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ABSTRACT: Single-atom catalysts based on the metal-Ns moieties and anchored on carbon supports (defined as M-N-C) are prom-
ising for oxygen reduction reaction (ORR). Among those, M-N-C catalysts with 4d and 5d transition metal (TMauq, sa) centers are
much more durable and not susceptible to the undesirable Fenton reaction, especially compared with 3d transition-metal-based
ones. However, the ORR activity of these TMaq, s¢-N-C catalysts is still far from satisfactory; thus far, there are few discussions
about how to accurately tune the ligand fields of single-atom TMaug, sq sites in order to improve their catalytic properties. Herein, we
leverage single-atom Ru-N-C as a model system and report an S-anion coordination strategy to modulate the catalyst’s structure
and ORR performance. The S anions are identified to bond with N atoms in the second coordination shell of Ru centers, which al-
lows to mediately manipulate the electronic configuration of central Ru sites. The S-anion-coordinated Ru-N-C catalyst delivers not
only promising ORR activity but also outstanding long-term durability, superior to commercial Pt/C and most of the near-
term single-atom catalysts. DFT calculations reveal that the high ORR activity is attributed to the lower adsorption energy of
ORR intermediates at Ru sites. Metal-air batteries using this catalyst in the cathode side also exhibit fast kinetics and excellent sta-

bility.

INTRODUCTION

Highly efficient and robust catalysts towards oxygen reduc-
tion reaction (ORR) are a determinative component for fuel
cells and metal-air batteries. Hitherto, Pt-based bulk materials
(e.g., Pt/C) have been widely investigated and commercialized
as state-of-the-art ORR catalysts, owing to their sufficiently
high reaction kinetics.""> However, the large-scale application
of Pt-based catalysts is impeded primarily by their rarity and
high cost, since a considerable amount of catalyst is demand-
ed.>® Single-atom catalysts offer a tantalizing solution to low-
ering down the cost with maximized atomic utilization effi-
ciency and tunable electronic properties.”!! Among these cata-
lysts, atomically dispersed metals anchored on the nitrogen-
doped carbon texture (M-N-C) hold particular promise owing
to their dramatic catalytic performance towards ORR,'*! in
which the planar four-coordinated configuration of metal-
Na (M-N4) moieties have been generally validated as the active
Sites‘14,16-19

3d transition-metal (TMaiq)-based M-N-C catalysts (M = Fe,
Co, Ni, Mn, Cu, efc.) possess promising ORR activities, yet
they suffer from the detrimental Fenton reaction even though
many approaches to improve the selectivity for 4-electron
transfer products have been attempted.”>?* Thus far, 1) the

formation of two-electron reaction products with lower effi-
ciency (compared with the four-electron reaction product), as
well as 2) the fast performance degradation due to the leaching
of 3d transition metals have not been resolved. The reactive
oxygen species of free radicals (such as hydroxyl radicals)
generated by the Fenton reaction will also attack the polymer
membrane in fuel cells, accelerating their failure.?* These limi-
tations compromise the low-cost benefits of TM34-N-C cata-
lysts and impede their wide application in commercial fuel
cells. In comparison, M-N-C catalysts based on 4d and 5d-
transition-metal (TMuq;s4) centers, particularly those with the
stable arrangement of outer shell electrons, such as Ru and Ir,
have displayed better long-term durability due to the negligi-
ble interaction between these TMuq 54 ions and hydrogen per-
oxide (i.e., Fenton reaction).?** Unfortunately, a remaining
conundrum for these catalysts lies in unsatisfactory activity
caused by the sluggish ORR kinetics, which is determined by
the coordination and electronic structure of the active metal
site.3%5

As a widely investigated TMuq;5¢-N-C electrocatalyst, atom-
ically dispersed Ru-N-C catalysts have been generally identi-
fied to have a strong adsorption strength of ORR intermediates
at Ru-N sites,?>?6 unfavorable for the desorption of ORR
products. Therefore, lowering down the adsorption strength of
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Figure 1. Morphology and atomic structure characterizations of Ru-SAS/SNC. (a) SEM, (b) HAADF-STEM and (¢) EDS images
of Ru-SAS/SNC, C (red), N (green), S (blue) and Ru (orange). (d) AC-HAADF-STEM image and (e) the magnified image of Ru-
SAS/SNC. (f) The corresponding intensity profiles along the line X-Y in (e). (g) Experimental Ru K-edge XANES spectra of Ru-
SAS/SNC and reference samples. (h) Fourier-transformed magnitude of the experimental Ru K-edge EXAFS signal of Ru-
SAS/SNC, along with reference samples. (i) WT-EXAFS plots of Ru-SAS/SNC, Ru foil, Ru(acac)s, Ru/ZIF-8, and Ru-SAS/NC,
respectively. (j) Comparison between the experimental Ru K-edge XANES spectrum of Ru-SAS/SNC and the theoretical spectra
calculated for the depicted structure. (k) Comparison of Ru K-edge XANES spectra between the experimental derivation (E) of Ru-
SAS/SNC and the theoretical results calculated for the depicted structure. (1) Schematic atomic model of Ru-N bond length changes
before and after S introduction. Color scheme: blue for Ru, yellow for S, pink for N, and grey for C.



