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The rational design and fabrication of the active sites of single-atom catalysts (SACs) remains the main
breakthrough for efficient electrocatalytic oxygen reduction reaction (ORR). Although metal—nitrogen—
carbon (M—N-C) materials have been reported to exhibit good ORR performance, the M—N bond is
prone to oxidation and subsequent destruction in Fenton-like reactions. Here, we report a nitrogen-free
Mn-based SAC (Mn-5,0,4G-600) anchored on a nitrogen-free graphene substrate, where manganese is
bound to four oxygen atoms and one sulfur atom across two different coordination shells. In 0.1 M KOH,
the Mn-5,0,G-600 demonstrates a half-wave potential of 0.86 V and a high kinetic current density of
10.3 mA cm™2 at 0.6 V. Due to the lack of nitrogen coordination, the Mn-5,0,G-600 has good anti-
Fenton reaction properties. Notably, the Mn-S;04,G-600-based zinc—air battery displays an open circuit
voltage of 1.46 V and outstanding cycle stability, which is superior to Pt/C. Theoretical calculations reveal
that the introduction of the second S-coordination layer increases the charge density of the manganese
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Introduction

With the growing global need to reduce environmental impact
and improve energy efficiency, fuel cells and metal-air batteries
exhibit immense promise as next-generation energy systems.'"
Therein, metal-air batteries have attracted significant attention
for their high safety, ease of assembly, and theoretically high
energy density characteristics.®* However, the adoption of metal-
air batteries still faces major challenges, especially the catalytic
efficiency and lifetime of their air cathodes, which are directly
related to the efficiency and stability of the ORR.” As the core
step of battery operation, the efficiency of ORR is closely related
to battery power density and durability.'* Unfortunately, the
poor two-electron-transfer pathway common in batteries not
only reduces efficiency, but also triggers the formation of
hydrogen peroxide, causing corrosion to the anode, and even
causing safety hazards such as leakage and explosions.’***
Therefore, improving the four-electron transfer selectivity of
ORR has become a key issue to be solved urgently.
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model for the ORR, paving the way for innovative design and synthesis of efficient SACs.

At present, catalysts based on precious metal Pt perform well
in the ORR, but high cost, weak stability and toxicity problems
limit their wide application."*® In contrast, SACs with unique
isolated metal sites and low-cost advantages, have opened a new
avenue to develop the property of transition metal
electrocatalysis.””*" The catalytic activity of SACs is definitively
determined by a complex electronic environment formed by the
electronic effects between the central atom and the surrounding
ligand atoms.**** Nitrogen atoms, due to their similar radii with
carbon atoms and appropriate electronegativity, are often
employed as heteroatoms to anchor metal atoms, and the
incorporation of heteroatom substitution strategies within M-
N, model is utilized to enhance electrocatalytic perfor-
mance.>*** However, the long-term stability of M-N-C (M = Fe,
Co, Ni, Mn, and Cu) has become a bottleneck due to their high
sensitivity of M-N bonds to OH radicals.’® In contrast, the
introduction of the ligand oxygen atoms can make isolated Fe
atoms with strong Fenton effect exposed to H,O, solution and
stability more than 50 h.>” The coordination of oxygen not only
improves the resistance to Fenton effect, but also regulates the
electronic structure of the central metal, and optimizes the
catalytic process. Taking Ni-O, as an example, the d-band
center of Ni-O, is closer to the Fermi level than the tradi-
tional nitrogen coordination model, which means that oxygen
atoms can significantly enhance the interaction between metal
atoms and carriers, thus accelerating the reaction kinetics.”® In
addition, for metal-free carbon-based materials, oxygen group
elements (such as oxygen, sulfur, selenium, etc.) play a more
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significant role than nitrogen atoms in determining the selec-
tivity of the four electron pathways in oxygen reduction, sug-
gesting that they may be more suitable coordination atoms.>**°
For Mn-based SACs, although Fenton reaction has little effect
on their stability, their initial catalytic activity still needs to be
further improved and replacing the Mn-N bond with the Mn-O
bond is an important direction.

