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Atomic interface engineering is an effective pathway to regulate the performance of single metal atom
catalysts for electrochemical reactions in energy applications. Herein, we construct a sulfur modified
Mn-N-C single atom catalyst through a metal-organic framework derived atomic interface strategy,
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which exhibits outstanding ORR activity with a half-wave potential of 0.916 V vs. RHE in alkaline media.

Moreover, operando X-ray absorption spectroscopy analysis indicates that the isolated bond-length
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Introduction

Development of energy conversion devices, such as fuel cells
and metal-air batteries, is an important approach to resolving
the energy and environmental issues," where the oxygen
reduction reaction (ORR) plays a key role in the implementation
of effective electrochemical processes.” Although platinum-
based ORR catalysts have proved to be highly active, the
prohibitive cost, rarity in earth reserves and low stability greatly
hinder their application.® Recently, earth-abundant metal
materials have emerged as promising alternatives to replace Pt,
but generally their performances are far from satisfactory.* In
spite of that, tremendous efforts have been devoted to find
novel electrocatalysts; the rational use of existing catalytic
components to realize the maximum activity still needs to be
strengthened.

Metal-carbon hybrids represent an attractive type of ORR
catalysts due to their tunable electronic structure and high
electrical conductivity.>** Particularly, a nitrogen-doped carbon
matrix has been discovered to introduce anchoring sites for
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extending the low-valence Mn-N4-C,S, moiety serves as an active site during the ORR process. These
findings suggest a promising method for the advancement of single atom catalysis.

immobilizing isolated active metallic centers to form metal-
nitrogen—-carbon (M-N-C) atomic interfaces, which may boost
the ORR reactivity."** However, recent research also revealed
that the N atoms in M-N-C possessed strong electronegativity,
which would result in the increase of the adsorption energy of
ORR intermediates (such as OOH*, O* and OH*) and conse-
quently decreased the kinetic activity.>*® Reasonable regula-
tion of the local atomic configuration at the M-N-C atomic
interface can optimize the adsorption strength of the ORR
intermediates and subsequently lower the potential
barriers.””*® Resembling nitrogen, sulfur is a p-block element,
but has lower electronegativity. Hence, the introduction of alien
S is expected to modify the electronic structures of M—-N-C by
adjusting the electron-withdrawing/donating properties, thus
realizing the enhancement of the ORR activity.****

In this work, we report the construction of a Mn single atom
catalyst anchored on a sulfur and nitrogen modified carbon
support (denoted as MnSAs/S-NC). Impressively, the achieved
MnSAs/S-NC exhibited excellent activity for the ORR under
alkaline conditions, with a high half-wave potential (E;/,) of
0.916 V vs. RHE, which was much better than that of Pt/C.
Comprehensive X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) analyses
revealed that the electronic and atomic synergistic mechanism
between the Mn single atom and the S, N co-modified carbon
support resulted in excellent ORR activity. Through operando
experiments, we found that bond-extending low valence Mn-
N,4-C,S, species at the atomic interface of MnSAs/S-NC served
as active sites during the oxygen reduction process.

As illustrated in Fig. 1a, the synthesis of MnSAs/S-NC con-
sisted of two steps. Firstly, the manganese precursor was
encapsulated in zeolitic imidazolate frameworks (ZIF-8)
through a self-assembly process, which was denoted as Mn-ZIF-
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8. Then the mixture of the prepared Mn-ZIF-8 and S pieces was
pyrolysed under an Ar atmosphere and subsequently leached
using sulfuric acid to produce the S, N co-doped carbon matrix,
which contained Mn-N-C active sites. Three comparison
samples were also synthesized through a similar method but
with some modifications, including MnSAs/NC (S free), S-NC (S,
N co-modified carbon) and NC (N-modified carbon).