ORR intermediates at Ru-involved reactive sites would con-
tribute to accelerating the ORR kinetics and enhancing the
ORR activity. In molecular catalysis, one effective strategy for
improving the catalyst’s activity is to change the ligand envi-
ronment by modulating the active metal site with anions (S,
P, etc.) with different electronegativities, and thus the inter-
mediates’ binding energies and transition kinetics can be op-
timized through the withdrawing/donating effects of these
exotic anions.?’33 It was reckoned therefore that exploring
anion-coordinated Ru-N-C electrocatalysts would also be ef-
fective to modulate the adsorption strength of ORR intermedi-
ates at the active sites to further optimize the ORR activity,
which however has been rarely studied, let alone the accurate
orientation of coordination sites for the anions as well as their
definitive influence on the ORR performance.

Here, we report a S-anion-coordinated atomically dispersed
Ru-N-C catalyst (Ru-SAS/SNC) for ORR, where S anion is
located at the second shell and directly coordinated with N in
the Ru-N4 moiety (denoted as RuNs-S). The coordination
structure of Ru-SAS/SNC was unveiled by synchrotron-based
X-ray absorption spectroscopy (XAS) together with density
functional theory (DFT) calculations, in which the immigrated
S at the second shell can tailor the d-orbital electronic struc-
ture of central Ru to reduce the energy barrier of ORR-related
species at Ru sites within the RuNs-S, thus promoting the
ORR activity. The resultant Ru-SAs/SNC catalyst exhibits
excellent ORR activity with a positive half-wave overpotential
(E12) of 0.861 V (vs. reversible hydrogen electrode (RHE))
and high kinetic current density (Ji) of 101.7 mA cm™? at 0.80
V, which surpasses that of Pt/C (E12= 0.853 V vs. RHE, Jk=
19.3 mA c¢m™?) and approaches record-level among previously
reported single-atom catalysts. Remarkably, Ru-SAS/SNC
also delivers extraordinary long-term durability with only 24
mV negative shift in E12 after 30000 cycles. Multifarious met-
al-air (Zn-air, Al-air, and Li-air) battery tests reveal that the
batteries based on Ru-SAS/SNC generally present superior
discharge performances to those based on commercial Pt/C,
further demonstrating the versatile merits of Ru-SAS/SNC in
the field of energy storage and conversion.

