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Abstract: Developing earth-abundant and highly effective electrocatalysts for electrocatalytic water
splitting is a prerequisite for the upcoming hydrogen energy society. Recently, manganese-based ma-
terials have been one of the most promising candidates to replace noble metal catalysts due to their
natural abundance, low cost, adjustable electronic properties, and excellent chemical stability. Alt-
hough some achievements have been made in the past decades, their performance is still far lower
than that of Pt. Therefore, further research is needed to improve the performance of manganese-based
catalytic materials. In this review, we summarize the research progress on the application of manga-
nese-based materials as catalysts for electrolytic water splitting. We first introduce the mechanism of
electrocatalytic water decomposition using a manganese-based electrocatalyst. We then thoroughly
discuss the optimization strategy used to enhance the catalytic activity of manganese-based electrocat-
alysts, including doping and defect engineering, interface engineering, and phase engineering. Finally,
we present several future design opportunities for highly efficient manganese-based electrocatalysts.

Keywords: manganese-based; hydrogen evolution reaction; oxygen evolution reaction; electrocatalysis;
optimization strategy

1. Introduction

Energy is fundamental to human life. With the rapid development of the world econ-
omy and the rapid growth of population in the 21st century, human demand for energy
is increasing day by day. According to identified reserves, the three traditional mineral
resources, namely, coal, oil, and natural gas, are gradually becoming exhausted. Mean-
while, the issues of waste gas, the greenhouse effect, and ecological damage caused by the
combustion of fossil fuels have become increasingly serious [1-6]. The recent outbreak of
PM2.5 in China has alarmed the world. Developing clean and efficient renewable energy
solves the problems of energy consumption and environmental pollution. In recent years,
most countries have directed substantial technology and financial resources into the de-
velopment and use of renewable energy for sustainable development [7-11]. Electrocata-
lytic water splitting for renewable electricity is widely regarded as a promising strategy
for the large-scale production of high-purity hydrogen. Electrolytic water splitting con-
sists of two half reactions: the hydrogen evolution reaction (HER) and the oxygen evolu-
tion reaction (OER) [11-21]. The efficiencies of the HER and the OER are severely limited
by the inevitable dynamic overpotential [22,23]. The OER exhibits slow reaction kinetics
and requires a high overpotential due to its multiple electron transfer process, which ul-
timately determines the overall efficiency of water splitting [24,25]. In view of this, effi-
cient electrocatalysts are particularly important for the OER to reduce energy and im-
prove energy conversion efficiency. To date, Ir/Ru-based noble metal materials are the
benchmark for the OER. Electrolytic water splitting is a production process for high-pu-
rity hydrogen with great prospects [26-28].
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The appearance of this noble metal catalyst reduces the overpotential of the OER and
the HER, but its widespread use in industrial electrolytic cells is limited due to its high
cost and scarcity. A large number of studies have focused on catalysts based on transition
metals (mainly Mn, Fe, Co, and Ni), including nitrides, carbides, chalcogenides, and phos-
phates [29-31]. Among them, manganese-based materials have become the focus of many
scientists. Manganese is an abundant, nontoxic, harmless transition metal with numerous
valence states. Compared to traditional Fe-N-C catalysts, its larger electronic orbital con-
figuration can significantly improve the degree of graphitization and oxidation resistance
of the carbon support and eliminate the Fenton effect. Fenton oxidation is a chemical pro-
cess that occurs under acidic conditions and involves the reaction between Fe?* ions and
hydrogen peroxide (H202), resulting in the formation of highly reactive hydroxyl radicals
(OH) that possess strong oxidizing capacity. These hydroxyl radicals play a crucial role in
initiating subsequent reactions, leading to the ultimate mineralization of organic mole-
cules to CO2 and H20 [32-36]. Thus, the stability of the catalyst is improved effectively.
Manganese-based materials can be prepared using various optimization strategies, result-
ing in a significant increase in specific surface area and abundance of active sites. As a
result, these materials exhibit superior performance compared to commercial Pt/C cata-
lysts [37-39]. Chen et al. synthesized an unusual a-MnO: nanowire network through a
mild hydrothermal reaction without any surfactants; the unique network structure of this
nanowire resulted in improved hydrophilicity and conductivity, both of which are posi-
tive factors for efficient electrocatalysts [22]. Using a novel approach of creating heteroge-
neous structures between two different metal sulfides, Zhang et al. synthesized a highly
efficient material, S-doped carbon bridged semi-crystalline MIL-based Co0sSs/MnS;,
demonstrating the potential of MOFs-assisted structural engineering to improve catalytic
performance in transition metal sulfides heterostructure electrocatalysts [40]. Wang et al.
synthesized Mn2P-Mn:0s heterogeneous nanoparticles through a one-pot method. The
heterogeneous structure provided abundant active sites for HER and OER, optimized the
electronic structure, and promoted the adsorption of H* [41].

