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Abstract

Reactive oxygen species (ROS) regulation for artificial oxidoreductase is a
key scientific issue that determines the activity, selectivity, and stability of
aerobic reaction. However, the poor understanding of ROS formation
mechanism greatly hampers their wider deployment. Herein, inspired by
cytochromes P450 affording bound ROS intermediates in Oz activation, we
report single-atom FeNs site with tunable second-shell anion could regulate
ROS generating pathways. Remarkably, the second-shell S anion coordinated
FeN4 (denoted as FeNSC) delivers 2.4-fold higher oxidase-like activity and only
17% free ROS generation compared to FeNC. The detailed XANES analysis
and DFT calculations reveal that the second shell S-doping significantly altered
the electronic structure of FeNs sites, leading to an increase of electron density
at Fermi level and the enhanced electron transfer from active sites to the key
intermediate *OOH, thereby determining the type of ROS in aerobic oxidation
process. FeNC with different second-shell anion were further applied to drive

aerobic oxidation reaction with enhanced activity, selectivity, and stability.
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Introduction

Free reactive oxygen species (ROS), such as '02, *OH, *O2", and H20x,
have been widely known as powerful aqueous redox species since the
concentration of atmospheric Oz from Great Oxidation Event. All living
organisms except for few anaerobic and aerotolerant species, need Oz2 to
preserve life.! 2 For instance, mitochondria in eukaryotic cells or cell
membranes in bacteria drive the aerobic generation of chemical energy, along
with the release of electrons to Oz through electron transport chains to form free
ROS.2® For the same reason, free ROS have demonstrated extensive
applications in biological, chemical and environment fields by virtue of their
relative high reaction activity.* However, obscure understanding of free ROS
formation mechanism greatly hampers their wider deployment. For instance,
owning to the toxic nature and indiscriminate activity of excessive free ROS,
the livings have suffered from oxidative-stress disease,> ¢ and industrial
reactions involving uncontrollable free ROS would proceed at the expense of
greatly compromising catalytic selectivity and stability.” @ Hence, exploring the
mystery of free ROS formation to manipulate reaction activity, selectivity, and

stability is highly envisioned.

Along this line, extrinsic efforts such as by changing irradiation light® '° and
loading specific radical scavengers’ but also intrinsic structure engineering of
catalysts in disclosure of the rules of free ROS generation have been made."":
2 For instance, atomically dispersed single-atom catalysts (SACs) that are
highly uniform active centers, tunable coordination environment and high atom
utilization efficiency, have offered a fundamental platform to explore insights of
free ROS formation.'3'® Among them, Fe—~N—C containing atomically dispersed
FeNs moieties receive ever-increasing attention due to maximized atom
utilization and desired activity.2%-23 The activity origin of FeNs4 moieties to

activate oxygen or its derived intermediates have been partially identified from
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free ROS, including 'Oz, *OH, and <O27,%4?8 while some evidence points to the
formation of bound ROS (high-valent metal-oxo species).?%3? Therefore, the
significant impacts of FeN4 sites electron structure on the formation of ROS is
still the subject of extensive debate. Moreover, whether or to what extent can
the electronic configuration of active sites influence the formation of free ROS

remains elusive.

Millions of years of the ingenious evolution bring in the refined hierarchical
structures of cytochromes P450 (CYPs). They are capable of effective
activating O2 to afford metal-oxygen intermediates with negligible free ROS
release.333¢ |nspired from their refined tetrapyrrolic FeN4 active sites and S-
containing ligand (cysteine), here, we report a proof-of-concept evaluation of
the electronic configuration for FeNs sites with S functionalization on the
formation of active oxygen species. Interestingly, Fe—N—-C with discriminating
tetrapyridinic FeNs4 and second-shell S anion tetrapyrrolic FeNs sites,
demonstrated different pathways of active oxygen species generation on FeN4
sites. The detailed XANES analysis and DFT calculations revealed that the
second shell S-doping significantly altered the electronic structure of FeNs sites,
leading to an increase of electron density at Fermi level and the enhanced
electron transfer from active sites to the key intermediate *OOH, thereby
determining the type of ROS in aerobic oxidation process. This study not only
provides a new perspective of understanding free ROS formation but also
highlights the influence of intrinsic electronic environment in activating oxygen

by FeNs active sites.
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Scheme 1. Scheme for regulating reactive oxygen intermediates of Fe-N4

SAzyme via second-shell coordination.