RESULTS AND DISCUSSION

Morphology and coordination structure charac-
terizations of Ru-SAS/SNC. The Ru-SAS/SNC was syn-
thesized via a hydrothermal-and-pyrolysis combined strategy
(Figure S1). Firstly, Ru(acac)s and Zn** were mixed with 2-
methylimidazole at 120 °C to enable the self-assembly pro-
cess, after which Ru ions were trapped in zeolitic imidazolate
frameworks (ZIF-8) to form the Ru/ZIF-8 intermediates. Here,
ZIF-8 was employed as the molecular-scale cages to in-situ
trap and encapsulate metal precursors during crystallization.
Subsequently, Ru/ZIF-8 and sulfur powder were dispersed in a
mixture solvent of carbon disulfide and ethanol, then dried by
stirring under low-temperature heating, ensuring the attach-
ment of sulfur particles onto the surface of Ru/ZIF-8
(S/Ru/ZIF-8). Finally, Ru-SAS/SNC was obtained by pyrolyz-
ing S/Ru/ZIF-8 at 950 °C under Ar atmosphere. During the
pyrolyzation process, sulfur will penetrate into the ZIF-8
frameworks and the inner metallic zinc will be evapo-
rated.”** Meanwhile, it will also allow the in-situ generation
and immobilization of Ru single atoms on carbonized skele-
tons, induced by the strong metal anchoring ability of N atoms
and the space-confinement effect of micropores within the
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skeletons. Control samples, NC (N-doped carbon substrate),
SNC (S-coordinated and N-doped carbon substrate), Ru-
SAS/NC (without coordinated-S anions), Ru-SAS//SNC (no
connection between S and Ru) were also prepared through a
similar method (Supporting Information). Noted that the opti-
mized Ru-SAS/SNC sample was obtained with a msuifur powder:
Mmrwzir-s ratio of 1:20, which was determined according to the
ORR performance test (Figure S2). Such optimized Ru-
SAS/SNC sample was thereafter used for further characteriza-
tion and electrochemical evaluations, unless stated otherwise.
The complete carbonization of the precursor was verified by
the appearance of typical carbon peaks at around 25° for (002)
facet and 44° for (100)/(101) facet, and the absence of well-
maintained crystalline peaks for ZIF-8 derived carbon frame-
works in X-ray diffraction (XRD) patterns (Figure S3). Note
that there are no characteristic diffraction peaks of metallic
crystalline Ru, implying the atomically dispersed Ru incorpo-
ration with N in the carbon skeleton.?* The Raman spectra
(Figure S4) show that the intensity ratio between D-band
(=1337 cm’!, defective carbon) and G-band (<1586 ¢cm!, gra-
phitic carbon) for Ru-SAS/SNC was close to 1.02, which is
larger than those of NC, SNC, and Ru-SAS/NC sam-
ples, signifying the existence of more defects in Ru-
SAS/SNC.¥3¢ According to the Field-emission scanning elec-
tron microscopy (FESEM) and transmission electron micros-
copy (TEM) experiments, it reveals that the rhombododecahe-
dron shape of ZIF-8 nanocrystals can be retained during the
in-situ Ru(acac)s encapsulation and following the pyrolysis
process under 950 °C (Figure S5). The uneven surface with
plenty of bumps and the highly open porous structure in the
finally obtained Ru-SAS/SNC is beneficial for a large surface
area, abundant active sites, and accelerated mass-charge trans-
portation.?® Sulfur powder can be adsorbed on the surface of
Ru/ZIF-8 architecture by dispersing in carbon disulfide-
ethanol mixed solution, with nonuniform particle sizes of sev-
eral nanometers to hundreds of nanometers (Figure S6 and
S7). In the pyrolysis process, porous carbon frameworks could
be further etched by the gradual permeation of sulfur (Figure
la, b, and Figure S8). However, the excessive damage and
collapse of the polyhedral structure were prevented, attributed
to the homogenous dispersion of Ru(acac)s within ZIF-8 and
in situ-stabilization of Ru atoms by N coordination
sites during ZIF pyrolysis.?**¢ BET specific surface area and
porosity distributions also indicate that Ru-
SAS/SNC possesses a higher surface area and larger porous
structure than Ru-SAS/NC (Figure S9 and Table S1), which
result from the etched porous structure after S participation
in Ru-SAS/SNC. Moreover, no Ru nanoparticles or clusters
were detected in High-resolution TEM (HRTEM) and high-
angle annular dark-field scanning TEM (HAADF-STEM)
images (Figure S10a, b). Energy-dispersive X-ray (EDX)
analysis in HAADF-STEM manifests homogeneous distribu-
tion of C, N, S, and Ru elements within Ru-SAS/NC and Ru-
SAS/SNC (Figure 1c, Figure S10c, and Figure S1la-c). The
Ru mass percentage content in Ru-SAS/SNC is determined as
0.5 wt.% according to the inductively coupled plasma mass
spectrometry (ICP-MS) measurement (Table S2). Obviously,
in the aberration-corrected HAADF-STEM (AC-HAADF-
STEM) images (Figure 1d, e, Figure S11, and Figure S12),
monodispersed Ru single atoms could be identified by isolated
bright dots in both Ru-SAS/NC and Ru-SAS/SNC samples.
Additionally, the space measured between two Ru atoms
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Figure 2. ORR activity of Ru-SAS/SNC. (a) Polarization curves for Ru-SAS/SNC and the references tested in Oz-saturated 0.1 M
KOH solution with a scanning rate of 5 mV s'at 1600 rpm. (b) Tafel slopes for Ru-SAS/SNC and Pt/C. (c) The contrast
between Ru-SAS/SNC and the references forJk (0.80 V) and E12. (d) Comparison of the Eonset and E12 values between Ru-
SAS/SNC and the catalysts reported recently. (e) The polarization curves of Ru-SAS/SNC at different rotating speeds. The insert is
the corresponding K-L curves at different potentials. (f) The long-term durability tests of Ru-SAS/SNC. The inset is the magnified
images. (g) Nyquist plots of electrochemical impedance spectra of Ru-SAS/SNC and the references. (h) The i-z curves of Ru-
SAS/SNC and commercial Pt/C before and after the addition of 1.0 M methanol.

exceeds 0.4 nm (Figure 1f), which consolidates the isolated
atom feature of Ru existed in Ru-SAS/SNC.%’

To accurately distinguish the chemical and electronic states
of atomically dispersed Ru species, X-ray photoelectron spec-
troscopy (XPS), X-ray absorption energy near-edge structure
(XANES), and extended X-ray absorption fine structure
(EXAFS) spectroscopy were utilized. The survey XPS spec-
trum of Ru-SAS/SNC (Figure S13a) demonstrates the coexist-
ence of C, N, O, S, Zn, and Ru elements. Residual Zn content
in Ru-SAS/SNC is quantified to be as low as 0.11 at.%, which
would exert negligible influence on catalytic perfor-
mance.?** Since Ru 3d photoelectrons signal overlaps with
that of C 1s from carbon substrates (Figure S13b), we adopted
the Ru 3p XPS spectra to avoid strong interference.?® The
normalized C 1s spectra of Ru-SAS/SNC (Figure S14a) could
be deconvoluted into C-C/C=C bonds (284.8 eV), C=C-N
bonds (285.9 ¢V), and N-C=N bonds (289.4 e¢V), respective-
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ly.** Meanwhile, the N 1s XPS spectrum of Ru-SAS/SNC
(Figure S14b) exhibits four peaks at binding energies of 398.2,
398.9, 400.3, and 401.2, which can be assigned to pyridinic N,
N-S bonding, pyrrolic N, and graphitic N, respectively.’** In
comparison, only three peaks belonging to pyridinic N, pyrrol-
ic N, and graphitic N can be found in Ru-SAS/NC without
characteristic peaks of the N-S bond (Figure S15). S 2p XPS
spectrum of Ru-SAS/SNC (Figure S14c) can be deconvoluted
into three peaks: S 2p32(163.9 eV), S 2p12(165.0 eV), and
sulfate species (C-SOx).>'*! The absence of the characteristic
peak of metal-S bond implies exotic S atoms tend to bond to
surrounding N atoms, not directly to the central Ru atoms.
Regarding the Ru 3d XPS spectrum of Ru-SAS/SNC (Figure
S14d), only two weak peaks for Ru 2ps. (~ 462.5 eV) and Ru
2p1n2 (~ 485.0 eV) can be observed, which can be poorly lever-
aged to identify the oxidation state of Ru atoms. This is be-
cause Ru photoelectronic signals may be attenuated due to the
encapsulation of a thick rhombic dodecahedron framework



