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Tailoring interfaces in heterostructured electrocatalysts is an optimal strategy for improving the electrocatalytic
performance, yet determining which active center to adjust is still extremely challenging. Herein, we report a
facile approach to construct a novel heterostructured electrocatalyst of MnSxO3_x/MnCo2S4. The density and
structure of the active centers were fine-tuned by controlling the S-O atomic ratio on the surface of MnSyOs_y.
Consequently, the optimized MnSg 1901.90/MnCosS4 sample had excellent oxygen evolution reaction perfor-
mance, with overpotential of 367 mV @ 50 mA cm 2 in 1.0 M KOH. More impressively, in 0.2 M phosphate
buffer solution, the overpotential @ 10 mA em 2 s only 414 mV. Furthermore, as the air-cathode catalyst in
neutral zinc-air batteries, MnSg.1001.90/MnCo2S4 exhibited excellent stability with the round-trip efficiency
decaying by only 3.8% at 10 mA cm ™2 after 140 h. Theoretical calculations revealed that Mn-Co site has the
suitable binding affinity to the oxygen-containing intermediates, neither too weak (Mn site) nor too strong (Co-
Co site), while MnCo,S4 endows the oxidized CoMnO active species a tensile strain that decreases the over-
potential. This study opens an avenue for developing high-performance and durable heterostructure electro-
catalysts toward OER, metal-air batteries in neural electrolytes and beyond.

1. Introduction absorb CO; from the environment and form carbonates, significantly

blocking the air diffusion layer hence greatly shortening the lifetime of

Oxygen evolution reaction (OER) is the primary half-cell reaction
that occurs at the cathode for several electrochemical energy storage
and conversion devices, such as rechargeable metal-air batteries, water
splitting, and photoelectrochemical cells [ 1-4]. Zinc-air batteries (ZABs)
are one of the most promising clean energy devices for realizing the next
generation green energy demand due to their low cost, high safety, and
large theoretical energy density [5-7]. To improve ionic conductivity,
oxygen diffusivity rate, and electrode activity, ZABs usually operate in
alkaline electrolytes such as KOH and NaOH [8-10]. However, when the
ZABs operate continuously for prolonged duration, such electrolyte can
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ZABs. Neutral electrolytes are environmentally friendly and safe, over-
coming the limitations of highly concentrated alkaline electrolytes
including corrosion, carbonation, and zinc dendrite growth [11,12].
ZnCly-NH4Cl buffer is a commonly used neutral electrolyte for ZABs, in
which the electrochemical reactions are the same as in acid conditions.
The half-cell reactions are described as follows [13,14]:
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Discharge
Airelectrode : O, +4H" +4e” = Chae2H2O

Despite the great promise of neutral ZABs, there are still some key
issues that limit their further large-scale commercialization. One critical
problem is that, the H" concentration is quite low in neutral media, thus
high overpotentials are needed to evolve oxygen. Therefore, it is
imperative to develop highly active and durable OER catalysts in neutral
electrolyte [15-17]. Currently, noble metal oxides such as IrOy and
RuO-, are considered as state-of-the-art OER catalysts. However, the high
cost and low natural abundance of Ir and Ru have significantly restricted
their commercialization in ZABs.

In light of the need for non-precious-metal-based OER catalysts with
cost-effectiveness, high efficiency, and robust durability, transition-
metal-based catalysts including transition metal oxides [18-21], hy-
droxides [22-24], and chalcogenides [25,26], have aroused enormous
interests as alternatives. Among them, transition metal-sulfides (TMSs)
have been attracting tremendous attentions due to their high conduc-
tivity, facile synthesis, and excellent activity [27,28]. Fine-tuning the
composition and structure of TMSs has been proved to be effective in
optimizing their electrocatalytic performance [24,29]. Among various
TMSs materials, heterostructured TMSs are widely recognized as one of
the most promising non-noble-metal based OER catalysts owing to their
high density of active sites (such as edges, corners, defects, and va-
cancies) at the interface [30,31]. For instance, Zhang et al. developed a
tremella-like Ni3S,;/MnS material with ultrathin nanosheets and rich
oxygen vacancies on nick foam [25], and importantly, the material
exhibited superior OER activity because of the high density of oxygen
vacancies at the Ni3S,/MnS interface. In another study, the Feng group
verified that the interfacial synergism of MoS2/Ni3S; is beneficial to the
chemisorption of oxygen-containing intermediates, which accelerates
the occurrence of the OER process [32]. Apart from the above work, a
manifold of theoretical simulations and experimental results have
revealed that, the properties of the heterostructure catalysts can be
governed by their interfacial structure [33,34]. However, it is still
extremely challenging to manipulate the heterostructure interfacial
properties such as charge transfer, tensile strain, and active site to lower
the overpotential so as to boost the OER performance.