In this review, we focus on the latest developments and breakthroughs in the regu-
lation strategies of manganese-based electrocatalysts. We first introduce the mechanism
of the electrocatalytic decomposition of water by manganese-based electrocatalysts. We
then focus on the general strategies and recent advances in regulating the performance of
manganese disulfide electrocatalysts, including doping and defect engineering, interface
engineering, self-supported conductive substrates, and phase engineering strategies. We
also discuss the regulation mechanism of each strategy. Finally, we summarize the current
unsolved challenges in enhancing the electrocatalytic activity of manganese-based elec-
trocatalysts for electrolytic water splitting and propose possible solutions (Figure 1).

Figure 1. Schematic diagram of the engineering strategy for manganese-based materials.
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2. Basic Knowledge of Manganese-Based Materials

This work mainly introduces the type, crystal structure, electronic structure, and
mechanism of electrocatalytic decomposition of water by manganese-based electrocata-
lysts to provide the readers with a preliminary understanding of the material family.

At present, manganese-based materials mainly include highly active and low-cost
catalysts, such as manganese oxides (Mn20s, Mn3Os and MnQO:), manganese sulfides (MnS,
MnSz), and manganese selenide (MnSe). The high activity of manganese oxide catalysts in
the catalytic oxidation of volatile organic compounds (VOCs) is primarily influenced by
factors such as their morphology, specific surface area, oxygen vacancy, and surface com-
position. MnO: has been received special attention because of its good catalytic activity
and low cost. MnQO: is a crystal or black powder with up to 30 different crystal structures.
As a natural mineral, it is more complex than simple oxides due to its polyvalence and
nonstoichiometric composition [42—-46]. In catalysis, different crystalline MnO: types have
different catalytic activities. In addition, for MnO: of the same crystal type, different struc-
tures often have different catalytic properties, such as 1D nanostructures, hollow struc-
tures, lamellar structures, and rod-like linear structures. Owing to the polycrystalline
structure and fully exposed active sites of Mn, this structure has excellent electrocatalytic
activity for the oxygen evolution reaction during water electrolysis. One of the remarkable
characteristics of MnOx materials is the variety of crystal structures. MnO: is piled up to
form various crystalline phases by edge sharing and corner sharing of basic structural
units (namely, the MnOs octahedron, which has numerous morphologies and structures
and is prone to phase transformation). The common MnOQ: crystal structure consists of o,
[, v, 9, and A phases, and its size depends on the number of connected [MnOs] octahedral
elements (n x m) [47-51]. The tunnel structure and layer structure formed by different
connection modes often contain a variety of metal cations. The connection modes of a wide
variety of MnOs octahedrons form a (1 x 1) pyrolusite (3-MnQO2) and cryptocrystalline (2 x
2) tunnel structure (a-MnQOz). Large tunnels facilitate ion diffusion, so the capacity of vy-
MnO: and a-MnO: in nanostructures is higher than that of f-MnO.. Cheng et al. studied
the effect of the crystal phase structure on the catalytic activity of MnO: and found that
the catalytic performance of their efficient oxygen reduction reaction (ORR) follows the
order of 3-MnQO:z < A-MnOz < y-MnO: < a-MnQO: [52]. Xue et al. successfully synthesized
MnO: with different crystal shapes and morphologies in the system of manganese chlo-
ride-potassium permanganate by a controllable redox reaction using a microwave hydro-
thermal method [53].

