulfones (e.g., PMSO5)
through oxygen atom transfer; however, sulfoxides are oxidized to

72}
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&) 0.4+ —— PMS/phenol
—O— 0CN/PMS
0.24{ —O—OCN/PMS/phenol
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0 20 40 60 80
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Fig. 3. (A) Phenol degradation and (B) PMS consumption for elucidating the mechanism of using SAFe-OCN for contaminant oxidation. Experimental conditions:
initial phenol concentration of 0.1 mM, initial PMS concentration of 1 mM, OCN or SAFe-OCN catalyst loading of 0.5 g L1, TBA or EtOH concentration of 100 mM,

FFA concentration of 2 mM, and 10 mM phosphate buffer (pH 7).
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Fig. 4. (A, D) EPR spectra of DMPO adducts in water. Experimental conditions: initial PMS concentration of 1 mM, initial DMPO concentration of 60 mM, OCN or
SAFe-OCN catalyst loading of 0.5 g L1, 10 mM phosphate buffer (pH 7), and reaction time of 1 min (B, E) EPR spectra of DMPO adducts in an ethanol solution.
Experimental conditions: initial PMS concentration of 1 mM, initial DMPO concentration of 60 mM, OCN or SAFe-OCN catalyst loading of 0.5 g L™!, 10% (v/v) EtOH,
and reaction time of 1 min (C, F) EPR spectra of TEMP adducts in water. Experimental conditions: initial PMS concentration of 1 mM, initial TEMP concentration of
60 mM, OCN or SAFe-OCN catalyst loading of 0.5 g L%, 10 mM phosphate buffer (pH 7), and reaction time of 1 min.
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methyl radical (*CH3) and methanesulfinic acid (CH3SOOH) in
radical-based oxidation (Eberhardt and Colina, 1988; Li et al., 2018b;
Wang et al., 2018b; Zhu et al., 2019, 2020). In the SAFe-OCN/PMS
system, PMSO, was produced exclusively from PMSO oxidation at pH
7 and pH 3 based on the mass balance of these two chemicals, which
again confirmed that SAFe-OCN/PMS was a radical-free system
(Fig. S8A and Fig. S8C). However, PMSO was able to be oxidized to
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N3, O-Fe'-N,, and O-Fe''-N3 complexes with their frontier orbital energies.

PMSO, by PMS alone, and no enhancement of reaction kinetics was
observed at a neutral pH in the SAFe-OCN/PMS system though the
catalyst was present (Fig. S8B). Considering that the self-decomposition
and hydrolysis of the high-valent Fe species can be inhibited in acidic
conditions, PMSO oxidation was also evaluated at pH 3 to promote the
reactivity between the high-valent Fe species and PMSO (Li et al.,
2018b; Wang et al., 2018b). Indeed, enhanced reaction kinetics was
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observed for PMSO oxidation in the SAFe-OCN/PMS system compared
to the PMS-alone system in the acidic condition (1.98-fold increase,
Fig. S8D), verifying that the high-valent Fe species are the key species in
the SAFe-OCN/PMS system for contaminant oxidation. Contaminant
degradation pathway involving high-valent Fe species is highlighted in
Scheme 1. However, we could not rule out the contribution of
catalyst-mediated electron transfer between the contaminant and PMS
for contaminant degradation. Though OCN had negligible reactivity in
activating PMS for contaminant degradation, loading of atomically
dispersed Fe onto the support of OCN could tailor the electronic struc-
ture and conductivity of SAFe-OCN, enhance PMS and contaminant
adsorption to the catalyst, and promote the electron-transfer pathway
(Yang et al., 2021). Further studies are needed to elucidate the contri-
bution of catalyst-mediated electron transfer for contaminant
degradation.