Herein, we present a facile strategy to regulate the interfacial and
electronic structure in the novel MnS;05_/MnCo0,S4 heterostructure. In
the obtained MnS,O,_y/MnCo0,S4 heterostructure, the outer MnCo,S4
nanoparticles are anchored on the surface of the internal MnS;O5
nanorods, resulting in abundant interfaces. In addition, the electronic
and lattice structure of the heterogeneous interface can be easily opti-
mized by controlling the vulcanized conditions to adjust the sulfur-to-
oxygen ratio. The experimental results reveal that the sulfur-to-oxygen
ratio of MnSx0O,_x nanorods plays a crucial role in regulating the elec-
tronic and lattice structure of the MnSyO, x/MnCo5S4 interface. Spe-
cifically, MnSp 101.9/MnCo2S4 (x = 0.1) maintains an intact nanorod-
like structure with a high-density of heterogeneous interface. Forma-
tion of oxygen vacancies can be promoted by regulating the ratio of S-to-
O, i.e., x. The MnSy 1901.90/MnCo2S4 catalyst exhibits outstanding ac-
tivity and durability for OER in neutral and alkaline electrolyte, superior
to the commercial IrO; catalyst. Density functional theory (DFT) cal-
culations revealed that the strong interfacial interactions between
MnS;05_x and MnCo,S,4 in the MnS;O5_4/MnCo05S4 heterostructure is
crucial to its high electrocatalytic performance. On one hand, the elec-
tron flow occurring at the interface from MnCo3S4 to MnO> significantly
increases the conductivity of the catalyst. On the other hand, due to the
tensile strain of the CoMnO-S interfacuak moieties, the energy difference
between O* and OOH* intermediates can be reduced hence drastically
decreasing the OER overpotential.
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2. Experimental section
2.1. Materials

Potassium permanganate (KMnQ4) and ammonium chloride (NH4Cl)
were purchased from Guangzhou Chemical Reagent Factory (Guangz-
hou, China), cobalt (II) acetate tetrahydrate (Co(OAc)z-4H20), manga-
nese(Il) acetate tetrahydrate (Mn(OAc),-4H20), thioacetamide (TAA),
potassium hydroxide (95% KOH) and ethanol were obtained from En-
ergy Chemicals (Shanghai, China). Nafion (5 wt%) was acquired from
Dupont (USA). All aqueous solutions were prepared using deionized (DI)
water with a resistivity of 18.3 MQ-cm.

2.2. Preparation of MnO2 nanorods

MnO; nanorods were prepared by following the typical hydrother-
mal method. Specifically, 0.625 mmol KMnO4 and 0.625 mmol NH4Cl
were added into 50 mL deionized H20, and the mixture was kept stirring
for 5 min at room temperature. Subsequently, the solution was trans-
ferred into a 100 mL Teflon-lined autoclave and maintained in an oven
at 140 °C for 24 h. Finally, it was washed with deionized water and
ethanol several times and then dried at 40 °C for 12 h in a vacuum oven.

2.3. Preparation of MnSxOz_,/MnCo2S4 heterostructure nanorods

Firstly, 0.2 mmol Mn(OAc)2-4H20 and 0.4 mmol Co(OAc)s-4H20
were dissolved into 100 mL ethanol, and 50 mg of the above obtained
MnO; sample was added into the solution. After ultrasonic treatment for
30 mins, the suspension was transferred to the oil bath and kept stirring
at 80 °C for 4 h, then the product was rinsed by ethanol for 3 times, and
the obtained sample was denoted by MnOs/(MnCo)s(OH)5(OAc)g
(marked as MnO3/MCOA). Subsequently, the above sample and TAA
(0.2, 0.4, 0.6, and 0.8 mmol) were added into 40 mL ethanol, and the
solution was kept stirring for 5 min at room temperature. Finally, the
mixture was transferred into the 100 mL Teflon-lined autoclave and kept
in the oven under 120 °C for 12 h, washed with ethanol 3 times and dried
at 40 °C for 12 h in a vacuum oven, and the collected solid is the final
product denoted as MnS4O,_y/MnCo0,S4 (x represents the S stoichio-
metric ratio in MnO3). The MnS;02_x/MnCo5S4 formed by vulcanization
of different molar amounts of TAA was also marked as S-0.2, S-0.4, S-
0.6, and S-0.8, respectively.