Results and discussion

Structure characterizations of Fe—N-C.

In this study, FeENSC and FeNC were synthesized via a polymerization-
pyrolysis combined strategy using O-phenylenediamine (OPD) and FeCls-6H20
as precursors. Ammonium persulfate and hydrogen peroxide were used as
polymerization initiator upon the polymerization stage respectively. As shown in
Figure S1, the transmission electron microscopy (TEM) images of both FeNC
and FeNSC disclosed the onion-like graphitic shells. No obvious Fe/FeO
nanoparticles existed on the surface of all these samples, which were
consistent with the XRD results that without any diffraction peaks assigning to
crystalline Fe species (Figure S2). Moreover, high-angle annular darkfield
scanning transmission electron microscopy (HAADF-STEM) images in Figure
1b, ¢ showed that Fe was atomically dispersed within the carbon surface (dots
exhibiting bright contrast), indictive of similar microstructure among FeNC and
FeNSC exhibiting single Fe atoms and graphene-type matrix. The
corresponding EDS mapping further suggested the homogeneous distribution

of Fe species over FeNSC (Figure 1d) and FeNC (Figure S3).
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To probe the surface chemical compositions and bonding information, X-ray
photoelectron spectroscopy (XPS) was first utilized. As depicted in Figure S4,
the XPS survey spectra verify the existence of C, N, Fe in all samples.
Compared to FeNC, a new peak located at ~ 163 eV was observed in FeNSC,
which was attributed to S 2p. The S 2p peak could be deconvoluted into two
pairs of peaks, in which the dominant S species around 164.0 eV and 165.3 eV
were mainly assigned to the 2ps2 and 2p1/2 of thiophenic S; The peak at 167.5
eV and 169.0 eV were ascribed to the oxidized S group (Figure 1e).%”
Additionally, compared with the sample without acid-wash treatment, the
absence of the characteristic peak of Fe-S bond suggested that the exotic S
atoms tended to bond to surrounding C atoms to form C-S-C structure rather
than bonding to the central Fe atoms (Figure S5).38 These results suggest that

sulfur atoms were successfully incorporated into the graphitic carbons.

The N 1s spectrum of FeNSC in Figure 1e could be deconvoluted into five
peaks, assigning to pyridinic N (398.4 eV), Nx-Fe (399.4 eV), pyrrolic N (400.2
eV), graphitic N (401.3 eV), and oxidized N (403.0 eV).** Notably, as
demonstrated in Figure 1f and Table S1, the atomic percentages of pyrrolic N
in FeNSC (1.39 %) was significantly higher than that in FeNC (0.45 %),
indicating the doping of S element can favor the formation of pyrrolic N
species.*0-42 Notably, the N 1s peak of FeNSC shifted towards a lower binding
energy direction compared to that of FeNC, implying a partial electron transfer
from S to N. Besides, the Raman spectra showed that the intensity ratio
between D-band (~ 1350 cm-', disordered sp? carbon) and G band (~ 1595 cm-
1, graphitic sp? carbon) for FeNC was ca. 1.27, which was small than FeNSC,
indicating the introduction of sulfur brings more defects (Figure S6). These
results jointly illustrated that the introduction of S increased not only the degree
of defects but also the content of pyrrolic N on both an absolute and relative

basis (Figure 19).
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Figure 1. (a) Biomimetic construction of FeENSC by mimicking the tetrapyrrolic FeN4
active sites and S-containing ligand of CYP. HAADF-STEM images of (b) FeNC and
(c) FeNSC. (d) HAADF-STEM EDS mapping images of FeENSC showing the elemental
distribution of C, N, S, and Fe. (e) High resolution S 2p XPS spectra of FeNSC. (f) High
resolution N 1s XPS spectra of FeNC and FeNSC. (g) the content of total nitrogen and