In view of the potential and challenges of Mn-based SACs,
this study focuses on improving the ORR performance by
regulating the coordination configuration and electronic
structure of isolated manganese sites. The existing regulatory
strategies mainly focus on regulating the first coordination shell
at the central Mn site, introducing heteroatoms N and O to form
different types of tetragonal structures.*~** This method mainly
regulates the adsorption strength of reaction intermediates at
the active site by adjusting the d-band center of Mn. However,
the right strength is difficult to obtain due to the limitations of
the adjustable position. Even if a second metal is introduced to
form a bimetallic site, the deactivation of the metal due to
aggregation or overflow during the reaction is inevitable.’*
Herein, we propose a strategy to introduce a second layer of
coordination atoms, aiming to further optimize the intrinsic
ORR activity of Mn beyond the limitations. The introduction of
a second layer coordination atom can not only further increase
the flexible variability of the electronic structure, but also
increase the effective short-range interaction beyond the limi-
tation of Mn's electron orbitals, further optimizing Mn's
intrinsic ORR activity. Due to the difficulty of synthesis, it is still
challenging to study the second shell coordination and mech-
anism of SACs.

In this work, we successfully decorated isolated Mn atoms
into nitrogen-free graphene through oxygen and sulfur coordi-
nation for enhanced ORR property. X-ray absorption structure
(XAS) proved that the coordination configuration of Mn is Mn-
S04, where Mn is directly connected to four O atoms and one S
atom with different bond lengths. The catalyst demonstrated
a half-wave potential of 0.86 V, and maintains 85% catalytic
activity at a voltage of 0.6 V for 25 h under alkaline conditions.
In addition, the zinc-air batteries assembled with the catalyst
showed high open-circuit voltage and durability. Theoretical
calculations showed that Mn-SO,G displays a significantly
reduced reaction barrier of step (*OH — * + H,0) due to the
increased electron density at the Mn site.

Results and discussion
Structural characterization

The synthesis diagram of Mn-S;0,G-600 is shown in Fig. 1a.
The uniformly mixed solution of manganese sulfate and gra-
phene oxide was freeze-dried to obtain the precursor containing
0.7 wt% Mn. Subsequently, sulfur powder was added to the
precursor, which was annealed in a nitrogen-protected atmo-
sphere at 600 °C for 2 h, yielding the Mn-S;0,G-600. The
presence of sulfur species in the carbon substrate provides Mn
anchoring sites, which contribute to Mn stabilization and
further modulate the electron structure. According to Bru-
nauer-Emmett-Teller (BET) characterization, the specific
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Fig.1 (a) Synthetic illustration, (b) HAADF-STEM image, and (c and d)
EDS elemental mappings of Mn—-5,0,G-600.

surface area of Mn-S,0,G-600 was 556 m> g~ ', and no regular
pore distribution was detected. In the high-angle annular dark-
field scanning transmission electron microscope (HAADF-
STEM) image, manganese atoms are shown as uniform-
distributed bright spots due to higher reflected electron inten-
sity than surrounding elements, demonstrating the feature of
atomic-level dispersion (Fig. 1b). Fig. 1c and d shows the energy
dispersive X-ray spectroscopy (EDS) elemental mapping images
of Mn-S,;0,G-600, which reveals uniform dispersion of Mn, O
and S elements through the carbon substrate, indicating no
significant agglomeration of Mn species. Further, in the XRD
diagram, there is no peak of manganese-based nanoparticles,
confirming the well distribution of isolated Mn single atoms
(Fig. S11).*

The electronic structure and coordination environment of
the catalyst were determined by means of the K edge X-ray
absorption spectroscopy (XAS). The edge absorption peak of
Mn-S,0,G-600 is between manganese monoxide and manga-
nese sesquioxide (Fig. 2a), indicating that the average valence of
manganese is between 2 and 3. By further fitting the edge energy
of the white line, the average valence of manganese in the Mn-
S;04G-600 is calculated to be 2.67 (Fig. 2b). Fig. 2c shows the
Fourier transform of the extended X-ray absorption fine struc-
ture (EXAFS) spectrum. The absence of Mn-Mn contribution in
the Mn-S;0,G-600 catalyst suggests that the Mn species are not
in the form of metallic Mn nanoparticles or clusters,*® con-
firming that monatomic Mn species were successfully con-
structed. The fitting results of EXAFS spectra reveal that the
manganese in the Mn-S,0,G-600 is surrounded by five hetero-
atoms in two different shells (Fig. 2d). Specifically, the coordi-
nation number of Mn-O is 3.79 £ 0.23 and the distance is 1.970
+ 0.082 A, which is slightly longer than that of symmetric
Mn-(N/O), plane structure (1.94 A) (Table S1t).*” The coordi-
nation number of Mn-S is 1.13 + 0.15, and the distance is 2.14
+ 0.12 A, shorter than that of Mn-N,S, (2.34 f&) and Mn-N;S,
(2.5 A) in conventional tetragonal configuration.**** In addition,
the wavelet transform (WT) contour map of Mn-S;0,G-600
displays only one maximum intensity at (1.5 A, 4.7 A™Y)
(Fig. 2e and f), which is parallel with the maximum intensity of
the first shell of Mn,O; (1.5 A, 7.5 A™%), indicating the bonding