2.4. Electrochemical measurements

The electrochemical tests were performed on the CHI 750E electro-
chemical workstation (CH Instruments, Chenhua Co Ltd., China) using a
three-electrode cell (Hg/HgO as the reference electrode, carbon rod as
the counter electrode) at room temperature. The catalyst modified
glassy carbon rotating ring-disk electrode (RRDE, Pine instrument
company, LLC) with diameter of 5 mm was employed as the working
electrode. The catalyst ink was prepared as follows: 2 mg of the as-
prepared catalyst was dispersed ultrasonically in 0.4 mL nafion/
ethanol (1.0% nafion) to form a homogeneous suspension with a con-
centration of was 5 mg mL7L. 10 pL suspension was then dropcast onto
the surface of the polished glassy carbon electrode, dried at room tem-
perature. The loading amount of the catalyst was calculated to be 255.1
pg em~2 The electrochemically active surface areas (ECSAs) of the
catalysts were calculated from electrochemical double-layer capacitance
(Cqp) of the sample. ECSA = R¢/S, in which S stands for the real surface
area of the smooth metal electrode, which is generally equaling to the
geometric area of working electrode (in this work, S = 0.196 cm?). The
roughness factor Rf was estimated from the ratio of double-layer
capacitance Cq for the working electrode and the corresponding
smooth metal electrode (assuming that the average double-layer
capacitance of a smooth metal oxide surface is 60 pF cm™2), that is,
Rf = Cq/60 pF em~2 [35]. The Cq) value was determined via cyclic
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voltammograms with a potential region where no obvious Faradaic
process occurs. The double-layer charging current I can be related to the
scan rates (v) through Equation 1: I, = Cy4 x v. Therefore, the charging
current at a specific potential has a linear relationship with the scanning
rates, and its slope is the Cq) value. Linear sweep voltammograms (LSVs)
were obtained at a sweep rate of 10 mV s~ in Ny -saturated 1 M KOH or
0.2 M PBS solution at various rotation rates 1600 rpm. The electro-
chemical impedance spectroscopic (EIS) spectrum was recorded in the
frequency range from 100 kHz to 0.01 Hz employing A.C. impedance
technique with the amplitude of 0.005 V. The long-term stability test
was performed using amperometric i-t measurement at 1.6 V (vs. RHE)
in 0.2 M PBS solution. The Hg/HgO electrode was calibrated with a
reversible hydrogen electrode (RHE), Eryr = Eng/mgo + 0.098 (V) +
0.0591*(pH).

2.5. Battery test

The Zn-air battery was self-assembled by using the zinc plate as the
anode, the catalyst loaded on carbon cloth as the air—cathode, and 5 M
NH4CI plus 0.25 M ZnCl; as the electrolyte. The air—cathode was fabri-
cated by the following process: 2 mg catalyst was dispersed into 400 pL
Nafion/ethanol solution (0.5%), and then subject to ultrasonic treat-
ment for ~30 mins. Subsequently, the prepared suspension was drop-
cast onto the hydrophobic side of the carbon cloth and ensuring the
effective area was 1 cm?. All zinc-air battery tests were carried out by the
CHI-440 electrochemical workstation (CH Instruments, Chenhua Co
Ltd., China) and LAND CT2001A battery program-control test system at
ambient conditions. The characterization, and simulation methods can
be found in Supplementary materials.

3. Results and discussions

The route for synthesizing the MnS;O5_»/MnCo2S4 heterostructure
are shown in Scheme 1 (Supplementary Material). Firstly, the one-
dimensional (1 D) MnO, nanorods were synthesized by a simple hy-
drothermal reaction. Specifically, KMnO4 was reduced into MnO; by
NH4Cl, while NH4Cl was oxidized into Ny, thus increasing the pressure
of the reaction system, which triggered the formation of uniform MnO,
nanorods. A probable mechanism is proposed as follows: Firstly, under
hydrothermal conditions, the MnOy units appear first in the solution,
and then through a condensation reaction, they form MnO; sheets.
Subsequently, the layer structure of MnO; tends to curl at an elevated
temperature and pressure, and this is the critical step for the formation
of one-dimensional MnOs nanostructure. Finally, the tubular structure is
formed in the reaction system [36]. Subsequently, the MnO; nanorods
were used as the skeleton for the growth of (MnCo)s(OH)2(OAc)g
(MCOA) through a coprecipitation process. Finally, using TAA as the
sulfur source, the above as-prepared MnOy/MCOA composite was

E\,jﬁ

N Hydrothermal

MnO,

Mn2+

Solvothermal

With TAA

MnS,0,.,/MnCo,S,

MnO,/MCOA

Scheme 1. Illustration for fabrication of the MnS4O»_,/MnCo,S,4 catalyst.
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vulcanized to form MnS,05_»/MnCo,S4 nanorods. During this process,
MCOA was completely vulcanized into MnCo2S4, while only part of the
0> anions in MnO» exchanged with $%~ to form MnSyO5_y.