pyrrolic nitrogen determined by N 1s XPS analysis.
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To further distinguish the chemical states and local coordination environment
of atomically dispersed Fe species, Fe K-edge X-ray absorption near-edge
structure (XANES) and Fourier transform extended X-ray absorption fine
structure (FT-EXAFS) spectra were measured. The XANES profiles of all
samples and references were normalized in a first step, the detailed energy
range from 7100 to 7200 eV was demonstrated in Figure 2a, suggesting the
predominance of Fe3" in FeNSC. Electron paramagnetic resonance (EPR)
spectra in Figure 2c also corroborated the stronger signal of high-spin ferric iron
species in FeNSC than FeNC observed at g factor of 4.25. Besides, the pre-
edge peak at 7115 eV in FePc, assigning to Fe(1s) — Fe-ligand(1™)
quadrupolar transition with simultaneous ligand-to-metal charge transfer was
observed in FeENSC, as the fingerprint of square-planar tetrapyrrolic Fe—N4
motif (Dsh symmetry)?°, whereas inconspicuous peak at 7115 eV was observed
for FeNC, indicating that the FeNSC contains a similar tetrapyrrolic Dan

configuration with FePc (Figure 2d).

The characteristic peaks in Fe K-edge XANES, ascribing to the multiple
electron-scattering process were further analyzed. As shown in Figure 2b, well-
defined peaks at 7133 (A) and 7148 eV (C) were observed for FeNSC, while at
the same region only a relative board peak at 7135 eV (B) was noted for FeNC,
indicating FeNSC had a more diversified interaction between Fe and
neighboring atoms on first/second/third shells. The shape and energy of peak
D are related to the spin state of Fe atom, and its energy is highly related to the
bond length of the metal and nitrogen atom at first coordination shell.*> The
lower D peak energy of FeNSC (7178 eV) revealed a longer bond length of Fe-
N compared with FeNC (7188 eV) according to the Natoli rule (Ed? = constant,
where E is the peak energy relative to a given zero energy and d is the mean
bond length).** These results indicated that the introduction of sulfur element
significantly enriched the interaction between central Fe atom and neighboring

atoms.
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K3-weighted Fourier-Transformed-EXAFS was then investigated to derive the
detailed structural information on the local coordination geometry of Fe. As
depicted in Figure 2g, the predominant peaks at ~1.5 A for FeNC and FeNSC
could be attributed to the Fe—N scattering path (without phase correction). The
Fe-Fe metallic path at ~2.2 A was absent, revealing the atomical dispersion of
Fe in both FeNC and FeNSC, in agreement with the above TEM and XRD
results. An additional peak appeared at 2.5 A in FeNSC is akin to the second-
shell Fe-C scattering in Fe phthalocyanine (FePc).#> Considering the different
type of coordination N in XPS N1s spectra and the position of FeNSC was
closer to that of FePc from Fe K-edge XANES, FeNC may dominate the
pyridinic Fe-N structure, while the FeNSC mainly consisted of the pyrrolic Fe-N

structure.

To further reveal the exact coordination states of Fe center, the EXAFS curve
fitting assessments were conducted. The first coordination shell for both FeNC
and FeNSC could be fitted by a Fe-N scattering path with a Fe-N coordination
number of four. Moreover, the Fe K-edge EXAFS of FeNC in both k space and
R space fitted well with the proposed models of tetrapyridinic FeNC (Figure 2e,
f). While the Fe K-edge EXAFS of FeNSC showed a better fitting result when
using tetrapyridinic FENSC model (Figure 2h, i, Table S2, S3). From these
characterizations, the rationality of the FeNs configuration in FeNC with a
tetrapyridinic structure, and the FeNs configuration in FeNSC with a second-