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) XANES spectra at Mn K-edge of the Mn-5,0,G-600, MnO, Mn,0O3, and Mn foil. (b) Liner fitting for Mn valences derived from cor-

responding Mn K-edge XANES spectra. (c) FT-EXAFS spectra. (d) The fitting EXAFS spectrum for Mn—-S;0,4G (inset: the simulated structure).
Wavelet transform (WT) of () Mn-5,04G-600 and (f) Mn,Os for the k®-weighted EXAFS signals.

of Mn to O and non-bonding of Mn to Mn. Through the above
analysis, Mn is anchored on the graphene by four oxygen atoms
and one sulfur atom.

Electrocatalytic ORR performance

Electrocatalytic oxygen reduction performance tests were per-
formed with a typical three-electrode system in oxygen-
saturated 0.1 M KOH. According to CV curves of OG-600, SG-
600, Mn-0OG-600 and Mn-S,0,G-600 (Fig. S21), all synthesized
electrocatalysts show a clear cathodic reduction peak, and the
Mn-S;0,G-600 catalyst shows the most positive oxygen reduc-
tion potential, suggesting the highest catalytic activity against
ORR. From linear sweep voltammetry (LSV) curves (Fig. 3a), the
catalyst Mn-S;0,G-600 shows high ORR activity, with an onset
potential (E,) of 0.98 V and a half-wave potential (E;,,) of 0.86 V,
outperforming OG-600, SG-600, Mn-OG-600 and Pt/C, whose E;,
,are 0.73V, 0.69V, 0.78 V, and 0.84 V, respectively. Meanwhile,
the Mn-S,0,G-600 displays higher kinetic current density (J; =
10.3 mA cm™?) than OG-600 (6.9 mA cm™?), SG-600 (1.6 mA
em ?), and Mn-OG-600 (5.0 mA cm ) at 0.6 V (Fig. 3b).
Moreover, the Mn-S;0,G-600 has faster reaction kinetics due to
smaller Tafel slope (46 mV dec™ ') than that of 0G-600 (73 mV
dec™), $G-600 (96 mV dec™ ') Mn-0OG-600 (57 mV dec™ ), and
Pt/C (79 mV dec™ ") (Fig. 3c). Hence, the Mn-S;0,G-600 exhibits
remarkable ORR activity, surpassing commercial Pt/C and most
other Mn-based catalysts reported previously (Table S27). By
measuring double-layer capacitance (Cqj), the electrochemical
active surface areas (ECSA) of Mn-S;0,G-600 were counted as
217.5 cm 2, larger than that of OG-600 (37 cm™?), SG-600 (52
ecm %), and Mn-OG-600 (177 cm™?) (Fig. $3-S61). Further, the
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fitting results of the equivalent circuit show that the catalyst
Mn-S,0,G-600 exhibits the minimal impedance, indicative of
rapid charge transfer (Fig. S7+).

To further understand the electron transfer process of ORR
process on Mn-S;0,G-600, we recorded LSV curves at different
rotational speeds on the RDE (Fig. 3d). The electron transfer
number of ORR is calculated by Koutecky-Levich equation.*
The catalysts show consistent linear relationship under
different applied voltages. The electron transfer number of Mn-
$,0,G-600 is about 4.0, which is close to that of Pt/C and Mn-
0G-600 (Fig. S8 and S9t).** However, the ORR electron transfer
number of OG-600 and SG-600 is only 1.9, indicating that the
introduction of isolated Mn atom is the basis for the four-
electron transfer of ORR (Fig. S10 and S11%). By collecting
disk and ring current with RRDE, we further verify that the Mn-
$104G-600 performs ORR mainly through four-electron transfer
pathways, and the hydrogen peroxide efficiency is low (Fig. 3e
and S127%).** After screening various calcination temperatures
and the content of metal, we reveal that the optimal conditions
involve doping both oxygen and sulfur at a calcination
temperature of 600 °C, with a 0.7% Mn content (Fig. S13 and
S14+1).