The fabrication process was characterized by electronic microscopic
technique. As shown in Fig. la, the as-prepared MnO, exhibits an
ultralong nanorod morphology with a diameter of 47.9 + 3.1 nm. After
depositing MCOA, the MnOy/MCOA inherits the fine nanorod
morphology of MnOs, as presented in Fig. S1a. However, the diameter of
MnOy/MCOA increased to 60.3 + 2.4 nm. Subsequently, we explored
the effect of the TAA amount on the structure of MnSyO5_»/MnCo05S4.
When the amount of TAA is 0.2 mmol, only a few nanoparticles appear
on the nanorods’ surface (Fig. S1b). Interestingly, if TAA is increased to
0.4 mmol, particles are densly and uniformly distributed on the nano-
rods (Fig. 1b). When further increasing the molar quantity of TAA to 0.6
mmol, part of the nanorods were converted into nanoparticles (Fig. S1c),
and when the TAA amount reaches 0.8 mmol, the nanorods structure
disappeared, as depicted in Fig. S1d. The above results indicate that, the
S-0.4 (0.4 mmol TAA) sample possesses the optimal well-defined het-
erostructure, hence it was chosen for further characterizations.

To observe the surface microstructure, transmission electron mi-
croscopy (TEM) and high-resolution TEM (HR-TEM) were then carried
out on the S-0.4 sample (MnSg 1001.90/MnCo02S4). As illustrated in
Fig. 1c and d, plentiful nanoparticles are anchored onto the nanorods,
and the average diameter of the nanoparticles is 11.5 + 3.2 nm.
Furthermore, the crystal structure of MnO5 and the S-0.4 sample was
examined by X-ray diffraction (XRD). As shown in Fig. 2a, the diffraction
peaks of 20 = 12.69°, 18.00°, 25.02°, 28.70°, 36.64°, 37.49°, and 65.83°
can be assigned to the (110), (200), (220), (310), (400), (211), and (112)
crystal planes of the a-phase MnO; (JCPDS No. 44-0141) [37,38],
respectively. It can be noted that, after vulcanization, the (110) and
(220) peaks from MnO; are much weaker and almost disappear, while
the (200) peaks are more pronounced, suggesting that the lattice
structure of MnO, is defective owing to part of the 02~ anions are
replaced by $2~ [39]. Meanwhile, the new diffraction peaks appear at
30.68°, 32.60°, and 38.40°, which can be ascribed to (311), (222), and
(400) lattice planes of MnCo2S4 (JCPDS No. 73-1703) [40], respectively.
In addition, as shown in Fig. S2, there are both Mn3O3 and MnS lattices
in MnS4O2_y, indicating that MnO, is partially reduced during the sul-
fidation process.

The HR-TEM (Fig. 1e) image suggests that there are two kinds of
adjacent lattice fringes with the interplanar spacings of ~0.28 nm and
~0.48 nm in the S-0.4 sample, which belong to the (311) and (200)
crystal plane of MnCo»S4 and MnOy, respectively. Moreover, a plethora
of lattice defects exist at the MnSg 1901.90/MnCo,S4 heterostructure in-
terfaces, and some are marked in the white circles in Fig. 1e. The high-
angle annular dark-field scanning TEM (HAADF-STEM) and corre-
sponding mapping images (Fig. 1f) strongly substantiate that Mn, Co, S,
and O elements are all present throughout the MnSg 1901.90/MnCo02S4
heterostructure nanorods. In addition, the line scanning profile (Fig. 1g)
indicates that the Mn and O elements are mainly distributed on the
nanorods, while the concentrations of S and Co elements are higher on
the outer nanoparticles. These results imply that MnCo,S4 nanoparticles
are anchored onto the MnS 1901.99 nanorods surface to form the het-
erostructure, which are consistent with the XRD observations, further
verifying the formation of the MnSxO5_x/MnCo3S4 heterostructure, and
abundant lattice defects exist in the S-0.4 sample.