shell S-doped tetrapyrrolic structure are confirmed.
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Figure 2 (a) Experimental Fe K-edge XANES spectra of FeNC, FeNSC and reference
samples. (b) Detailed experimental Fe K-edge XANES spectra of FeNC and FeNSC
ranging from 7130 to 7188 eV. (c¢) Electron paramagnetic resonance (EPR) spectra of
FeNC and FeNSC measured at 100 K. (d) Detailed experimental Fe K-edge XANES
spectra of FeNC and FeNSC ranging from 7110 to 7125 eV. (g) k*>-weighted Fourier-
transformed x x(k)-function of the experimental Fe K-edge EXAFS signal of FeNC and
FeNSC along with reference samples. Fe K-edge EXAFS (points) and the curve fitting
(line) for (i) FeNC and (h) FeNSC shown in R-space (FT magnitude and imaginary
component). The data are k3-weighted without phase correction. Fe K-edge EXAFS
(points) and the curve fitting (line) for (f) FENC and (i) FENSC shown in k*-weighted k-

space. Inset in (f) and (i) are the proposed models for FeNC and FeNSC, respectively.
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Different active oxygen species generation in oxidase-like activity of FeNC

and FeNSC

In the first set of experiments, to determine the oxygen activation
performance of FeNC and FeNSC, 3,3’,5,5-tetramethylbenzidine (TMB) was
selected as a colorimetric substrate, which has been widely used to valuate the
ability of catalysts to activate oxygen or hydrogen peroxide molecule in
biomimetic environment due to its convenient colorimetric readout. The
oxidation product of TMB could be assayed at 652 nm (g652 nm= 39,000 M
cm™") using UV-vis spectrometer (Figure 3a).#6 Furthermore, the initial
velocities of TMB oxidation were calculated via the Beer—-Lambert law, and were
then plotted and fitted well with Michaelis—Menten curves. To obtain the
maximum velocity (vmax), a linear double reciprocal plot (Lineweaver—Burk plot)
was applied as given in Figure 3b and Figure S7. These results suggested, the
FeNSC exhibited a much higher oxidase-like activity towards TMB (vmax
=0.38 uM s-') compared to FeNC (vmax =0.16 pM s-1).

To confirm the active sites in Fe-N-Cs for activating oxygen, SCN- was used
as the probe to coordinate with Fe.*” It was found that all the Fe-N-Cs were
irreversibly inhibited by SCN poison (Figure S8), confirming that Fe-N4 moieties
was the active sites of both tetrapyridinic and tetrapyrrolic FeN4 for driving the

oxygen activation process.

Next, to clarify the active species during oxygen activation process of Fe-N-
Cs, free ROS were detected by EPR using 5,5-diemthyl-1-pyrroline N-oxide,
DMPO. As shown in Figure 3c, the six characteristic peaks for typical DMPO-
02~ adducts in an acidic environment was observed only for FeNC.#8 Other
possible active species such as singlet oxygen ('02) and *OH were also
examined by EPR (Figure S9), and no characteristic signals were detected for
both FeNC and FeNSC. Chemical trapping agent (furfuryl alcohol for '02,%°

mannitol for *OH, and superoxide dismutase for «O2~ %°) were also employed
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to quantity free ROS. For this, the time-dependent UV-vis absorbance of TMB
oxidation product at 652 nm was recorded after adding chemical trapping
agents. It was found FeNSC had negligible activity loss compared with FeNC,
and ca. 0.86 uM of steady-state *O2~ was calculated for FeNC, while only ca.
0.15 uM steady-state *O2 for FeNSC under the same detection condition
(Figure 3d). These results revealed that FeNSC exhibited significantly fewer

generation of *O2~ during TMB oxidation.

It is worth noting that the tetrapyrrolic M—Na4 structure is ubiquitously present
in nature. For example, tetrapyrrolic Fe—N4 motifs constitute the active sites of
heme-containing enzymes. In mammal’s blood, tetrapyrrolic Fe—N4 motifs in
heme play an indispensable role in binding oxygen. For instance, cytochrome
P450 enzymes active molecule oxygen on a manner of high-valent Fe'V=0
intermediate (bound ROS pathway) with negligible free ROS release.3* 35 51
Thus, to disclose whether FeNC or FeNSC generated an Fe'V=0 intermediate
resemble heme-containing enzymes, EPR spectroscopy in the solid-state at
low-temperature (100 K) was undertook. As shown in Figure 3e, a
representative peak only occurred in FeNSC with a rhombic signal at g factor =
2, consistent with n2-peroxo heme species, confirming the existence of Fe'V=0
intermediate in FeNSC (bound ROS).2° 52 Furthermore, after reaction with the
substrate TMB, FENSC revealed a much more intense signal of Fe'V=0 than
that of FeNC, indicating the vigorous participation of FeV=0 in the catalytic