The X-ray diffraction (XRD) pattern of MnSAs/S-NC dis-
played only two broad shoulder peaks at ~26° and ~44°, which
could be ascribed to the (002) and (010) planes of graphite
carbon, no other diffraction peaks related to the Mn-based
compounds were found (Fig. S1 and S2t). The morphology of
the MnSAs/S-NC was observed by transmission electron
microscopy (TEM), and it was found that no nanoparticles of
Mn species were detected (Fig. 1b, ¢ and S37). Energy-dispersive
X-ray spectroscopy (EDS) indicated that C, N, Mn and S were
distributed uniformly over the entire architecture (Fig. 1d). The
Mn loading in the MnSAs/S-NC was as high as 1.34 wt%,
according to the inductively coupled plasma optical emission
spectrometry (ICP-OES) analysis. The atomic dispersion of Mn
species on the carbon substrate was confirmed directly by
STEM, equipped with a probe spherical aberration corrector
(Fig. 1e, f and S47). In Fig. 1f, the Mn single atoms were clearly
observed as bright dots marked with red circles for better
observation in the high-magnification HAADF-STEM image.
Moreover, the intensity profiles along X-Y in Fig. 1f, indicated
that the Mn atoms are separated by at least 0.32 nm, signifi-
cantly exceeding the Mn-effective atomic radius (Fig. 1g), which
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Fig. 1 (a) Schematic illustration for the preparation of MnSAs/S—NC.
(b) TEM, (c) STEM and (d) EDS images of MnSAs/S—NC. (e) HAADF-
STEM image and (f) the magnified image of MnSAs/S—NC. (g) The
corresponding intensity profiles along the line X-Y in (f).
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further demonstrated that the Mn species was atomically
dispersed in the MnSAs/S-NC. Moreover, the STEM, EDS and
HAADF-STEM characterization experiments of MnSAs/NC are
also exhibited in Fig. S5 and S6.F

In order to investigate the atomic and electronic interaction
between Mn, S, N and C in the MnSAs/S-NC, soft X-ray
absorption near-edge spectroscopy (XANES) measurements
were performed, which was element-resolved and interface-
configuration-sensitive.*® As shown in Fig. 2a, the C K-edge
spectra were dominated by three strong resonances with peak
centers of 286.4 eV (peak a), 289.1 eV (peak b), and 293.1 eV
(peak c). These resonances could be ascribed to the dipole
transition of the C 1s core electron into the antibonding orbitals
of e Mo n_mns AN O, Tespectively. This result suggested
the existence of the Mn-N-C bonding at the atomic interface. In
the N K-edge XANES spectra of MnSAs/S-NC (Fig. 2b), three
obvious peaks were observed at 400.2 (peak d), 402.7 (peak e)
and 408.6 eV (peak f), arising from pyridinic N, pyrrolic ring N
and graphitic N. X-ray photoelectron spectroscopy (XPS)
measurements were carried out to further probe the composi-
tions and chemical state of the elements in MnSAs/S-NC. The
core-level scan XPS spectra of N 1s, as illustrated in Fig. 2c,
comprised five main peaks that resulted from pyridinic N (398.4
eV), pyrrolic N (399.2 eV), graphitic N (401.1 eV), oxide N (403.1
eV) and Mn-N (400.2 eV). In the high-resolution XPS spectra of
C 1s shown in Fig. S7a,{ the MnSAs/S-NC exhibited three main
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Fig. 2 (a) C K-edge, (b) N K-edge XANES spectra and (c) the N 1s XPS
spectra of MnSAs/S—NC. (d) FT k*-weighted Mn K-edge EXAFS spectra
of MnSAs/S—NC and the references (Mn foil and MnO,). (e) FT-EXAFS
fitting curves of MnSAs/S—NC at the Mn K-edge. (f) Schematic atomic
interface model of MnSAs/S—NC.
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peaks located at 284.7 eV, 285.8 €V and 289.4 eV that could be
attributed to C=C, C=N and C-C. The S 2p spectrum
(Fig. S7b¥) gave peaks at 165.2 eV and 164.0 eV, originating from
S 2p1s» and S 2p3,, of the C-S-C structure in the metal-organic
framework derived carbon frameworks.