Transition metal dichalcogenides (TMDs), usually labeled as MXz2 (M: transition
metal elements from groups IVB to VIII; X: S, Se, and Te elements of group VIA), are typ-
ical 2D layered nanomaterials. Each TMD monolayer contains three atomic layers, form-
ing an “X-M-X” sandwich structure. Adjacent monolayers are 6-7 A apart and held to-
gether by weak van der Waals forces, which makes them easy to peel away [54-56]. Man-
ganese sulfide, MnS, is a weakly magnetic semiconductor material of groups VIIB-VIA,
with a band gap width of 3.7 eV. Manganese sulfide has four different crystal structures:
the cubic structure, MnSz; the green, stable halite structure, a-MnS; the pink, metastable
structure, 3-MnS; and the pink, metastable fiber catalpa frame structure, y-MnS. Metasta-
ble (3- and y-MnS are easily transformed into a-MnS at 100400 °C or at high pressure [57-
59]. Compared with that at the stable state, the metastable manganese sulfide shows more
special chemical and electrical properties. In recent years, the preparation methods of
manganese sulfide include electrodeposition, electrospinning, the chemical vapor phase
method, the sol-gel method, and the hydrothermal method. Pujari et al. prepared MnS
with different crystalline phases by controlling the temperature. MnSz was obtained when
the hydrothermal temperature was 300 K, y-MnS was obtained at 363 K, and a-MnS was
generated at 453 K. The study also found that different reaction methods, reactants, times,
or solvents had a great influence on the morphology of manganese sulfide (Figure 2) [60].
Manganese selenide (MnSe) is a non-layered material with a wide band gap of about 2.0
eV which belongs to the TMDC family. It has photoelectric, magnetic, and a variety of
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crystal structures, and exhibits a stable structure and high conductivity. Due to its high
magneto-optical properties and conductivity, it has been widely used as a cathode mate-
rial for batteries as well as photoelectrochemical water splitting. This paper mainly studies
the optimization strategy of manganese oxides and manganese sulfide in the field of elec-
trocatalytic water splitting, and the photoelectric properties of manganese selenide and
other manganese-based materials need to be further explored in the use of electrocatalytic
water splitting, which presents an interesting research direction [61].
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Figure 2. Structure of MnS at different temperatures. Reproduced with permission from Ref. [60].
Copyright 2020, The Royal Society of Chemistry.

The mechanism of the electrocatalytic decomposition of water by manganese-based
electrocatalysts involves the transfer of electrons to the catalyst surface, which enables the
catalyst to lower the energy barrier for water oxidation and/or reduction. Specifically,
manganese-based catalysts can act as efficient water oxidation catalysts by facilitating the
formation of oxygen from water molecules, while also promoting the release of protons
and electrons. This mechanism involves a series of intermediate steps, including the for-
mation of reactive oxygen species, the transfer of protons and electrons, and the release of
oxygen gas. Overall, the electrocatalytic decomposition of water by manganese-based
electrocatalysts is a complex process that involves multiple chemical and electrochemical
reactions, which can be influenced by a range of factors, including the structure, compo-
sition, and morphology of the catalyst material.

The hydrogen evolution reaction and oxygen evolution reaction exhibit different be-
haviors in different electrolytes, and the reaction process is also different. The HER, re-
gardless of the medium the reaction is in, involves the adsorption and desorption of H’,
and the reaction rate is determined by the adsorption capacity of the electrocatalyst to H.
The reaction process of the OER is more complex than the HER, involving the transfer of
multiple electrons and the formation of O-O bonds, and only the O-H bonds need to be
broken during the reaction due to the presence of OH- in basic and neutral solutions. In
the oxide electrocatalyst of manganese, Mn? is the key to electrocatalysis. Mn** has a long
Mn-O-Mn bond, so Mn-O has high flexibility, favoring the formation of Mn-OH:and the
fracture of Mn-O2, which is conducive to the progress of OER. Metal sulfides or selenides
can be converted into corresponding metal oxides/hydroxides, and the converted sub-
stances are considered to be important active sites for sulfide/selenide catalysts. In addi-
tion, surface residues or Se in oxides/hydroxides will further reduce the adsorption-free
energy difference between O" and OH", which is important reason the high electrocatalytic
activity [62,63].