Subsequently, the composition and charge state of the MnS;O2 x/
MnCo,S4 series (S-0.2, S-0.4, S-0.6, and S-0.8) and the MnO,/MCOA
sample were analyzed by X-ray photoelectron spectroscopy (XPS). As
shown in Fig. S3, the Co, Mn, and O elements are present in all samples,
while S only exists in the S-0.2, S-0.4, S-0.6, and S-0.8 samples, con-
firming that the samples were successfully sulfurized. Furthermore, the
percentage of each element in all catalysts detected by XPS is summa-
rized in Table S1, and the values of x in all vulcanized samples are
calculated using Eq. (2):
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Fig. 1. (a) and (b) SEM images of MnO, and MnSy 1901.90/MnCo5S4. (c) and (d) TEM micrographs of MnSg 1901.90/MnCo5S4. () HR-TEM image of MnSg 1001.90/
MnCo,S4. (f) HAADF-STEM images and corresponding EDX elemental maps of MnSg 1001.90/MnCo,S4, and (g) Line-scanning profiles of Mn, Co, O, and S along the

red line in the inset.
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According to the XPS survey-scan results and Equation (2), the value
of x was calculated to be 0.02, 0.10, 0.34, and 0.65, for the S-0.2, S-0.4,
S-0.6, and S-0.8 sample, respectively, therefore, the corresponding
molecular formulas of MnSyOs y/MnCoyS4s can be denoted as
MnSg,0201.98/MnCo,S4, MnS0.1001.90/MnCo2S4, MnSg.3401.66/
MnCo5S4, and MnSg ¢501.35/MnCo2S4, respectively. To investigate the
effect of the initial sulfur loading on the electronic interaction between
MnSx03_x and MnCoyS4 in the MnS;O3 x/MnCosSs4 series, high-
resolution XPS spectra of Mn, Co, O, and S elements were recorded. As
shown in Fig. S4a, the binding energy of the Mn 2p3 5 electrons varies
with the sulfur content. Compared with S-0.2, the binding energy of the
Mn 2p3/; electrons for S-0.4 and S-0.6 shifted negatively about 0.43 eV
and 0.38 eV, respectively, while S-0.8 remains almost unchanged.
Fig. S4b shows that the binding energies of the Co 2ps,, electrons for the
S-0.4, S-0.6, and S-0.8 samples shifted positively by 0.65 eV, 0.48 eV,

and 0.17 eV compared with that of S-0.2, respectively. It can be noted
that, the S-0.4 sample (MnS 1001.90/MnCo3S4) with well-defined het-
erostructure has the largest binding energy shift for both Mn and Co
elements. Such phenomenon can also be observed in the O 1s and S 2p
XPS spectra, as presented in Fig. S5a and S5b. It demonstrates that the
electronic structure of each element in MnS;O, 4/MnCo3S4 can be
regulated by adjusting the sulfur content. Such XPS findings clearly
demonstrate that more heterointerfaces of MnS,O5 »/MnCo05S4 can
result in greater electronic structural change [34,41-43].
Subsequently, the high-resolution XPS spectra of the MnSg 1901.90/
MnCo,S4 sample were recorded to probe the valence state, as compared
with the MnOy/MCOA sample. In the O 1s spectra (Fig. 2b) of
MnS.1001.90/MnCo2S4 and MnOy/MCOA, there are clearly O1, 02, and
03 three species with binding energy located at 529.9, 531.4, and 532.3
eV, corresponding to lattice oxygen, defective oxygen, and the OH™
groups adsorbed on the surface, respectively [41]. It can be noted that,
MnOy/MCOA has much more O3 species, indicating plentiful water
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Fig. 2. (a) XRD patterns of MnO, and MnSg 1001.90/MnCo5S4. (b), (c) and (d) are the high-resolution XPS spectra of the O 1s, Mn 2p, and Co 2p electrons from the

MnS.1001.90/MnCo,S4 and MnO,/MCOA samples.

molecules are adsorbed onto the surface, forming a large number of OH™
groups. More noteworthily, MnSg 1001.90/MnCo2S4 has much higher
content of O2 species, suggesting that the heterostructure is formed
accompanying with abundant defects. Furthermore, the electron spin
resonance (ESR) spectra were acquired to confirm the vacancies. As
shown in Fig. S6, the samples of S-0.4 (MnSy.1901.90/MnCo2S4) and S-
0.6 display obvious central symmetrical signal at ~324 mT, indicating
there are abundant oxygen vacancies in both samples. It should be noted
that, S-0.4 exhibits the significantly increased ESR intensity compared to
S-0.6, demonstrating more oxygen vacancies were formed on the surface
of S-0.4. However, the MnO; and S-0.2 samples show a negligible ESR
signal, indicating the absence of oxygen vacancy. The high-resolution
XPS spectra of Mn 2p (Fig. 2¢) show that the binding energies of the
Mn 2ps,2 and Mn 2pj/o electrons in MnSp 1901.90/MnCo2S4 have a
positive shift of 0.81 eV and 0.82 eV compared to MnO,/MCOA,
respectively. Additionally, the peaks of Co 2p3,; and Co 2p;,2 in
MnS.1001.90/MnCo,S4 shift negatively of 0.64 and 0.65 eV, compared
with that of MnO2/MCOA (Fig. 2d). The above results indicate that there
is strong electronic interaction between MnSg 1001.90 and MnCo3S4,
which might be beneficial to the charge transfer process for OER.