To evaluate the ORR stability of the catalyst, CV cycling was
performed in the voltage range 0.6-1.0 V. After 5000 CV cycles,
the half-wave potential of Mn-S;0,G-600 is reduced by only
3 mV, which is better than 7 mV of Pt/C (Fig. 3f). In addition, the
ORR current decay of the catalyst was investigated by chro-
noamperometry at a voltage of 0.6 V. As shown in Fig. S15,7 the
Mn-S,0,G-600 exhibits encouraging durability, maintaining
85% of its initial current density even after 25 hours of
continuous operation, while Pt/C maintains only 47%. In situ
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Raman spectroscopic analysis of Mn-S;0,G-600 at different
potentials shows that the ratio of D and G bands in graphene
does not change significantly, which represents that the catalyst
maintains good structural stability during the reaction
(Fig. S167).

In addition, no peak is observed at 1150 cm ™' owing to the
stretching of O-O, indicating that the catalyst can effectively
prevent the adsorption of harmful peroxides and avoid the
Fenton effect.*® Significantly, XRD pattern of the catalyst oper-
ated at high voltage over a long period of time proves that there
is no formation of manganese agglomeration (Fig. S177).
Furthermore, under the poisoning of 10 ppm KSCN, the half-
wave potential of Mn-S;0,G-600 undergoes a notable
decrease, attributable to the poisoning of Mn sites, illustrating
Mn centers as the main active sites (Fig. S18at). After methanol
was added to the electrolyte, the ORR current density of Mn-
$,0,G-600 decreased by only 5%, while that of Pt/C showed
a sudden drop at 200 s, indicating a stronger tolerance of the
Mn-S;0,G-600 to methanol (Fig. S18b¥). In addition, when CO
gas was introduced at 200 s, the catalyst showed a smaller
current drop than Pt/C, and the performance showed a recovery
trend when CO was stopped at 400 s, indicating that CO was less
toxic to the active manganese site (Fig. S18ct).

Zinc-air battery (ZAB) performance

The oxygen evolution performance of the Mn-S,0,G-600 was
tested in 0.1 M KOH, which reaches a current density of 10 mA
cm™? at an overpotential (1,0) of 360 mV (Fig. S191). The small

Chem. Sci.

voltage difference (0.73 V) between 7, and E;, shows the
potential application of the catalyst in battery devices. To
demonstrate the application of Mn-S;0,G-600 in ZABs, we
assembled a ZAB with zinc foil as the anode, 6 M KOH + 0.2 M
Zn(Ac), as the electrolyte, and carbon paper coated with Mn-
$,0,4G-600 (loading 1 mg cm™?) as the air cathode (Fig. 4a). The
ZAB based on Mn-S;0,G-600 exhibits an open-circuit voltage of
1.46 V and an excellent maximum powder density of 199 mW
cm 2 at 425 mA cm %, which significantly surpasses that of Pt/
C-based ZAB (1.42 V and 113 mW c¢cm > @ 178 mA cm )
(Fig. 4b). As depicted in Fig. 4c, upon subjecting the battery to
a stepwise increase in discharge current density from 0 to 20 mA
ecm™?, the discharge voltage maintains a relatively stable
plateau, signifying that the Mn-S,0,G-600-based battery has
stable output capability. Fig. 4d displays that the Mn-S,0,G-
600-based ZAB exhibits a high specific capacity of 750 mA h
gzn ', achieving 91.4% of the theoretical specific capacity (820
mA h gz, "), which is much higher than that of Pt/C-based ZAB
(644 mA h gz, ). In addition, the Mn-S;0,G-600-based battery
exhibits negligible augmentation in charge-discharge voltage
difference over 140 h charge-discharge cycling at a constant
current density of 5 mA cm 2, whereas Pt/C-based battery
underwent serious deterioration after 50 h, underscoring
exceptional durability and rechargeability of Mn-S;0,G-600
within the battery device (Fig. 4e). The performance of ZAB
based on Mn-S;0,G-600 is better than that of most reported
catalysts, as shown in Table S3,f highlighting the potential
application of Mn-S;0,G-600 in energy storage devices.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Study on ORR mechanism