with a size of ~ 200 nm.* Notably, N 1s and Ru 3p XPS peaks
of Ru-SAS/SNC shift toward a lower binding energy direction
compared to those of Ru-SAS/NC without S source (Figure
S16), suggesting a partial electron transfer from S atoms to N
atoms and then to central Ru sites.

To probe the electronic and atomic states of C, N, and S
in Ru-SAS/SNC, synchrotron-based soft XANES was first
carried out by collecting the surficial information using the
total electron yield (TEY) mode. As shown in Figure S17a, the
C K-edge XANES spectra present four spectroscopic features,
which could be assigned to the dipole transition of the C 1s
core electron into the n"(peak a, C=C), " (peak b and peak b,
C-N/S), and 6" (peak ¢, C-C) antibonding orbitals.?’ Compared
to the NC sample, the peak bi and peak bz of SNC and Ru-
SAS/NC slightly shift toward lower binding energies after
incorporating S or Ru into the carbon matrix. However, in
contrast to Ru-SAS/NC, a mild deviation toward higher bind-
ing energy is found on the peak biand peak b:for Ru-
SAS/SNC, implying a valid sulfur-modificationin Ru-
N4 moiety. In N K-edge XANES spectra (Figure S17b), the di,
d2, and e peaks are assigned to pyridinic N and pyrrolic N,
respectively, and peak f denotes graphitic N.2*3%** When com-
pared with the NC sample, the peak di in Ru-SAS/NC shifts to
the lower energy direction, suggesting the strong chemical
coordination between pyridinic N and Ru sites, corresponding
to Ru-N-C bonding in Ru-SAS/NC. When comparing Ru-
SAS/NC with Ru-SAS/SNC, peak dipresents a continuous
migration towards the lower energy direction in Ru-SAS/SNC,
signifying the partial electron transfer from S to N at-
oms. Furthermore, the valence of S was investigated by the S
K-edge XANES spectra (Figure S18), from which we can see
the Ru-SAS/SNC possesses a slightly positive shift in the K-
edge position compared with SNC, which is ascribed to the
electron transfer from S to N then to Ru atoms that leads to a
S-N-Ru coordination. These results are consistent with the
XPS analysis above.

Hard X-ray absorption spectroscopy (hXAS) measurement
was also carried out to evaluate the local electronic and atomic
structure around Ru centers, in which the atomic-site struc-
tures around the photo-absorber could be better identified
by the X-ray absorption energy near-edge structure
(XANES) spectroscopy that captures the information about the
three-dimensional arrangement of the atoms.?*3® As illustrated
in Figure 1g, the absorption energy edges and the white line
intensities of Ru-SAS/SNC, Ru-SAS/NC, and Ru-ZIF-8 are
situated between those of Ru foil and RuOz in the Ru K-edge
XANES spectra, elucidating the partial oxidation of Ru with
valence states of 0 to +4. In addition, the absorption edge posi-
tions of Ru-SAS/SNC and Ru-SAS/NC are comparable to
those of Ru(acac); and Ru-ZIF-8, indicating the valence state
of Ru-SAS is close to +3. It can also be observed that the ab-
sorption energy and white line peak intensity of Ru-SAS/SNC
are slightly lower than those of Ru-SAS/NC, which exempli-
fies a lower oxidation state of Ru-sites in Ru-SAS/SNC than in
Ru-SAS/NC, originating from the electron migration from S to
Ru. This result is consistent with the results of XPS. It is well
known that the pre-edge intensities are directly proportional to
the coordination deviation of the centrosymmetric photo-
absorbers?®*? and thus the higher intensity of the pre-edge
peak in Ru-SAS/NC and Ru-SAS/SNC compared to
Ru(acac)s and Ru-ZIF-8, demonstrates that distorted octahe-
dral coordination is adopted for Ru atoms in isolated reaction
sites-containing samples.*
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To further confirm the atomic Ru distribution and unveil the
precise coordination environment in Ru-SAS/SNC, normal-
ized Fourier transform of the extended X-ray absorption fine
structure (FT-EXAFS) spectroscopy was employed. In the FT-
EXAFS curves (Figure 1h), unlike Ru-O bonds located at
~1.45 A in RuO>, Ru(acac)s, and Ru/ZIF-8, the identified ma-
jor peak in Ru-SAS/SNC is located at ~1.59 A, which is
slightly larger than that of the Ru-N peak (~1.50 A) in Ru-
SAS/NC and shorter than that of Ru-S bond appearance
(~1.81 A).¥ Considering that the characteristic peak’s location
of Ru-SAS/SNC is more similar to that of Ru-N and signifi-
cantly different to that of Ru-S bonds, it is reasonable to de-
duce the dominant bonding pairs with central metal atoms is
Ru-N rather than Ru-S in Ru-SAS/SNC. The main peak of Ru
foil is situated at ~2.41 A, corresponding to the Ru-Ru coordi-
nation. However, there is no such peak in the Ru-SAS/SNC
sample, which confirms the presence of isolated ruthenium
sites, consistent with the above STEM results. Furthermore,
wavelet transformed (WT) EXAFS analysis, featured with
simultaneous resolution in both & and R spaces, was used to
distinguish atomic species of backscattering atoms, since some
important information is lost in the magnitude of the Fourier-
transformed signal.***¢ As shown in Figure 1i, WT contour
plots of Ru metal foil show an intensity maximum at 9.50 A™,
attributed to metallic Ru-Ru coordination. The WT contour
plots of Ru(acac)s and Ru/ZIF-8 display the intensity maxi-
mum at 4.75 A'and 4.40 A™', respectively, which could be
ascribed to Ru-O bonding. Whereas, only one intensity maxi-
mum at 4.05 A™! was detected in the WT contour plots of Ru-
SAS/SNC, and the k-space value is very close to that of Ru-N
contribution (3.96 A™") in Ru-SAS/NC, validating that Ru
exists as atomically monodispersed centers without metal-
derived Ru structures in Ru-SAS/SNC.*