Hard XAFS measurements is a powerful technique to probe
the local environment at the atomic level.*® As shown in Fig. 2d,
the Fourier transform (FT) of the EXAFS curve of the MnSAs/S—
NC catalyst exhibited only one dominant peak at 1.47 A, which
was assigned to the back scattering of Mn-N coordination.
Meanwhile, the peaks derived from the Mn-Mn peaks at 2.31
and 2.38 A in the FT curves of Mn foil and MnO, were not
observed. This precluded the aggregation of Mn-related parti-
cles or clusters, and further demonstrated the isolated feature
of Mn species in MnSAs/S-NC. Quantitative EXAFS fitting
analyses were conducted at the Mn K-edge to extract the struc-
tural parameters. The fitting results are exhibited in Fig. 2e, S8
and Table S1.f The best-fitting results for MnSAs/S-NC clearly
showed that the Mn atom was connected by four N atoms at the
first coordination shell, with a bond length of 1.98 A, suggesting
the formation of Mn-N, configuration at the atomic interface.
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Combining the above results, we constructed a probable atomic
structure model for MnSAs/S-NC, as shown in Fig. 2f, which was
denoted as Mn-N,-C,S,. In order to further investigate the local
structure of the Mn single atom, the XANES calculation was
carried out, as shown in Fig. S9,7 which exhibited that the
calculated spectrum was in good agreement with the experi-
mental one, based on the atomic model in Fig. 2f. This sug-
gested that pyridinic-N derived Mn-N-C species in the MnSAs/
S-NC might favored a superior ORR catalytic performance.
The ORR test was evaluated in a three-electrode system using
O,-saturated 0.1 M KOH as the electrolyte (Fig. S10%). Firstly,
Fig. S117 displays the CV curves of MnSAs/S-NC under N,- and
O,-saturated solutions, indicating efficient ORR catalysis on the
MnSAs/S-NC. Fig. 3a exhibits the linear sweep voltammetry
(LSV) curves of MnSAs/S-NC and the counterparts, which were
obtained at a rotation speed of 1600 rpm. The half-wave
potential (E;;;) of MnSAs/S-NC was 0.916 V, which was obvi-
ously more positive compared to MnSAs/NC (0.891 V), and even
65 mV positive than that of Pt/C (0.851 V), a widely used
benchmark. Specifically, the MnSAs/S-NC sample exhibited
a kinetic current density (/) of 8.9 mA cm ™ * at 0.90 V, which was
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4.9 times higher than that of Pt/C (1.8 mA cm™?) (Fig. 3b). For
comparison, NC and S-NC demonstrated rather low J, (0.08 mA
em > and 0.49 mA cm™?) and Ey,, (0.68 V and 0.80 V, respec-
tively), indicating that the Mn-N sites might play important
roles in the ORR instead of the N-C or S-N-C sites. Moreover,
the ORR activity for MnSAs/S-NC surpassed the other listed
non-precious single atom catalysts (Fig. 3¢ and Table S27),
indicating that the MnSAs/S-NC was among the best electro-
catalysts for the ORR in an alkaline medium.

The kinetics activity of MnSAs/S-NC was evaluated by
recording LSV curves at various rotating speeds (400-2500 rpm).
As shown in Fig. 3d, current density increased proportionally
with the rotation rates because of the shortened O, diffusion
distance. The resulting linear Koutecky-Levich (K-L) curves
indicated similar slopes at different redox potentials, as well as
analogous first-order reaction kinetics relative to the dissolved
O, concentration. The calculated electron transfer numbers (1)
over the MnSAs/S-NC in the potentials ranging from 0.2 to 0.7 V
were determined to be 3.95-3.99 (Fig. 3e), which were very close
to the theoretical value of Pt/C (4.0) (Fig. S12 and S137),
implying that the ORR process catalyzed by MnSAs/S-NC ideally
executed a high-efficiency 4e™ pathway. In addition, rotating
ring disk electrode tests were conducted to investigate the
electron-transfer mechanism (Fig. 3f). From 0.2 to 0.8 V, the
electron transfer number of MnSAs/S-NC was in the range of
3.95-3.99 and H,0, yield remained below 7%, further
evidencing a direct four-electron reduction pathway. The Tafel
slope of MnSAs/S-NC was calculated to be 62.4 mV dec™*, lower
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than that of MnSAs/NC (75.6 mV dec ') and Pt/C (88.3 mV
dec™) (Fig. 3g), further demonstrating the more desirable ORR
kinetics for MnSAs/S-NC. In addition, the methanol crossover
effect was detected through MnSAs/S-NC electrodes cycling in
a methanol-containing solution. The CV curves of the MnSAs/S-
NC catalyst showed almost no change when 0.5 M CH;0H was
added into the electrolyte (Fig. S14t). These results demon-
strated the high tolerance to methanol of the MnSAs/S-NC
catalyst.”” Apart from catalytic activity, durability is also
important for practical utilization. The durability of the MnSAs/
S-NC catalyst was estimated by potential cycling from 0.2 to 1.1
V at a scan rate of 50 mV s~ * for 5000 cycles. After cycling tests,
there was very little change in E;),, suggesting its excellent
stability (Fig. 3h). Moreover, the durability of MnSAs/NC for the
ORR was also given as reference (Fig. S15%). The chro-
noamperometry at 0.90 V vs. RHE for MnSAs/S-NC exhibited
little activity decline after the 60 h test (Fig. S167). Fig. S17 and
S187 reveal that Mn species were still atomically anchored in the
carbon matrix. Additionally, the ORR performance of MnSAs/S—-
NC in acidic solution was also measured (Fig. S19 and Table
S37).