process of FeNSC (Figure 3f).
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Figure 3 Different active oxygen species generation on FeN,4 sites during
substrate oxidation. (a) UV-vis absorption for TMB oxidation in the presence of FeNC
and FeNSC. (b) Michaelis—Menten steady-state kinetics curves for FeENC and FeNSC.
(c) EPR spectra of DMPO-+O2~ adduct generated by FeENC and FeNSC measured at
298 K in air-saturated NaAc-HAc buffer solution (d) Steady-state concentration of 'O,
*OH, and *Oz2~ calculated from the decay of TMB oxidation product accumulation over
time after the addition of different scavengers. Solid-state EPR spectra of FeNC and

FeNSC at 100 K (e) before and (f) after reaction with TMB.

Density Functional Theory (DFT) calculations

Considering that FeNSC and FeNC had remarkably different intermediate
states, DFT calculations were performed to interpret the catalytic path of free
ROS release and bound ROS formation during oxidation. The first observation
pertains to the significant enhancement of oxidase-like activity in FeNC upon
sulfur doping. More crucially, the second observation involves a distinct
mechanism of ROS generation during oxidation processes. It was noted that

13
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sulfur-doped FeNSC markedly diminishes free ROS production compared to

undoped FeNC.

To simulate the FeNC and FeNSC materials, four periodic structural models,
as depicted in Figure 4a, were employed. These models were informed by
experimental characterizations indicating an increase in five-membered ring
structures due to sulfur doping. Furthermore, considering the electron donation
of nitrogen atoms perpendicular to the conjugation plane, which imparts
aromatic stabilization to the five-membered ring, we developed the FeNSC1
and FeNSC2 models. These models feature distinct coordination environments
compared to FeNC1, with the sulfur dopant positioned in para- and meso-
positions relative to iron, respectively. Additionally, to assess the impact of
coordination environment on the catalytic efficacy of the central iron atom, the
FeNC2 model was introduced for comparative analysis. The FeN4 sites were
identified as the active sites. The study investigated both four- and two-electron
oxidation processes of TMB by Oz, leading to the formation of H20 and H202,
respectively. The proposed mechanisms, encompassing elementary reactions
and key intermediates for the four- and two-electron oxidation processes are
presented in Figure 4b and Figure S10a, respectively. Energy profiles were
computed, highlighting the steps with the highest energy barriers and their
corresponding energy values, which are annotated in the profiles.

The energy profile analysis reveals that for both the four-electron (Figure 4b)
and two-electron (Figure S10a) reduction processes, the FeNSC2 model
exhibits a notably steeper potential energy surface. This is coupled with a
markedly enhanced adsorption affinity for the reactant O2 and various
intermediates, in comparison to the other three models studied. Despite the
final *OH desorption step (* denoting the adsorbed state) being an energetically
uphill process, requiring as much as 2.15 eV, the adsorption energy of FENSC2
for O2 is also significantly high, reaching up to 2.09 eV. This suggests a

substantial likelihood of competitive adsorption taking place, which is
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instrumental in facilitating the completion of the catalytic cycle. These
computational findings align well with the experimental observations, which
indicate that the FeNSC materials demonstrate superior catalytic reaction rates
and heightened activities compared to their FeNC counterparts.

The comparative analysis of reaction curves for FeNC1 and FeNC2 indicates
that variations in the Fe atomic coordination environment exert minimal
influence on catalytic activity. Instead, the notable enhancement in both the
catalytic activity and mechanism observed in FeENSC2 is primarily attributed to
sulfur doping, rather than alterations in the coordination environment. Further
comparison between FeENSC1 and FeNSC2 underscores that sulfur positioned
in the Fe interstitial site, as opposed to the para position, significantly bolsters
oxidase activity while concurrently suppressing the generation of free ROS.
Consequently, it is deduced that the localized structure in FeNSC2 more
accurately mirrors the structure synthesized experimentally, as opposed to that
in FeNSC1. This conclusion is corroborated by the closer alignment of the FT-
EXAFS curves, modeled on FeNSC2, with the experimental characterization
results (Figure 2i).