To verify whether sulfur is attached to peripheric N or nu-
clear Ru atoms, optimized DFT calculation models were es-
tablished to execute XANES simulation (Figure S19). Among
the simulated Ru K-edge XANES spectra based on the models
of RuN4, RuN3S, and RuNs-S moieties embedded in a gra-
phene sheet (Figure 1j), the simulated spectrum of RuNs-S
moieties was found well reproduced with the experimental
spectrum; in contrast, the predicted XANES profiles
of RuN4 and RuNsS moieties are distinct to the experimental
XANES profile of Ru-SAS/NC, particularly in near-edge fea-
tures (a-e). Moreover, the characteristic signals
of the experimental E-space derivation of Ru-SAS/SNC on-
ly cohere with predicted ones of RuN4-S moiety (Figure 1k).
Therefore, as expected, S atoms are bonded with N atoms in
the second shell rather than central Ru atoms (Figure S19c¢),
which allows indirect electronic regulation of Ru nucleus from
the second shell, coinciding with the above XPS and EXAFS
analysis. The bonding between S and N atoms thereafter initi-
ates a slight asymmetrical expansion of the original Ru-N
bonds (Figure 11). Detailed bond length changes are displayed
in Table S3. In addition, the EXAFS fitting was also operated
to further extract the structure parameters (Figure S20),* and
the fitting results revealed that the dominant coordination peak
of Ru-SAS/SNC corresponds to four-coordinate Ru centers in
the form of Ru-N4 configuration. Compared with the case
in Ru-SAS/NC, the mean Ru-N bond length of Ru-SAS/SNC
(1.886 A) is slightly increased, due to the incorporation of S
atoms into the Ru-Ns species.
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Figure 3. Zn-air battery performance using Ru-SAS/SNC. (a) Schematic setup diagram of Zn-air battery. (b) Discharge polarization
curves and power density plots of Ru-SAS/SNC and Pt/C-based Zn-air batteries. (c) The open-circuit voltage plots of Zn-air batter-
ies assembled with Ru-SAS/SNC and Pt/C. (d) Specific capacity by mass normalization at a current density of 10 mA c¢cm?. (e)
Galvanostatic charge/discharge cyclic curves of the Zn-air batteries at 5 mA cmwith a duration of 1200 s per cycle in 6.0 M KOH.

Based on the above analysis, we can conclude that the coor-
dination structure of Ru-SAS/NC involves a Ru central atom
surrounded by four nitrogen atoms in the first shell, with one
sulfur atom replacing the position of carbon atoms in the sec-
ond coordination sphere. Such coordination structure can read-
ily trigger the electron transfer from S to N and then to center
atoms due to the relatively high electron affinity of N, which
could consequently increase the electron density of metal ions
and thereby lower the intermediate adsorption free ener-
gy 773U If S atoms are attached to the center metal ions at the
first shell, the electrons around metal ions transfer to S atoms,
leading to more intensive intermediates adsorption on reactive
sites,””?® unfavorable for ORR.