Moreover, PMS consumption rate was analyzed to support our
argument that high-valent Fe species played a critical role for contam-
inant degradation (Fig. 3B). A slight decrease of PMS concentration with
a function of time was observed on OCN and the presence of phenol did
not promote PMS degradation (Fig. 3B, OCN/PMS and OCN/PMS/
phenol), indicating that phenol did not promote the interaction between
OCN and PMS and suggested again that OCN-mediated electron transfer
was not important (Miao et al., 2020). Interestingly, phenol was not
degraded at all in the OCN/PMS system but completely degraded in
SAFe-OCN/PMS (Fig. 3A, OCN/PMS/phenol versus
SAFe-OCN/PMS/phenol), suggesting Fe again was critical for contami-
nant oxidation. Moreover, the PMS consumption rate was clearly greater
on SAFe-OCN relative to OCN (Fig. 3B, OCN/PMS versus
SAFe-OCN/PMS), and the presence of phenol further promoted PMS
degradation (Fig. 3B, SAFe-OCN/PMS versus SAFe-OCN/PMS/phenol)
due to the fast electron transfer from phenol to the high-valent Fe spe-
cies (Jiang et al., 2020; Li et al., 2018b). These data demonstrate that Fe
was the catalytic center for PMS decomposition, and phenol degradation
could be attributed to high-valent Fe species formed at Fe sites on the
SAFe-OCN catalyst by activating PMS.

3.4. Electronic nature of Fe in the single-atom catalyst

The electronic nature of central metal atom is critical for determining
the catalytic performance of SACs (Goh and Nam, 1999; Nam et al.,
2000). As shown in Fig. S9, SAFe-OCN showed 5.13-times faster kinetics
of phenol decay than Fe-CN ((3.90 + 0.04) x 102 versus (7.60 + 1.15)
x 1072 min™1), though it had a lower loading of Fe as the catalytic
center (0.84 versus 2.55 wt%). To explore whether oxygen-doping plays
a critical role in tailoring the electronic nature of FeNyO4_ structures
and promoting catalytic performance, we proposed several FeNyO4_x
complexes with and without oxygen-doping (x = 2, 3, and 4; Fig. 5) to
investigate the impact of electron-withdrawing moieties on the redox
potential of the central Fe atom in the SACs. Multiple complex structures
were selected for molecular simulations to best represent heterogeneous
local coordination environments of Fe, which was confirmed by both
XAS analysis and Mossbauer spectroscopy.

Fel is a better reductant than Fe™, and therefore we began our
exploration from five Fell complexes, namely FeH—N4, O—C-N-FCH-Ng, (O-

,0-S0y
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00\\ Fel/lll 4,
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]
Fell/lI @@ CEC oxidation FelV/V ..