Computational analyses further reveal that FENSC2 demonstrates markedly
stronger adsorption for a variety of ROS intermediates, including O2, H202,
*OOH, OH, and O (as shown in Figure S10b). This finding elucidated the
experimental observation of FeNSC materials significantly reducing the
production of free ROS. Additionally, while the dissociation of O-O bonds to
yield O* (the four-electron reduction) from adsorbed *OOH on the surfaces of
the four models are exergonic processes, the cleavage of Fe-O bonds leading
to H202 formation (the two-electron reduction) are also endergonic reactions.
Despite this, all four models demonstrate enhanced selectivity for the four-
electron reduction pathway. Notably, FeSCN2 exhibits a substantial increase in
H202 adsorption, significantly elevating the chance of H202 engaging in a

reverse reaction to generate *OOH and thus completing the four-electron
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reduction cycle. Consequently, FeSCN2 is distinguished by its superior
selectivity for the four-electron reduction process. Conversely, the other three
materials, particularly FENC1 and FeNC2, are characterized by relatively
uniform potential energy landscapes and decreased absolute adsorption
energies for ROS, leading to diminished selectivity and a heightened propensity
for the inadvertent release of ROS.

To further understand these outcomes, the band structures and projected
density of states (PDOS) of the four models were examined, with the results
presented in Figure 4c. Notably, the d-band centers of the central Fe atom were
highlighted in the PDOS panels. These results indicate that S doping alters the
band structure, leading to the emergence of flat bands in both FeNSC1 and
FeNSC2. Electrons in these flat bands traverse the material more slowly
compared to those in bands with a steeper slope, resulting in a higher density
of electronic states at the Fermi level. This increased density facilitates the
material's participation in redox reactions due to the greater availability of
electrons for transfer. Consequently, these findings elucidate why FeNSC2
exhibits higher catalytic activity and stronger interactions with ROS, as more
flat bands are present in its energy band structure. Additionally, the highest d-
band center in FeNSC2 further supports its robust interaction with ROS.

The investigation of electronic effects was furthered by analyzing the
differential charge density pdef. This was achieved through the calculation of

Pdef,Fe and pdef,00H, Utilizing the following equations:

Pdef,Fe = PFeNC — (OFe + ONC) (1)

def,00H = POOH* — (POOH *+ Pslab) (2)

where prenc, Pre, PNC, PooH*, pooH and psiab are electronic densities of Fe—N-C,
Fe atom, NC substrate, adsorbed OOH with slab, free OOH and the bare slab.
It is found that S atoms, particularly in the FeENSC2 model, exhibit electron-

donating properties, as evidenced by the differential charge on S being —0.72.
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Notably, this electron donation does not compromise the electropositivity of the
central Fe atom, which is maintained due to its stable coordination with four
pyrrole rings. The calculated pder,0oH for FENSC2 indicates a net charge density
increase of 0.54 on the OOH group, while the Fe atom experiences the most
significant charge density decrease of —1.47. This suggests that the electron-
donating effect of the S atom facilitates electron transfer from the substrate to
the adsorbed OOH, thereby enhancing electrostatic interactions.

In these regards, the incorporation of S atoms in the second-shell
coordination markedly influences the catalytic activity and mechanism of FeNs
centers, with their positional placement proving critical. Notably, the interstitial
position of S atoms relative to Fe atoms is more advantageous than the para
position. The electron-donating nature of the S atom plays a pivotal role in
modulating the energy band structure of Fe—N—C. This modulation not only
strengthens the interaction between the substrate and ROS but also
concurrently amplifies the catalytic activity. Thus, the regulation of ROS could
be achieved by introducing interstitial position S atom in FeNs4 second-shell

coordination.
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Figure 4. (a) Periodic structural models for FeNC and FeNSC materials. The FeNC1
and FeNC2 are for FeNC and FeNSC1 and FeNSC2 are for FeNSC. (b) Mechanisms
and energy profiles for the four-electron oxidation of TMB by O2 on the FeNs site.
FeNC1 is illustrated as an example. The chemical components contained at each point
on the energy curve are labeled below the catalytic cycle. (¢) Band structure and PDOS
for the four models. The d-band centers are labeled on the PDOS panels. (d)