The electrocatalytic OER performance of all the samples was then
examined by the linear sweep voltammetry (LSV) in 1 M KOH electrolyte
at first. As shown in Fig. S7a, with the increase of the vulcanization
degree, the OER performance increased first then attenuated.
MnS.1001.90/MnCo2S4 exhibits the most outstanding OER performance
with the overpotential of 367 mV at 50 mA cm ™2, which is much lower
than those of MnO, (550 mV), MnCo05S4 (423 mV), S-0.2 (405 mV), S-0.6
(420 mV), and S-0.8 (450 mV). Moreover, the corresponding Tafel plots
are shown in Fig. S7b and the calculated Tafel slope values are sum-
marized in Table S2. MnSg 1001.90/MnCosS4 possesses the lowest Tafel
slope of 78 mV dec ™!, suggesting a more favorable reaction kinetics and
rapid charge transfer rate in the OER process. It is worth noting that,
MnSg.1001.90/MnCo3S4 has superior OER performance to the recently
reported catalyst with similar structures in alkaline solution (Table S3).

The OER performance of the MnS 1901.90/MnCo2S4 sample was then
compared with the state-of-the-art IrO; catalyst in 1 M KOH. As shown
from LSV curves in Fig. S8a and b, IrO; presents a high activity with an
overpotential of 410 mV @ 50 mA cm 2, and possesses a typical low
Tafel slope value of 96 mV dec™ . Nevertheless, in comparison, its ac-
tivity is still inferior to that of MnSg 1001.90/MnCo02S4, of which the
overpotential is 367 mV @ 50 mA cm ™2 and the Tafel slope is 78 mV
dec™!. To unravel the physical origin of the excellent activity of
MnSg.1001.90/MnCo2S4, we measured the double-layer capacitance
(CqD, and normalized the geometric current density to the correspond-
ing electrochemically active surface area (ECSA) (Fig. S8c and Fig. S9).
As expected, MnSg.1001.90/MnCo2S4 has a larger Cq; of 13.31 mF em ™2
than IrO, (11.58 mF cm™2), indicating that it possesses a higher ECSA
value. In addition, the electrochemical impedance spectra (EIS, shown in
Fig. S8d) display that the charge transfer resistance (R.) of
MnSg.1001.90/MnCo5S4 (4.49 Q) is smaller than that of IrO, (7.62 Q),
suggesting the more effortless electron transport at the catalyst and
electrolyte interface during the OER process.

Encouraged by the superior OER performance of MnSg 1001.90/
MnCo32S4 in alkaline media, we then investigated its OER properties in
neutral electrolyte and compared with IrOs. As shown in Fig. 3a, it re-
quires an overpotential of 414 mV for MnSg 1001.90/MnCo5S4 to reach a
current density of 10 mA em ™2 in 0.2 M PBS solution, which is lower
than that of MnO, (629 mV), MnSg 1001.90 (560 mV), MnCo,S4 (480
mV), and IrO; (492 mV) as well, and superior to other catalysts that have
been reported for OER in this condition (Table S4). The Nyquist plots
(Fig. 3b) of EIS spectra reveal that the Ry value of MnSg1901.90/
MnCo2S4 (282 Q) is clearly smaller than that of MnO; (>800 Q),
MnS.1001.90 (693 ©), MnCo2S4 (310 Q), and IrO; (340 Q), indicating
the more rapid charge transfer occurs during OER. Besides, the OER
activity of the samples can be further attributed to the ECSA results
(Fig. 3c and Fig. S10). As indicated, the ECSA value of MnS 1901.90/
MnCo,S4 (1.99 mF em ™2, 169.22 cm?) is higher than that of MnO (0.97
mF cm™?, 82.48 cm?), MnSg1001.90 (1.22 mF em™2, 103.74 cm™2),
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Fig. 3. (a) OER polarization curves of MnO,, MnSg 1001.90, MnC05S4, MnSg 1001.90/MnCo,S4, and IrO, in 0.2 M PBS electrolyte at a scan rate of 10 mV s~L. (b) The
corresponding Nyquist plots at the overpotential of 320 mV. (c¢) Double-layer capacitance (Cqp) of the synthesized samples at 1.16 V vs. RHE. (d) The i-t chro-
noamperometric response for MnSg 1001.90/MnCo,S4 and IrO, at the potential of 1.6 V vs. RHE.