@ Self-decomposition

Scheme 1. Proposed mechanism of CEC degradation pathway involving high-
valent Fe species in the SAFe-OCN/PMS system.
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C-N)y-Fel'N,, O-FeH-Ng, and O,-Fe'lLN,, all with even total number of
electrons to meet the multiplicity requirement of Fe'l without breaking
spin symmetry. For FeH-N4, O-C-N-FCH-N3, and (O-C-N)g-FeH-Nz com-
plexes, triplet was their most stable spin state (Table S6) and they could
readily lose two electrons to an oxidant with a reduction potential lower
than — 3.0 eV, whereas their highest doubly occupied orbitals were
fairly stable below — 6.0 eV (Fig. 5). By contrast, O-Fe''N3 and O,-Fe'-
N, complexes adopted the quintet spin state (Table S6). The O-Fe'-Nj
complex, was reluctant to lose more than one electron as its second
highest singly occupied orbital stayed low at — 3.86 eV, despite a rather
high energy of — 1.42 eV for its highest singly occupied orbital (Fig. 5).
Interestingly, the Oy-Fe-N, complex, which also adopted the quintet
spin state, turned out to be an excellent multiple-electron donor with a
narrow range of energy for its first four frontier orbitals lay at — 1.78,
— 2.16, — 2.49, and — 2.77 eV, respectively (Fig. 5). The substitution of
nitrogen by oxygen for Fe' complexes changed the most stable spin state
from triplet to quintet, substantially raising the energy levels of the
occupied frontier orbitals, which suggested the importance of electronic
structure of the central Fe atom in the SACs. Since Fe'!l species also exist
in SAFe-OCN catalyst, we investigated the O-Fe'"'-N3 complex which was
formed from O,-Fe'-N, complex by replacing one of its oxygen atoms by
nitrogen to attain an odd total number of electrons. In a like manner, the
sextet state of the O-Fe-N3 complex was more stable than its doublet
and quartet counterparts (Table S7), making its first three frontier
orbital energies closely located at — 1.59, — 2.05, and — 2.81 eV,
respectively (Fig. 5), which were well-aligned with those of 0,-Fel'N,
complex. As a result, the oxygen-doping in the SACs is conjectured to
greatly facilitate their capacity to donate electrons, and thus making
them better reducing agents to form high-valent Fe species by activating
PMS, which in turn enhanced phenol degradation kinetics (Fig. S9).
Finally, the calculated electrophilic (f~(r)) and nucleophilic (f*(r))
Fukui functions were presented to determine the redox center for the
SAGs. As shown in Fig. 510, both f~ (r) and f* (r) of Fe'-N, complex were
dominantly located at the central Fe atom, confirming it as the catalytic
center for electron transfer. In the future, SACs or homogeneous cata-
lysts with well-defined structures and bonding environments will be
synthesized, and EPR and %’Fe Mossbauer spectroscopy will be con-
ducted to characterize the oxidation state and the spin state of Fe to
support the prediction of molecular simulations.

3.5. Single-atom Fe catalyst being robust in complex environmental
matrices

To illustrate whether SAFe-OCN remains active in complex water
matrices, we evaluated its catalytic performance for activating PMS and
phenol degradation in simulated and real water samples. Negligible
inhibition on phenol degradation kinetics was observed with the pres-
ence of CI" or HCO3 (Fig. 6A), which are the common scavengers for
radicals, further confirming that neither *OH nor SO3~ contributed to
phenol degradation. In addition, phenol degradation kinetics was less
inhibited by humic acid as typical NOM in the SAFe-OCN/PMS system
compared to that in a radical-based system (Schellekens et al., 2017).
With the presence of humic acid (7.65 mg of total organic carbon (TOC)
L 1), phenol degradation kinetics in a radical-based system (Co?*/PMS
producing SO3~ with a steady-state concentration of (2.51 4 0.23) x
1072 M) was inhibited by 2.39 times compared to the scenario without
humic acid (Fig. 6B) (Anipsitakis et al., 2006). However, the same
concentration of humic acid only led to 46.2% decrease of the phenol
degradation rate constant in nonradical-based oxidation by SAFe-OCN
(Fig. 6B). Since abundant phenolic groups are present in humic acid
substances which could also be susceptible to the degradation by
high-valent Fe species, moderate decrease in phenol degradation ki-
netics was reasonable due to the competition between phenol and humic
acid (de Melo et al., 2016; Schellekens et al., 2017). The impact of
complex water matrices on the SAFe-OCN/PMS system was also
analyzed by using effluents taken from a local water reclamation facility.
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Fig. 6. (A) Effects of complex water matrices on phenol degradation kinetics in the SAFe-OCN/PMS system. The Control (black) column in (A) represents phenol
degradation kinetics tested in 10 mM phosphate buffer (pH 7). The blue columns in (A) represent phenol degradation kinetics tested in 10 mM phosphate buffer (pH
7) with the addition of inorganic anions (Cl" or HCO3). The red columns in (A) represent phenol degradation kinetics tested in treated wastewater samples collected
from a local water reclamation facility (i.e., wastewater effluents after membrane bioreactor (MBR) treatment, granular activated carbon (GAC) adsorption, and
ultraviolet (UV) disinfection; wastewater treatment processes are highlighted in Fig. S11). Experimental conditions: initial phenol concentration of 0.1 mM, initial
PMS concentration of 1 mM, SAFe-OCN catalyst loading of 0.5 g L1, HCOj3 concentration of 10 mM, CI° concentration of 10 mM, and 10 mM phosphate buffer (pH
7). (B) Effects of humic acid on phenol degradation kinetics in the Co?*/PMS and SAFe-OCN/PMS systems. Experimental conditions: initial phenol concentration of
0.1 mM, initial PMS concentration of 1 mM, SAFe-OCN catalyst loading of 0.5 g L™}, initial Co>" concentration of 0.1 mg L', and 10 mM phosphate buffer (pH 7).