To reveal the nature of the Mn active site under ORR
conditions, the changes in local atomic environments of
MnSAs/S-NC were studied by operando XAFS measurements.*®**
The tests were carried out in a homemade organic glass elec-
trochemical cell. The XAFS data were recorded at the open-
circuit voltage (OCV) and the representative potential of E;,
(0.916 V vs. RHE). Fig. 4a presents the XANES spectra at the Mn
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(a) Operando XANES spectra recorded at the Mn K-edge of MnSAs/S—NC from the OCV condition to 0.916 V during the electrocatalytic

(c) Mn K-edge EXAFS spectra of MnSAs/S—NC at various potentials during
grey; N: blue; S: yellow; Mn: green; H: cyan; O: red.
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K-edge of MnSAs/S-NC collected under different conditions,
along with the data of Mn foil, MnO, Mn,0; and MnO, as
standards. From the dry sample to OCV, the position of
absorption edge was just slightly shifted. When 0.916 V vs. RHE
was applied, an obvious shift towards lower energy occurred,
implying a distinct decrease in the Mn oxidation state in
MnSAs/S-NC during the ORR. The fitted average oxidation
states from XANES curves are shown in Fig. 4b and S20.7 It was
found that the mean valence state of Mn decreased from 2.80 to
2.51 for the catalyst between OCV and 0.916 V.

Furthermore, the local environment evolution of the single
Mn sites in MnSAs/S-NC was detected by operando EXAFS
spectroscopy. Fig. 4c shows the corresponding k*-weighted FT-
EXAFS spectra at different applied potentials. The FT curves still
exhibited one main peak, assigned to Mn-N coordination.
However, the Mn-N peaks displayed a slightly high-R shift from
1.54 A to 1.58 A, implying some changes in the coordination
environment of the Mn sites, which was reflected by the
extension in the Mn-N bond. Quantitatively, the least-squares
EXAFS curve-fitting analysis for the first coordination shell of
the Mn centre was carried out by considering two scattering
paths of Mn-N and Mn-O (Fig. S21, S22 and Table S4f).
According to the fitted structural parameters, the mean bond
length for Mn-N under the catalytic conditions increased from
1.99 A (OCV) to 2.02 A (0.916 V vs. RHE), which was possibly
induced by chemical adsorption of the oxygen species. The
most reasonable coordination arrangement was considered as
the Mn-N,-C,S, moiety connected with ORR intermediates
(Fig. 4d), which acted as the real active site for the ORR. We
performed additional operando XAS measurements to evaluate
the reversibility of Mn K-edge XAFS spectra of MnSAs/S-NC
(Fig. S23-S25 and Table S51). The atomically dispersed Mn site
was susceptible to the valence induced by chemisorbed oxygen
species under catalytic conditions. The low-valence Mn species
possess a high reactivity towards the adsorption of oxygen. As
a comparison, the operando XAS experiments of MnSAs/NC were
also performed (Fig. S26-S30 and Table S6t). Overall, the
formation of the bond-length extending low-valence HOO-Mn-
N,4~C,Sy, O-Mn-N,-C,S, and HO-Mn-N,-C,S, sites during the
ORR process may bring about the boosted ORR activity.

Conclusions

In summary, we report a metal-organic framework derived
sulfur modified Mn-N-C single atom ORR catalyst through
atomic interface engineering. The active site was confirmed by
structure-sensitive XAFS measurements. Through XPS, soft
XANES and hard XAFS measurements, the atomic interface
structure model of Mn-N,-C,S, was proposed. Benefiting from
the desirable atomic structure, MnSAs/S-NC showed excellent
ORR performance in alkaline media. Operando XAFS reveal that
the improved ORR activity of MnSAs/S-NC derived from the
formation of the bond-length extending low-valence oxygen
linked Mn-N,-C,S,, sites during the ORR process. Our findings
provide the possibility for engineering the local environment of
catalytic active sites and pave the way for developing advanced
oxygen-involved electrode catalysts.
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