Isosurfaces and values for the differential charge densities of pgefre and PderooH.
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Applications of ROS regulation in task-specific catalytic reactions by

FeNC and FeNSC.
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Figure 5. Application scenario with different free ROS demanding. (a) Scheme of
NADH oxidation catalyzed by O, from natural electron transport chain or FeNC;
(b) UV-vis absorption for NADH oxidation in the presence of FENC and FeNSC; (c)
NADH conversion rate in NADH oxidation reaction catalyzed by FeNC and FeNSC; (d)
Oxidation of methyl phenyl sulfoxide (PMSO) catalyzed by Fe=0O (bound ROS) to form
sulfoxide and by *OH (free ROS) to yield sulfoxide and hydroxylation; Positive (Ms=157)
and negative (Ms=155) liquid chromatography-tandem mass spectrometry (LC-MS)
spectra of the supernatant of PMSO oxidation products catalyzed by (e) FeNC and (f)
FeNSC; (g) Long-term stability assessment by chronoamperometry over FeNC and
FeNSC in Oz-saturated 0.5m H.SO4 solution at a potential of 0.6 V; Initial stability
results of (h) FeNC and (i) FeNSC by cycling the potentials (0.6—1.0 V, 20,000 cycles)
in Oz-saturated 0.5 M H>SOs.
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From the above results, it is discussed that the Fe-N coordination
environment could be regulated by rational doping S atom, which strengthened
the absorption of ROS intermediate on catalysts thus forming bound ROS and
eliminating the generation of free ROS. This tunability to activate molecular
oxygen encourages us to apply FeNC and FeNSC in task-specific reactions

requiring discriminative free ROS or bound ROS.

NADH and NAD™ are essential redox cofactors in the electron transport chain
of metabolism. As known, <Oz could disrupt the NADH/NAD* balance state and
promote the rapid oxidation of NADH.?2 Along this line, the catalytic
performance of FeNC and FeNSC on NADH oxidation was evaluated by
UV-vis spectroscopy. As shown in Figure 5b, the characteristic absorption peak
at 340 nm for NADH decreased along with the increase of the absorption peak
at 260 nm for NAD", indicating the conversion of NADH to NAD". Interestingly,
FeNC revealed a much more efficient conversion rate of NADH (92 %) than
FeNSC (71 %) in 4 h (Figure 5c). Thus, FeNC exhibited evident favorable
activity in Oz~ engaged oxidation of NADH.

In contrast to the utilizability of «O2- in NADH oxidation reaction, the
indistinguishability of free ROS release usually hinders their catalytic specificity.
For instance, methyl phenyl sulfoxide (PMSO) oxidation is an important reaction
on pharmaceutical intermediates synthesis and industrial wastewater treatment,
in which, Bound *O species can selectively convert PMSO to sulfone, whereas
free ROS such as *OH would convert PMSO to sulfone and hydroxylated
sulfoxide.%® Electrosprayionization-MS (ESI-MS) was first carried out to detect
the catalytic oxidation product of PMSO. After oxidation, an additional fragment
of sulfone was observed at m/z=157 using FeNSC (Figure S11). Then, positive
ion liquid chromatography-tandem mass spectrometry (LC-MS) was utilized to
quantify sulfone yield. As depicted in figure 5e, f, FeENSC shows a much
stronger intensity than FeNC, indicting the more abundant Fe=0O species

presented in FeENSC. To enlarge the production of *OH, H202 was introduced
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based on the Haber-Weiss reaction in the presence of «O2™ (*O2™ + H202 —*OH
+ O2+ HO"). Due to the same molecular weight of sulfone and hydroxylated
sulfoxide, negative ion liquid chromatography-tandem mass spectrometry was
applied to get further information on their products. As seen in Figure 5e, f,
exclusive characteristic peak of hydroxylated sulfoxide at m/z=155 only
appeared in FeNC-catalyzed reaction. The above catalytic reactions clearly
demonstrate the significant role of Fe-N4 second-shell coordination engineering,
where the rational design of active site electronic environment can boost the

reaction selectivity.