ORR Electrocatalytic Performance of Ru-
SAS/SNC. The ORR electrocatalytic performance of Ru-
SAS/SNC was investigated in Oz-saturated 0.1 M
KOH electrolyte using a typical three-electrode device cali-
brated by the reversible hydrogen electrode (RHE). Cyclic
voltammetry (CV) curves of Ru-SAS/SNC exhibit characteris-
tic cathodic peaks of ORR in O»-saturated solution (Fig-
ure S21). To properly ascertain the influence of metal species,
0.01 M KSCN was injected into the electrolyte prior to the
polarization scan.®® Affected by the SCN™ coordination and
blockage of Ru sites, apparent attenuated Eonset, E12, and lim-
ited current density are presented in Ru-SAS/SNC after adding
KSCN, implying the single-atomic Ru site is the main direct
active center of ORR. The linear sweep voltammetry (LSV)
polarization curves of different catalysts are presented in Fig-
ure 2a, in which Ru-SAS/SNC delivers the best ORR perfor-
mance over its counterparts. Specifically, Ru-SAS/SNC
demonstrates not only a high onset potential (Eonset) of 0.998 V
(vs. RHE) comparable with Pt/C (1.00 V vs. RHE), but also
the most positive half-wave potential (E12) at 0.861 V
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(vs. RHE) that even surpasses that of Pt/C (0.853 V vs. RHE).
In addition, the diffusion limited currents of NC and SNC are
lower than those of other samples, which may be caused by
the 2e pathway with more H202 production. Regarding the
Ru single atoms-contained catalysts (i.e., Ru-SAS/SNC, Ru-
SAS//NC, and Ru-SAS/SNC), the limit diffusion current plat-
forms are not ideally flat, possibly due to the locally inhomo-
geneous oxygen diffusion and gas absorption on the porous
catalyst surface that covers the active sites.*”*

It is generally known that a smaller Tafel slope reflects an
accelerated ORR reaction kinetics.”*>*In Figure 2b, the Tafel
slope is 57.6 mV dec™! for Ru-SAS/SNC catalyst, which out-
performs that of Pt/C (68.8 mV dec™), suggesting the smaller
energy barrier to form the oxygen intermediates and the faster
kinetic rate on Ru-SAS/SNC reaction surface.” Detailed cata-
Iytic performance derived from the LSV curves of all samples
is summarized in Figure 2c. Among all samples, Ru-SAS/SNC
possesses the optimal ORR activity with the upper-
most E12 and kinetic current density (Jk= 101.7 mA cm™),
which is 5.3-fold as large as that of commercial Pt/C (Jk=19.3
mA cm2). Notably, Ru single atoms-contained catalysts (i.e.,
Ru-SAS/SNC, Ru-SAS/NC, and Ru-SAS//SNC) generally
display both high £12 and Jk compared to inornate NC (E12 =
0.779 V, Jk = 2.0 mA cm?) and SNC (E12= 0.809 V, Jk = 6.8
mA cm?) frameworks derived from ZIF-8, indicating the cru-
cial role of isolated Ru atoms as the real ORR reaction sites
instead of N-C or S-N-C sites. Among the Ru single atoms-
contained catalysts, Ru-SAS/SNC presents the high-
est E12 and Jk values, better than Ru-SAS/NC comprised of
Ru-N-C bonding (E12= 0.784 V, Jx = 2.4 mA cm?) and Ru-
SAS//SNC comprised of separated Ru-N and S-N coordination
(E12=0.831 V, Jk = 13.2 mA cm?), proving the improvement
of intrinsic ORR activity of central Ru sites after the creation
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of Ru-N-S conjunction. Moreover, the intrinsic ORR activity,
namely ORR specific activity and mass activity, was further
evaluated by normalizing the kinetic current at 0.8 V
(vs. RHE) with respect to the BET surface area and Ru quality
of Ru-SAS/NC and Ru-SAS/SNC catalysts (Table S4). The S-
coordinated catalyst (Ru-SAS/SNC) displays considerably
enhanced specific activity (SA) and mass activity (MA) com-
pared to the Ru-SAS/NC sample, intuitively clarifying the
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influence of S introduction on the intrinsic activity of Ru sites.

Additionally, the ORR activity obtained for Ru-SAS/SNC in
this work is superior to those of most near-term reported single
atoms-based electrocatalysts (Figure 2d and Table S5).

Apart from the ORR catalytic activity, Koutecky-Levich (K-
L) plots originated from LSV curves at different rotating
speeds (Figure 2e) were further utilized to evaluate the catalyt-