MnCo2S4 (1.66 mF ecm™2, 141.16 cm?), and IrO, (1.24 mF cm ™2 105.44
cm?). Interestingly, after the polarization curve is corrected with the
ECSA value, MnS 1001.90/MnCo3S4 still exhibits an intrinsic activity
comparable to that of IrO; (Fig. S11). It suggests that more active sites of
MnSg.1001.90/MnCo2S4 can be utilized in the OER process. Finally, the
long-term stability of MnSg 1001.90/MnCo3S4 and IrO, was measured by
chronoamperometric test at 1.6 V vs. RHE in 0.2 M PBS solution.
Noteworthily, the current density of MnSp 1007.90/MnCosS4 exhibits a
trend of sharp decline in the initial section (Fig. 3d), presumably due to
the stripping of the unstable components on the catalyst surface, while
in the range from 3.5 h to 22 h, the current density of MnSg 1001.90/
MnCo2S4 only decreased by 5.9%, implying great robustness. As a
comparison, the current density of IrO, attenuated from 6.12 mA cm ™2
at3.5hto 4.33 mA cm™ 2 at 22 h, with a decay of 29.3%. In addition, to
further compare the long-term durability of MnSg 1901.99/MnCo2S4 and
IrO,, we performed the accelerate durability test. As shown in Fig. S12,
the overpotential @ 10 mA cm 2 of MnSg.1901.00/MnCo,S4 decreased by
22 mV after 5000 cycles, much smaller than that of IrO, (42 mV). Thus,
the durability of MnSp 1001.90/MnCo2S4 in neutral solution is superior
than that of IrO, catalyst. The remarkable stability of MnSg 1901.90/
MnCo3S4 may be due to the facile charge transfer between the electro-
lyte and the catalyst, which maintains the structural integrity of the
sample in long-term operation.

Subsequently, we employed theoretical calculations to unravel the
reaction mechanism and identify the active center (see Supplementary
Materials for simulation details). The charge density difference is shown
in Fig. 4a and b, upon creating the MnO,/MnCo,S4 heterostructure,
electrons flow from MnCo3S4 to MnOs, resulting in holes in MnCoS4 and
electrons in MnO,. Notably, the density of state (DOS) intensity of
MnOy/MnCo5S4 is larger than that of MnCo2S4 and MnO, at the Fermi
level, suggesting that strong interactions and effective charge transfer
between MnCo,S4 and MnOs at the interface (Fig. 4c, Fig. S13a, b and c).
The states around the interface indicate that the interface can easily
undergo charge transfer with electrolyte.

Next, we performed DFT calculations to study the OER mechanism

catalyzed by MnO,/MnCosS4 heterostructure using a slab model.
Because MnCo3S4 is at the surface of the MnO; /MnCo0sS4 hetero-
structure, it is easy to be oxidized during OER as evidenced by the XPS
results in Fig. 2, so we first investigated the active sites using MnCo204
as a model catalyst. The mechanism of OER follows the Rossmeisl’s
work, as given in Supplementary Materials [44]. As shown in Fig. 4d and
e, three active sites, Mn, Mn-Co, and Co-Co, were studied. Mn-Co has the
lowest overpotential () of OER (0.61 V), followed by Mn (0.69 V), and
Co-Co (0.75 V). The Mn site binds the oxygen-containing intermediates
(OH*, O* and OOH*) too weak, because only one Mn atom can interact
with the oxygen-containing intermediates in Mn site, resulting the
OH*—O* step is rate-determining. Oxygen-containing intermediates can
coordinate to two transition metals in Co-Co and Mn-Co sites, so these
intermediates can be well stabilized. Because Co>" lies in its low spin
state with its anti-bonding orbitals empty, and Mn lies in high spin state
and has three electrons in its anti-bonding orbitals (Fig. 4f), Co can form
stronger bonds with oxygen than Mn. As a result, Co-Co site binds to
oxygen containing intermediates much stronger than Mn-Co site, lead-
ing to overbinding of these intermediates to Co-Co site, resulting
O*—OO0H* as the rate determining step. The Mn-Co site binds to these
intermediates moderately, resulting a low overpotential.

In addition, the further theoretical investigation reveals that, vunl-
canization of the oxidized CoMnO active species can further promote the
OER activity. As shown in Fig. 4d, Mn-Co site in CoMnO-S has a smaller n
value than that in CoMnO, suggesting CoMnO-S has a higher OER ac-
tivity than CoMnO, i e., CoMnS has a higher OER activity after pre-
oxidation. The higher activity of CoMnO-S (n = 0.38 V) than CoMnO
(n = 0.61 V) is attributed to its larger lattice parameter. The lattice
constant of CoMnS is 5.91 f\, which is larger than that of CoMnO (5.79
R), suggesting that the oxidized CoMnO at the surface would suffer from
the tensile strain from the bulk of CoMnO-S. Because the rate-
determining step of OER for Mn-Co site is O*—~OOH* transformation
and the bond lengths of Co-O and Mn-O for O* intermediate are smaller
than that for OOH* intermediate, it can be expected that applying a
tensile strain can destabilize O* intermediate more than that for OOH*
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intermediate. So, the energy difference between O* and OOH* inter-
mediate is smaller, leading to a lower n value (0.38 V) of CoMnO-S than
CoMnO (0.61 V).