3. General Strategies and Progress in Regulating the Performance of Manganese-
Based Electrocatalysts

3.1. Doping and Defect Engineering Strategies

Defect engineering is regarded as an effective method to improve the electronic struc-
ture and physicochemical properties of electrode materials and has been widely used in
recent years. Point defects are the main topic of defect chemistry research, which is mainly
divided into two categories: intrinsic defects and non-intrinsic defects. The formation of
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defects does not change the composition of the entire crystal. Intrinsic defects, which are
caused by the thermal vibration of lattice atoms, are an integral part of the intrinsic crystal
and include Schottky defects and Frenkel defects. Non-intrinsic defects are caused by im-
purity atoms or impurity ions embedded in the lattice, so they are also called doping de-
fects. Introducing a vacancy (such as an O, S, or N vacancy) into electrocatalysts is a valu-
able defect engineering strategy to improve the behavior of electrocatalysis [64-67]. For
example, Zhao's research group used a new type of dual-function electrode material com-
posed of two single-layer-thick 5-MnO:z nanosheet arrays and found that the nanomaterial
dual-function electrode exposed many active sites of the electrocatalytic reaction. They
performed density functional theory (DFT) calculations to determine the main factor af-
fecting the catalytic performance and found that the ultrathin 5-MnO: nanosheets contain
abundant oxygen vacancies, leading to the formation of Mn3* active sites. As a result, elec-
trical conductivity is enhanced [68]. Gupta et al. achieved improved OER performance by
stabilizing the metastable or unnatural forms of electrocatalysts and revealed correlations
between OER and variable oxidation states and electron conductivity, thus providing di-
rections for generalizing these effects to other polymorphic compounds. a/NN2-MnO: has
a high electrical conductivity and specific activity, which are related to its low oxygen
vacancy formation energy. Based on the general descriptor AGo—AGuo* calculated by
DFT, a volcano-based relationship for the specific OER activity of MnO2 morphology was
observed. The X-ray photoelectron spectroscopy (XPS) representation and DFT calcula-
tion indicate that the formation of low oxygen vacancy, the high specific activity of 5/NNs-
MnQ:z, and the electronic origin of the high OER activity are attributed to the Mn-d valence
band moving closer to the Fermi level, leading to strong O adsorption (Figure 3) [69].
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Figure 3. (a) Specific OER activities of different polymorphs MnO: [3/N-, v/N-NNi-, 1/NNi-, o/NN2-, and
O/NN3-MnO:] with their oxidation state of Mn (activated oxygen species (AOS)) and bulk electronic con-
ductivities. Blue and green dots represent projection in specific activity—electronic conductivity and spe-
cific activity—AOS planes, respectively. (b) Volcano-based relationship for the specific OER activity of
MnO: polymorphs with the computed universal descriptor AGo—AGHo- (V) (relative to the native phase
[3/N-MnOz). Reproduced with permission from Ref. [69]. Copyright 2019, American Chemical Society.

Mo et al. used various manganese-based oxides to oxidize toluene by adjusting the sol-
vent and double complexation pathway. It was concluded that the oxygen vacancy of the cat-
alyst increased and thus accelerated the oxidation of toluene. They also found that the toluene
on the surface of the manganese-based catalyst can be oxidized into various intermediates, the
oxygen species and lattice oxygen adsorbed on the surface of the catalyst can participate in the
partial activation of toluene molecules at the same time, and the surface adsorbed oxygen spe-
cies of gas-phase oxygen supplemented by oxygen vacancies can effectively react with the
adsorbed toluene molecules to form HO and COz. The two main pathways were pathway I
(toluene-benzyl-benzyl alcohol-benzoate-short-chain carbonate H20 and COz pathway) and
pathway II (toluene-benzyl-benzyl alcohol-benzoate-phenolate-maleic anhydrides-short-
chain carbonates-H0 and COg). The rapid C=C cleavage of benzoate may be the rate-deter-
mining step of the manganese-based catalyst during the entire oxidation. The resulting oxy-
gen vacancy is likely to adsorb and activate the gaseous oxygen supplement in the catalyst
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surface and improve the oxygen migration rate and oxygen storage capacity. XPS further re-
vealed that the enrichment of adsorbed oxygen as active oxygen and the increase in Mn** con-
centration could improve the oxidation activity of toluene (Figure 4) [70].
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Figure 4. Proposed mechanism for toluene oxidation on a manganese-based catalyst. Reproduced
with permission from Ref. [70]. Copyright 2020, Elsevier B.V.