We then investigated the effect of free ROS regulation in electrocatalytic
oxidation reaction. The design of durable oxygen reduction electrocatalysts for
fuel cells is of paramount significance in modern society. Fe-N-C arouse
increasing attention since 1960s as promising alternatives of platinum-based
electrocatalysts.?’ °* However, the stability of Fe-N-C as electrocatalysts have
suffered from the undesirable free ROS release, particularly in acidic
environment. Free ROS would cause the deteriorating performance of Fe-N-C
by the oxidation of carbon to CO2, which further lead to the demetallation of
metal active sites or the formation of oxygen functional groups to greatly
decrease the catalytic performance of catalysts.” Encouraged by the abundant
*O2~ species monitored in oxidase-like process of FeNC and the outstanding
Fe=0 efficiency of FeNSC without free ROS release, we deduce the regulation
on free/bound ROS species could have a great impact on their stability. To this
end, chronoamperometric measurements was first employed to evaluate the
durability of the Fe-N-Cs in Oz-saturated 0.5m H2SO4 solution. After 60,000s,
the FeNSC suffered a 30% loss of its initial current density, whereas the FeNC
exhibited a sharp decline of 90% activity loss. (Figure 5g). The rotation ring disk
electrode (RRDE) technique was also employed to evaluate the durability of the
Fe-N-Cs. We subjected FeENSC and FeNC to a continuous voltammetry cycling

process for 20,000 cycles in an O2-saturated 0.5 M H2SO4 solution, as seen in
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Figure 5h, after 20000 cycles, the ORR activity of FeNC demonstrated a
significant decline after cycling by ca. 300 mV in the half-wave potential shifting
to a more negative potential than that of the pristine FeNC. In comparison,
FeNSC exhibited a much smaller activity loss after 20,000 cycles, with the half-
wave potential shifting by around 57 mV (Figure 5i). These durability tests
illustrate the regulation on ROS species by engineering the second-shell
coordination configuration of FeNs center greatly enhance the stability in

electrocatalysis.

Conclusion

In summary, we proposed single-atom nanozymes with distinct FeNs
moieties to address the regulation of free ROS formation. Inspired from the
refined hierarchical structures of CYPs with tetrapyrrolic FeN4 active sites and
S-containing ligand, FeNSC exhibited 2.4-fold oxidase-like velocity than FeNC
towards TMB, whereas only 17 % free ROS (-Oz2") release was detected in
FeNSC compared to FeNC. The catalytic mechanism of FeNC mainly followed
the conventional free ROS pathway, in which <Oz~ served as an intermediate.
Whereas the catalytic mechanism of FeNSC mainly followed the bound ROS
(high iron-oxo) pathway, in which Fe-*O served as an intermediate. The
comprehensive experiments and DFT calculations further proved that the
second shell S-doping significantly altered the electronic structure of FeNs sites,
leading to an increase of electron density at Fermi level and the enhanced
electron transfer from active sites to the key intermediate *OOH, thereby
determining the type of ROS in aerobic oxidation process. As a result, the highly
biomimetic catalytic mechanism of Fe-N-C made it feasible to regulate free
ROS by fine tuning the FeNs coordination environment. As proof-of concept
applications, FeNC exhibits favorable activity in «O2~ engaged oxidation of

NADH, while FeENSC possesses superior performance in O* mediated selective
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oxidation of organic sulfoxide. Furthermore, FeNSC with negligible Oz~ release

is used as model system to improve the stability of ORR electrocatalysis. This

work not only provides fundamental insights into the regulation of ROS

generation by single-atom nanozymes but also demonstrates an example of

achieving reaction activity, selectivity and stability through mimicking the spatial

architecture of natural enzyme.
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