To investigate the active sites and ORR mechanism, we con-
ducted an in-depth exploration of the micro-reactive mecha-
nism governing surface catalytic reactions on Mn-S,0,G,
employing density functional theory (DFT) computational
methods. To ensure the robustness of our model structures, we
meticulously constructed eight distinct configurations: Mn-
S,G, Mn-S;0G, Mn-S,0,G, Mn-S0,G, Mn-S,G, Mn-S,0G, Mn-
SO,G, and Mn-SO,G. Subsequently, we subjected our compu-
tational results to rigorous comparison with experimental data.
As extensively documented in prior literature, the ORR pathway
is characterized by the transformation of three key intermediate
species: OH — O — OOH.* Therefore, we initiated our inves-
tigation by meticulously optimizing the geometries of these
eight model structures and precisely determining the adsorp-
tion configurations of these intermediate species on the Mn-
Sx0,G catalytic surface, as vividly illustrated in Fig. 5a and S20-
S26.1

Drawing upon the structural energies, we systematically
construct the micro-reactive pathways for all eight model
configurations, as elegantly depicted in Fig. 5b. The outcome of
our meticulous analysis reveals a consistent trend among seven
of the model structures, where the order of intermediate ener-
gies follows the sequence: *OOH > *O > *OH. Intriguingly, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The proposed structures of the reaction intermediates at
Mn-SO4G site. (b) The free energy diagram for ORR of Mn-S,4G, Mn—
S30G, Mn-5,0,G, Mn-S0OsG, Mn-S:G, Mn-S,0G, Mn-SO,G, and
Mn-SO4G. (c) The projected DOS for Mn-SO4G based on DFT
calculations. (d) The charge density differences of Mn-SO,4G (yellow
areas: the accumulation of charge density, and blue areas: depletion of
charge density).

Mn-S,0G configuration stands apart from the rest. On the other
hand, for the Mn-S,G, Mn-S;0G, Mn-S,0,G, and Mn-SO;G
models, a saliently high reaction barrier (AG > 1.00 eV) emerged
in the *OH — * + H,O reaction process, unmistakably desig-
nating this step as the rate-determining element in the micro-
reactive sequence for these specific catalyst surfaces. In stark
contrast, the Mn-S;G, Mn-S,0G, Mn-SO,G, and Mn-SO,G
model structures exhibit significantly reduced reaction barriers
during the *OH — * + H,O reaction process. Notably, the Mn-
S0,G model surface showcases the lowest reaction barrier (0.62
eV) among all the studied catalyst models, thus manifesting
superior catalytic activity.

Based on the DFT calculations, we derived the projected
density-of-states (DOS) for Mn-SO,G model (Fig. 5¢). The DOS
results indicate that the conduction and valence bands of Mn-
SO4G are well-aligned, facilitating charge carrier transfer and
enhancing the catalytic ORR process. Additionally, we examined
the charge density of the Mn-SO,G model. Fig. 5d illustrates
that the electron density of Mn atom in the Mn-SO,G obviously
increases due to the double-shell-coordination doped structure
(04S1). In conclusion, the higher catalytic activity of Mn-SO,G is
attributed to the double-shell-coordination doping, which
aligns with the experimental findings.
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Conclusions

In summary, a Mn-SAC was fabricated by one-pot mothed and
utilizing the calcination temperature and metal ratio to regulate
and create atomically dispersed Mn-S;0,G sites on the gra-
phene. The XAS results reveal that four oxygen atoms and one
sulphur atom are coordinated to one Mn atom, where the
sulphur atom is located far from the first coordination shell.
Due to the high selectivity for the four-electron transfer path
and resistance to the Fenton effect, the catalyst Mn-S,0,G-600
exhibits excellent stability for the ORR, and the assembled
ZAB shows better performance than commercial Pt/C. Further,
theoretical calculations illustrate the structure of Mn-S,;0,G
has the lowest reaction barrier due to the modified d-band
centre and the increase of charge density, which aligns
perfectly with the experimental results. The work will help open
a new road to develop nitrogen-free metal-oxygen/sulphur
coordination model catalysts for the ORR and zinc-air batteries.
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