Wastewater treatment processes in the water reclamation facility and
water quality parameters of effluents after different treatments are
shown in Fig. S11 and Table S8, respectively. The catalytic performance
of SAFe-OCN for activating PMS and phenol degradation was not
inhibited in real water samples when compared to that tested in the
phosphate buffer (Fig. 6A), indicating that the SAFe-OCN/PMS system is
robust for treating contaminants in practice. The chemical stability of Fe
in SAFe-OCN was investigated, and only 0.714% of the total Fe in the
catalyst was leached into the solution after reaction. In addition, the
stability of SAFe-OCN was also evaluated by degrading phenol for
multiple consecutive cycles (Fig. S12). Phenol degradation kinetics was
slightly decreased in the second and the third cycle of treatment by
9.72% and 33.4%, respectively, but not in the fourth cycle, highlighting
the superior stability of our catalyst for long-term contaminant
oxidation.

4. Conclusions

Heterogeneous single-atom catalysis is an emerging research field in
recent years, and it attracts attention for environmental remediation
including water and wastewater treatment. Heterogeneous single-atom
catalysts appear to behave like homogenous catalysts, because of their
well-defined structures and because their properties can be readily
predicted, designed, and tailored. Our study has developed a single-
atom Fe catalyst that forms high-valent Fe species by activating perox-
ides under circumneutral conditions; the catalyst degrades a broad
spectrum of CECs in complex water matrices and is suitable for long-
term applications because of its stability. Specifically, the electronic
nature of the catalytic center in the single-atom catalyst could be
tailored to promote its reactivity for contaminant degradation. More-
over, our catalyst can be readily synthesized from low-cost precursors
(such as nitrogen and oxygen rich organics and an earth-abundant
transition metal) that potentially allow for scalable and economically
feasible implementation. Compared to conventional radical-based
AOPs, nonradical-driven single-atom catalysis is robust for water and
wastewater treatment in complex water matrices, potentially generates
less byproducts, and reduces the energy and chemical footprint to pro-
mote the sustainability of contaminant oxidation.

More heterogeneous single-atom catalysts are yet to be designed,
developed, and implemented for water and wastewater treatment to

enhance the performance of contaminant degradation within
nonradical-driven reaction pathways, and they hold promise for the
oxidation and reduction of chemical contaminants and disinfection.
Future work should focus on optimal catalyst design (e.g., increasing
metal loadings but maintaining single-atom dispersion, promoting
catalyst surface areas, and fine-tuning of catalyst electronic structures),
understanding the mechanism of contaminant transformation, and
improving catalyst efficacy (especially contaminant mineralization),
selectivity, and robustness for contaminant degradation prior to prac-
tical applications.

Both radical-based AOPs and nonradical oxidation on single-atom
catalysts have advantages and drawbacks for water and wastewater
treatment. It is imperative to understand water chemistry and the sus-
ceptibility of contaminants to oxidants before implementing these
oxidation processes. For example, radical-based AOPs may be more
suitable to oxidize highly persistent contaminants in a relatively clean
water matrix, whereas nonradical oxidation may be more preferred to
treat contaminants that are susceptible to 10y, catalyst-mediated elec-
tron transfer, or high-valent metal species in complex water matrices.
The integration of radical and nonradical oxidation for treating a broad
spectrum of contaminants could outperform either oxidation process,
including improving contaminant degradation kinetics and mineraliza-
tion as well as reducing byproduct generation and chemical and energy
consumption.
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