Furthermore, through a hydrothermal reaction, Zhang et al. synthesized NisS2/MnS
on nickel foam (NF), which exhibited slight electro-oxidation to produce NF/T
(NisS2/MnS-0O) with an abundance of oxygen vacancies. This material can serve as a bi-
functional electrode for overall water splitting, thanks to its layered porous structure and
high active surface area, with fully exposed oxygen vacancies (OVs). Compared to MnOx
and other metal oxides/sulfides, NisS2/MnS has superior dual-function performance in the
HER and the OER, including a highly efficient electrocatalytic activity and greater stability
(Figure 5a—c) [68,71-74]. The Ovs adjacent to M (M=Mn or Ni atom) sites lower the free
energy required for the adsorption process of Haas on M, which forms M-Haas (Figure 5d,
Step 1), as well as for the desorption of Hz (Steps 2-3). Additionally, the adsorption of OH-
promotes the formation of M-OHo.us (Figure 5f, Step 1). In the subsequent rate-determining
step, Ovs decrease the free energy needed for the conversion of M-OHads to active inter-
mediates (MOadas, M-OOHads, Steps 2-3). The overvoltage was 0.31 V at a current density
of 10 mA cm?, which is lower than that of Pt/C//IrO2 (1.56 V, 0.33 V) (Figure 5e,g). This
finding indicates that metal oxide layers rich in Ovs are beneficial to improve electrocata-
lytic performance. Therefore, oxygen vacancies can be induced by electrooxidation to ob-
tain high-efficiency nonprecious metal electrocatalysts [75].
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Figure 5. (a,b) Scanning electron microscopy (SEM) image and (c) High-resolution transmission
electron microscopy (HRTEM) image of NF/NisS2:/MnS nanosheets. (d) Schematics of the HER
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pathways with Mn and Ni atoms adjacent to OV as active sites. Only one OV near the Mn or Ni
atom is illustrated (e) HER polarization curve with a scan rate of 10 mV s at NF/T(NisS2/MnS-O),
NF/NizS2/MnS, NF/MnO, and the commercial Pt/C in 1.0 M KOH. (f) Schematics of the OER path-
ways with Mn and Ni atoms adjacent to OV as active sites. Only one OV near Mn or Ni atom is
illustrated. (g) OER polarization curve with a scan rate at 10 mV s of NF/T(NisS2/MnS-O),
NF/NizS2/MnS, NF/MnOz, and commercial IrO: in 1.0 M KOH. Reproduced with permission from
Ref. [75]. Copyright 2019, Elsevier B.V.

In summary, defect engineering is a widely used method in experiments where va-
cancies can be used as the active site of water adsorption/desorption, reduce the energy
barrier, generate optimal reaction kinetics, and provide a way to solve the problems exist-
ing in manganese-based materials. The introduction of heteroatoms (doping engineering)
into materials can bring various advantages for electrocatalytic applications. Theoretical
calculations indicate that the introduction of heteroatoms can create defects in the struc-
ture of 2D TMDs, leading to an adjustment in their band gap and redox capacity. Zhu et
al. synthesized Se-MnS/NiS electrocatalysts by a hydrothermal reaction and chemical dep-
osition for the first time. The introduction of selenium dopants can adjust the structure
and increase the electrochemically active surface area, and the conductivity is improved
due to the formation of Ni-S and Mn-S bonds (Figure 6a—c). The synergistic effect of Se-
MnS/NiS heterojunction promotes the adsorption of hydrogen atoms on the catalyst sur-
face, which is conducive to the electrocatalysis of the HER and the OER. Meanwhile, the
effect of selenium doping on the HER catalytic activity of MnS/NiS was further studied
by DFT calculations. The adsorption free energy (AGr) of hydrogen in Se-MnS/NiS was
0.15 eV, which is lower than that of MnS/NiS (0.24 eV), indicating that the HER of MnS/NiS
after Se-doping has ideal H" adsorption kinetics (Figure 6d-g). Through the electrocata-
lytic test of HER and OER, it is known that its overpotential is better than that of the orig-
inal material at a constant current density (Figure 6h,i) [76].
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Figure 6. (a) SEM and (b) TEM images of Se-MnS/NiS. (c) Selected area electron diffraction (SAED)
pattern of Se-MnS/NiS. (d—f) Structures. (g) Free energy diagram of HER over MnS/NiS and Se-
MnS/NiS. (h) HER polarization curves of NiMn LDH, MnS/NiS, Se-MnS/NiS, NF, and Pt/C in 1 M
KOH at 10 mV s, (i) OER polarization curves of Ni-Mn LDH, MnS/NiS, and Se-MnS/NiS in 1 M
KOH with a scan rate of 10 mV s™'. Reproduced with permission from Ref. [76]. Copyright 2019, The
Royal Society of Chemistry.
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Zhao et al. doped Fe into NisS2/MnS. The improved catalytic activity is attributed to
the combination of heterojunction that improves the conductivity of the catalyst, adjusts
the electronic configuration of the active site, and optimizes the adsorption capacity of
oxygen-containing intermediates to achieve rapid reaction kinetics and high catalytic per-
formance [77]. Doping metal into the original catalyst can improve the catalytic perfor-
mance and change the electronic structure, which is also a widely used method. Gupta et
al. directly doped manganese into nanocarbon composites and found that catalytic activ-
ity and stability of carbon nanostructure (Fe-Co-Ni) could be improved. In addition, (3-
MnQO: could be generated on the surface of the carbon structure. The substance not only
improves the catalytic performance but also adheres to the surface to significantly reduce
carbon corrosion, protecting the active sites [78]. These experiments demonstrate that the
proper integration of transition metal doping engineering can increase the active sites and
enhance the stability, a common strategy in experiments.