ic selectivity.>*>> A direct four-electron ORR pathway is cal-



culated for Ru-SAS/SNC from the slope of the K-L plots un-
der different potentials. Moreover, rotating ring-disk electrode
(RRDE) measurements were conducted to calculate the elec-
tron transfer number (7) and peroxide yields (H202%) (Figure
S23).2 Clearly, Ru-SAS/SNC shows a very low H20: yield (<
5%) and its n value fluctuates between 3.88 and 3.98 at a po-
tential range of 0.2-0.8 V (vs. RHE), consistent with the results
obtained by K-L plots. The long-term durability test through
repeated potential cycling in the range of 0.6 to 095 V
(vs. RHE) shows that only 24 mV loss in E12 was found on
Ru-SAS/SNC after 30000 continuous cycles (Figure 2f), even
superior to that of Pt/C (43 mV, Figure S24). Moreover, the
chronoamperometric i-f measurement shows there is no appre-
ciable current change during the 70 h test for Ru-SAS/SNC,
outperforming Pt/C as well (Figure S25). The HAADF-STEM
images (Figure S26) reveal that, after the durability test, Ru-
SAS/SNC can still maintain its original morphology with iso-
lated bright dots of single Ru atoms retained on the substrate,
which could be attributed to the eminent anchoring effect of
coordinated anions that effectively suppresses Ru leaching. As
shown in the electrochemical impedance spectra (EIS), the
smaller semicircle diameter of Ru-SAS/SNC implies the faster
charge transfer (Figure 2g). In the frequency range of 0.1 Hz
to 10° Hz, the EIS plots of the composite catalysts (Ru-
SAS/SNC, Ru-SAS//NC, and Ru-SAS/SNC) are close to a
quarter circle rather than an ideal semicircle, possible due to
the faster charge transfer within these catalysts so that the
mass transfer-controlled process is difficult to occur in the
provided frequency range.*®® Meanwhile, Ru-SAS/SNC also
exhibits superior tolerance ability to methanol crossover com-
pared to Pt/C (Figure 2h). Above all, these electrochemical
results strongly support that Ru-SAS/SNC can act as a com-
petitive ORR catalyst to decrease or replace Pt usage.
Metal-Air Batteries Application. Owing to the fas-
cinated electrochemical ORR activity and stability, the practi-
cability of Ru-SAS/SNC as air cathodes in various types of
metal-air (Zn-air, Al-air, and Li-O) batteries was verified in
home-made energy conversion devices. Figure 3a shows the
schematic setup of as-constructed Zn-air batteries with a zinc
metal plate as anode and 6.0 M KOH as electrolyte. From the
discharge polarization curves and power density plots for the
Zn-Air battery (Figure 3b), we can see that the Ru-SAS/SNC-
based battery exhibits a higher discharging voltage plateau
with a maximum power density close to 229 mW c¢m 2, which
outperforms the Pt/C counterpart (175 mW cm™2) as well as
recently reported different categories of catalysts for primary
Zn-air batteries.”’ Furthermore, the Ru-SAS/SNC-based Zn-air
battery can deliver a higher open-circuit voltage of 1.52 V
compared with the Pt/C-based battery (Figure 3c), suggesting
a higher output voltage for the battery when using Ru-
SAS/SNC as the cathode catalyst. According to the long-term
discharge profile at 10 mA cm (Figure S27), the discharge
specific capacity (by normalized to the weight of zinc con-
sumption) of the Ru-SAS/SNC-based battery could reach
728 mA h gzi!, corresponding to a high energy density of 925
Wh kgzi !, which is greatly larger than that of Pt/C (673 mA h
gz ') (Figure 3d). Ru-SAS/SNC (or Pt/C) was thereafter cou-
pled with an oxygen-evolution catalyst (i.e., RuO) to examine
the galvanostatic discharge/charge cycling life of the Zn-air
batteries. As displayed in Figure 3e, unlike the Pt/C-based
battery with obvious voltage change, Ru-SAS/SNC-based Zn-
air battery delivers a lower charge-discharge voltage gap and
shows excellent stability in the discharge voltage from the
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initial potential (1.203 V) to the final one (1.195 V) after 270 h
(810 cycles) of continuous operation, implying the great prom-
ise of Ru-SAS/SNC as the ORR catalyst for Zn-air batteries.

Similarly, Al-air batteries were assembled with Ru-
SAS/SNC (or Pt/C) as the air-cathode, Al foil as the anode,
and 0.1 M KOH as the electrolyte.””*® As shown in Fig-
ure S28, at a voltage of 0.566 V, the Al-air battery based on
Ru-SAS/SNC presents a high current density of 74.67 mA
cm 2 with the maximum power density of 42.12 mW cm™2,
which is superior to the commercial Pt/C-based battery (32.60
mW cm2). In addition, Ru-SAS/SNC produces a higher open-
circuit voltage of ~1.49 V than the Pt/C electrode (~1.33 V).
Further performance improvement of the Al-air battery can be
achieved by electrolyte optimization and anode protection. 3%
To further explore the feasibility of Ru-SAS/SNC as the cath-
ode catalyst in Li-O: batteries, standard 2032-type coin cells
(Figure S29a) were assembled for electrochemical tests in an
Ox-filled glove box.®'* As expected, Ru-SAS/SNC displays
improved performance in non-aqueous Li-Oz batteries in com-
parison to commercial Pt/C  (Figure S29b). In
the first galvanostatic discharge profile measured at a current
density of 200 mA g ' and a limited capacity of 1000 mAh
¢!, Ru-SAS/SNC cathode demonstrates a much higher dis-
charge potential with smaller polarization than Pt/C, indicating
the efficient kinetics of Li>O: formation.®? Furthermore, the
ORR process participated on Ru-SAS/SNC cathode delivers a
less-steep constant voltage platform in the whole capacity
range, suggesting the formation of Li»O; at a relatively steady
reaction rate.> The galvanostatic discharge pattern of Ru-
SAS/SNC-based battery at a higher current density of 400 mA
g 'and a larger limited capacity of 2000 mAh g! was also
recorded, in which the Ru-SAS/SNC catalytic electrode still
shows smaller polarization, indicating the excellent rate capa-
bility of Ru-SAS/SNC cathode. Overall, Ru-SAS/SNC holds
striking potentials in serving as an alternative to Pt/C in the
practical metal-air battery systems.