The MnSg 1001.90/MnCosS4 heterostructure with superior OER per-
formance stimulates its application prospect in neutral ZABs. Therefore,
the primary neutral ZAB was home-assembled by using MnSg 1901.90/
MnCo2S4, zinc plate, and 5 M NH4CI plus 0.25 M ZnCl; solution as the air
cathode, anode, and electrolyte, respectively. As shown in the charge
polarization curves in Fig. 5a, compared with the IrO,-modified ZAB, the
MnSg.1001.90/MnCo,S4 based ZAB shows more superior charge perfor-
mance with a larger current density. Fig. 5b illustrates that the specific
capacity of the MnSg 1001.90/MnCo5S4 modified battery is 746 mA h g’1
at a constant current density of 10 mA cm 2, higher than the IrO,
decorated battery (626 mA h g™1). The cyclic charge—discharge stabil-
ities were performed at the current density of 10 mA cm ™2 with per cycle
of 10 min (Fig. 5¢). The MnSg 1901.90/MnCo45S4 based ZAB exhibits su-
perior cyclic stability for 140 h, especially during the charging process,
while the IrOq-based ZAB just sustained about 30 h. Specifically, the
initial discharge and charge voltages for MnSg 1001.90/MnCo2S4 are
2.15V and 0.93 V, respectively, which is 0.06 V lower and 0.07 V higher

than the IrOj-based ZAB. After continuous 140 h of operation, the
voltage gap of charge-discharge for the MnSg 1001.90/MnCo2S4-modi-
fied battery only increased from 1.22 V to 1.33 V. In stark contrast, the
initial voltage gap of the IrO,-decorated battery is 1.35 V, after cycling
34 h, the voltage gap has enlarged to 1.55 V. This performance is better
than the state-of-the-art neutral ZABs (Table S5). Subsequently, we
examined the microstructure of the MnS 1901.90/MnCo2S4 sample after
the charge-discharge test by employing XRD and TEM techniques. As
shown in Fig. S16a and b, the structure of MnSg 1901.90/MnCo05S4 still
retains the characteristics of the initial nanorod morphology after 140 h
of cycling. Besides, Fig. S16¢ and d illustrate that the lattice structure has
no obvious change after charge-discharge cycling. The above results
prove the markedly robust stability of the MnSp 1001.90/MnCo3S4 het-
erostructure, solidly corroborate that the MnS 1001.90/MnCo3S4 elec-
trode possesses great potentials for practical application in neutral ZABs.

4. Conclusions

In summary, a novel MnSg1001.90/MnCo2S4 electrocatalyst with
well-defined heterostructure is fabricated by a facile two-step
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hydrothermal method. The morphological structure, crystal lattice,
chemical constituent, and electronic state of the MnS,O5_y/MnCo0,S4
heterostructure can be modulated by optimizing the stoichiometric ratio
of sulfur-to-oxygen. The sample of MnSg 1001.90/MnCo2S4 displays the
most outstanding OER performance in both half-cell and primary ZABs.
Particularly, in neutral operating conditions, MnSg 1001.90/MnCo2S4
presents lower overpotential (414 mV @ 10 mA cm™?), charge transfer
resistance (282 Q), and higher ECSA (1.99 mF cm’z) value than IrO,
(492 mV, 340 Q, and 1.24 mF cm™2, respectively) for OER. Most
importantly, MnSg 1001.90/MnCo3S4 as the OER catalyst for neutral ZAB
shows a low charging voltage of 2.15 V and maintains superior robust
cycling stability. Such intriguing performance is mainly attributed to its
unique interfacial heterostructure. DFT calculations revealed that the
Mn-Co site has the suitable binding affinity to the oxygen-containing
intermediates rather than Co-Co or Mn-sites. MnCo,S4 can induce ten-
sile strain to the oxidized CoMnO to destabilize the O* intermediate
resulting a lower energy difference between O* and OOH* to lower the
overpotential. This work provides a new strategy to boost the OER
performance by engineering the electronic structure and strain of the
heterostructure interfaces, and it opens a new avenue for developing
high-performance and durable heterostructure electrocatalysts toward
OER, metal-air batteries in neural electrolytes and beyond.
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