3.2. Interface Engineering Strategy

Constructing heterogeneous catalysts with high active interfaces, especially metal
cluster catalysts, is an effective strategy to improve metal catalytic activity, stability, and
atomic utilization. The strong interaction, coordination effect, synergistic effect, and lim-
ited domain effect at the interface have a great influence on the activity and stability of the
catalyst. The interface structure is usually formed between two or more different compo-
nents and can theoretically be used as a transport channel for electrons or intermediates
between different components [79-81]. The physical and chemical properties of electro-
catalysts can be regulated by reasonably controlling the interfacial atomic arrangement,
which has a great impact on the electrocatalytic performance. We summarize the current
research progress on the interfacial engineering of heterogeneous catalysts. Pan et al. prepared
Pt-free 1T/2H-Mo0S/CdS/MnOx hollow-pore nanocomposites by a hydrothermal method.
Electrocatalytic reactions generally occur on the surface or interface of the catalyst, where mul-
tielectron transfer occurs and reaction intermediates can be found [82]. Owing to the synergis-
tic effect between components, two or more materials participate in the reaction, electrons are
redistributed at the interface, and multiple forms of interfaces are established in the materials
and intermediates (Figure 7a). The author introduced the transfer mode of electrons and pro-
tons between different material interfaces and analyzed the reaction mechanism between ma-
terials. In case 1, a bridge was built between A and B for electron transfer, with A as the main
part of the catalytic reaction. In case 2, a direct co-reaction occurred from A to B, where electron
transfer transpires at the interface between A and B (Figure 7b,c) [83-85]. The different com-
ponents of the heterogeneous electrocatalyst have different effects on the catalytic reaction.
The catalytic activity of the heterogeneous electrocatalyst is better than that of each compo-
nent; this phenomenon is known as synergy.

a onic structy,, b c
(@) ((l\o"“ o g (b) Selective adsorption © Casel e o
or desorption —
€ A
Electrolyte - _F \
or Solution A;:tive sites Species exchange »
Surface- T Proton path
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Figure 7. (a) Illustration of interfacial engineering of heterogeneous catalysts. Reproduced with per-
mission from Ref. [85]. Copyright 2021, Elsevier B. V. (b) Illustration for an ideal simple triple-phase
boundary structure where the electron path, proton path, and solution phases are presented to-
gether with active sites. Reproduced with permission from Ref. [84]. Copyright 2015, Elsevier B. V.
(c) A catalyst composed of component A and component B with an interface between both of them.
In case I, A provides the active sites for the catalytic reaction. B modifies the surface environment of
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A for optimal electrocatalysis. In case II, the adsorption and desorption processes occur on A and B
separately. Reproduced with permission from Ref. [83]. Copyright 2018, Wiley-VCH.