ORR Catalytic Mechanism of Ru-SAS/SNC. To ex-
plore the underlying origin of catalytic behaviors of Ru active
sites as well as the interaction mechanism of reaction interme-
diates, theoretical investigations in terms of intrinsic 4e ORR
activity and electronic configuration were conducted based on
DFT calculations. Firstly, we evaluated the binding ener-
gies (Ey) for the two structures of RuN4-S (S bonded to N at-
oms in the second shell) and RuN;S (S directly bonded to the
central Ru atoms in the first shell). As shown in Table S6,
Evof the RuNs-S configuration (-2.36 eV) is significantly
more negative than that of the RuNsS configuration (0.42 eV),
which means that RuN4-S coordination is more thermodynam-
ically favorable. In the free energy diagram (Figure 4a), three
oxygen-involved intermediates (i.e., OOH", O" and OH") were
attached to Ru single-atomic-sites in our models of RuNs and
RuN;-S moieties, which were generated in succession accord-
ing to the associative mechanism with incremental addition of
molecular H2O and electrons to form four OH™ in the end. All
the intermediates on RuNs-S have weaker binding energy,
namely are more thermal-neutral, compared to those on
RuNj at the electrode potential Urne = 1.23 V, suggesting
more favorable oxygen intermediates adsorption on RuNs-S
sites.’"*¢ In addition, at Urne = 1.23 V, the final electrochemi-
cal step, which is correlated with the OH" binding, is verified
to be the rate-determining step for both Ru-SAS/SNC and Ru-
SAS/NC. On inornate RuNs, the OH" reduction was endo-
thermic by 1.37 eV, suggesting that Ru-SAS/NC has relatively



strong adsorption for OH”, which retards the removal of
OH" and the formation of OH™. Whereas, the OH" binding
energy of RuNs-S sites in Ru-SAS/SNC is 1.01 eV, smaller
than that of inornate RuNa, which is conducive to weakening
the OH" binding and enhancing the reaction kinetics in Ru-
SAS/SNC.% Therefore, we can deduce that introduction
of Ru-N-S coordination in the carbon matrix can optimize the
adsorption of oxygen species and further boost the ORR activ-
ity, which coincides with the experimental result.

Crystal orbitals overlap population (COOP) method based
on overlap-population-weighted densities-of-states, derived
from identification ofthe interaction between Ru d orbitals
and O p orbitals (Figure S30 and S31), was further established
to extract the bonding information.®>*® Therein, bonding and
antibonding interactions typically appear as positive and nega-
tive COOP values, respectively. Zero COOP represents the
nonbonding interactions.® As shown in Figure 4b and 4c, the
energy (Y-axial value) position corresponding to the intersec-
tions at COOP = 0 of RuN4-S moiety is relatively lower than
that of RuNs moiety, manifesting the existence of more anti-
bonding orbitals after O" adsorption in RuNi-S moiety. This
could weaken the strong bonding of oxygen intermediates,
resulting in the fast detachment of OH" and boosted ORR per-
formance of Ru centers. Due to the high correlation between
the d-band center and metal-adsorbate interaction, the elec-
tronic structure of Ru centers, especially the density of states
(DOS) was examined thereon (Figure 4d). The RuNs-S units
in Ru-SAS/SNC present a lower d-band center in comparison
with Ru-SAS/NC (-0.95 eV over -0.15 eV), where the de-
crease of intermediates’ adsorption free energy contributes to
the increased ORR activity of Ru-SAS/SNC. The downshift of
Ru d-band in Ru-SAS/SNC is probably ascribed to
the deteriorated electron transfer from the Ru center to the
electron-withdrawing N atoms in connection with S atoms.

Bader charge analysis (Figure 4e) further reveals that the
electron donation from the surrounding N-S coordination can
make the chemical valence of metal center Ru*' of Ru-
SAS/SNC less positive, resulting in a decreased adhesive
strength with OH". Additionally, OH" binding energy decreas-
es as the Bader charge of the single-atom Ru increases, illus-
trating that Ru-SAS/SNC has better oxygen reduction catalytic
activity over the Ru-SAS/NC. The charge density difference
of Ru and S atoms was further investigated separately to dis-
tinguish the charge transfer circumstance of RuN4-S moiety. In
specific, when S atoms were selected as the object, electrons
will transfer from S to N and further migrate to Ru central
atoms, which causes a distinct augment of charge density on
the Ru site (Figure 4f). Likewise, it can be exactly found that
Ru is more apt to acquire electrons (Figure 4g). Thus, RuNs-S
moiety with S anions in the second coordination shell of Ru
center is more favorable to weaken the adsorption of OOH",
O, and OH"on Ru centers relative to the single
RuNs moiety. This observation is consistent with previous
reports that anchoring anions in the second shell of TM34-N-C
catalysts that are strongly bonded to intermediates, such as Fe-

N4 and Mn-Ns, can facilitate the ORR kinetics.?%231:32

CONCLUSIONS

In summary, we demonstrate that modulating the Ru-N-C
catalyst through S-anion coordination at the second shell of Ru
centers is effective to optimize the electronic structure and
thereon ORR energetics and kinetics. The resultant catalyst
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manifests high ORR catalytic activity and glorious long-term
stability. Experiment investigations and theoretical calcula-
tions reveal that the enhanced ORR performance is ascribed to
the progressive charge densities of Ru centers and the low
energy barrier of the ORR intermediates at RuN4-S sites. This
atomic-territory anion-coordination engineering strategy could
provide a general approach to improve the ORR performance
for a host of emerging M-N-C electrocatalysts.
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