Banerjee prepared a PbS/MnS heterojunction by chemical sedimentation integration
in two steps. The formation of the heterojunction between PbS and MnS can change the
conductivity of a single material, adjust the band gap, change the electronic structure of
the material, and accelerate the electron transfer rate at the interface between the two com-
ponents. The surface environment can be changed through electronic interactions to bal-
ance the adsorption and desorption strength between the catalyst and the reactant, thus
achieving the best electrocatalytic efficiency [86]. In addition, Bo et al. reported a hydrogen
evolution rate of 0.0451 mmol gh for a 2D CulnP2Ss heterostructure [87], while Gan et
al. prepared ZnIn2Ss ultrathin nanosheets that exhibited a hydrogen evolution rate of 3.475
mmol gh [88]. Another example is the Hz production rate of 5.92 mmol gh! for the
CdS/MnS heterostructure prepared by Zhang et al. through the hydrothermal method.
The photocarrier can be effectively transferred between CdS and MnS, which is conducive
to improve the production performance of photocatalytic H2 [89]. The introduction of new
metal elements can form an interface between metal materials, which can better transfer
electrons and increase the active site. Furthermore, by introducing a MnS phase into Mott-
Schottky Co/Co9Ss, Chen et al. designed three-phase Co/Co9Cs/MnS heterojunctions to im-
prove their OER activity. The nitrogen-doped mesoporous polymer (NMP) precursor was
first prepared by a hydrothermal method, and then it was vulcanized and carbonized to
prepare Co/CosSs/MnS-NMC (Figure 8a). It was also observed by HRTEM that MnS was
evenly distributed around the Co/Co9sSs nanostructures, and some obvious interfaces were
generated between them, indicating the successful synthesis of the three-phase heteroge-
neous interface (Figure 8b). Further observation shows that the introduction of MnS in the
Co/Co9Ss/MnS-NMC heterostructure can lead to changes in the electronic structure of
Co/Co9Ss, as evidenced by the observed positive shift of 0.2 eV in the Co-S bond. Further,
it can be concluded that the incorporation of MnS into Mott-Schottky Co/CosSs structures
drives electron transfer from the latter to the former at heterogeneous interface channels
(Figure 8c—e). When the current density is 10 mA cm?, the OER overpotential is 330 mV
and the Tafel slope is 51.3 mV dec. In summary, incorporating MnS species into the Mott—-
Schottky Co/CosSs structure enhances electron transfer, accelerates reaction kinetics, and
boosts bifunctional ORR/OER activities. (Figure 8f-h) [90]. It can be known from the above
examples that the construction of a heterojunction in interface engineering applications
can change the original structure of electrons, increase electron transport channels, and
thus increase the active sites of catalysts.



Int. ]. Mol. Sci. 2023, 24, 6861

10 of 19

NMP-precursor Co/Co,8/MnS-NMC (b) :

(c

~
(=%

Intenisity(au) = &,

ColCo,SyMnS-NMC
Codpay |

Intensity(a.u.)

174 172 170 168 166 164 162 160 815 810 805 800 795 790 785 780 775

(f) Binding Energy(eV) (g) Binding Energy(eV) (h) Elcctron transfer diagram
RS i —o— Co/Co,S/MnS-NMC — |E
300 ColCosSy M NMC 2091 —— cocasNMC N a
== Co/CoySy-NMC : nS. e E
~ ) Y A
Gos o L
z PRl =
Fo7 o z
H £
s
&~ 0.6 g
® 1
1213 14 15 16 17 02 00 02 04 06 08 10 070 075 .80 085
E (V vs.RHE) Log[j mA/cni’?] ORR Potential (V vs. RHE)

Figure 8. (a) Preparation process for Co/CosSs/MnS-NMC. (b) HRTEM images of the Co/C09Ss/MnS-
NMC. (¢) S 2p XPS spectra and (d) Co 2p XPS spectra for Co/C09Ss/MnS-NMC and Co/CosSs-NMC.
(e) The electron transfer between Mott-Schottky Co/CosSs structure and MnS species in
Co/Co09Ss/MnS-NMC. (f) OER polarization curves of Co/Co9Ss/MnS-NMC in 1.0 M KOH, with a scan
rate of 10 mV s™. (g) Corresponding Tafel plots for all investigated catalysts. (h) Comparison of OER
and ORR activities of Co/Co09Ss/MnS-NMC with representative samples. Reproduced with permis-
sion from Ref. [90]. Copyright 2022, Elsevier B.V.

3.3. Self-Supporting Conductive Substrate Strategy

Most transition metal-based catalysts used for water electrolysis are prepared on
binder solid electrode support, which reduces the activity and durability of the catalyst
system. In this regard, catalysts derived from a self-loaded metal-organic framework
(MOF) have been introduced with a good conductivity, a high electrocatalytic surface
area, enhanced mechanical stability, and strong catalyst-support interactions [91-96].
MOFs are porous crystalline materials in which the metal centers are connected by coor-
dination bonds via organic bridging ligands to synthesize core-shell and hollow struc-
tures. Self-supporting MOF-derived catalyst systems can be designed by controlling sur-
face and interface properties (Figure 9a). A self-supporting catalyst was grown directly on
a 3D solid and conductive support in situ without the use of any binders or additives. In
general, a catalyst film is grown using nickel foam, carbon cloth, copper foam, and carbon
fiber paper as the conductive support (Figure 9b) [97].

+ Hydrothermal q
iy WY
Solvothermal
3D-Solid supports Metal ions
(CC,NF,CFP)

Self-supported catalysts

Figure 9. (a) Illustration of the interfacial engineering of heterogeneous catalysts. (b) Synthesis of
self-supported catalyst systems for the electrocatalytic water splitting. Reproduced with permission
from Ref. [97]. Copyright 2020, Wiley-VCH.

Furthermore, Zhao et al. found that the metal fabrication of a self-supported elec-
trode on the substrate can effectively improve its inherent performance, making the sys-
tem an efficient electrocatalytic electrode. The increased surface area or roughness and the
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porous form allow full contact with the electrolyte and the resulting gas to escape, thus im-
proving the catalytic efficiency [96]. Zhang et al. constructed an efficient S-doped carbon
bridging semi-crystalline MILN-based Co0354/MnS: nanostructure prepared by MIL-88B
(Co/Mn)-NH: for integral water electrolysis. Organic ligands can be carbonized to some ex-
tent into S-doped carbon. The addition of a self-supporting conductive group accelerates the
electron transfer and fully exposes the metal center. Two different transition metal centers
with good valence change ability can be found in the composite, and their similar chemical
properties enable them to play a synergistic role in the reaction (Figure 10a—e). The formed
S-doped carbon can act as a bridge, connecting different metal sulfide nanoparticles and
promoting electron transfer. The electrocatalytic performance of CosSs/MnS: in the HER can
be evaluated by comparing the electrochemical parameters of CosS+/MnS: in alkaline solu-
tion (1.0 M potassium hydroxide) using a typical three-electrode system. Only 197 mV of
overpotential is required at a current density of 20 mA cm? (Figure 10f,g). It can be found
through comparison that the addition of self-supporting conductive structures can improve
the catalytic performance, and the interaction between metal centers can play an assisting
role (Figure 10h). When the current density is set at 20 mA cm, the stability test is carried
out for 80 h, and the performance can be maintained at 98%. The structure of the material is
essentially unchanged, and the stability is excellent (Figure 10i) [40].
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Figure 10. (a) FESEM image, (b) TEM image, and (¢) HRTEM of MILN-based Co3S+/MnS:. (d,e) XPS
spectra of Mn 2p, Co 2p. (f) HER and (g) OER polarization curves in 1.0 M KOH, with a scan rate of
1 mV s.. (h) Comparing the activity between MILN-based C0sSs/MnSz, MILN-based CosSs and
MILN-based MnS: in 1.0 M KOH. (i) Chronopotentiometry test of MILN-based CosSs/MnS: at 20
mA cm™ current density under overall water splitting. Reproduced with permission from Ref. [40].
Copyright 2021, Elsevier B.V.

Cheng et al. utilized NiMn-based bimetallic-organic framework (NiMn-MOF)
nanosheets deposited on multi-channel carbon fibers (MCCEF) for electrolytic water split-
ting. The NiMn-MOF material exhibited a remarkable OER catalytic activity of 280 mV at
10 mA cm?, and DFT calculations revealed that the strong synergistic effect of Ni and Mn
bimetals contributed to the formation of crucial *O and *OOH intermediates on the active
center. The intimate contact between the highly conductive MCCF substrate and the
NiMn-MOF nanosheets facilitated rapid charge transfer and stability, enabling fast OER
kinetics.[98] Using MOFs, Li et al. synthesized a 2D ultrathin manganese-doped polyhe-
dron cobalt phosphide (Mn-CoP) with a high specific surface area and abundant catalytic
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active sites that improved the stability of Mn-CoP [99]. Goswami et al. prepared a self-
supported binderless 3D electrode (Mn-MOF/NF) by the hydrothermal method and con-
ducted experiments on complete hydrolysis. Experiments have demonstrated that Mn-
MOF materials grown directly on a conductive NF substrate can improve the efficiency of
overall water splitting (OWS) by facilitating electron transfer and optimizing electrolyte
accessibility. The overpotential of OER was 280 mV at a current density of 20 mA cm??,
and the overpotential of the HER was 125 mV at a current density of 10 mA cm2, as well
as durability was achieved [100].

3.4. Phase Engineering Strategy

Different crystals have varying contributions to the relative catalytic performance of
the same material. MnOx and MnS: have different crystal phases and will generate differ-
ent forms at different temperatures. They have thermodynamically stable crystal phases
and many metastable crystal phases. For example, 2D TMDs mainly have the following
five crystalline phases: 2H, 3R, 1T, 1T’, and Td. The phase transition of TMDs is a complex
process that may involve inter-lattice interactions, interlayer interactions, and interactions
between strongly associated electrons. A TMD usually has a lamellar structure and is only
one or several atomic layers thick. Two of the most common structures are the 2H and 1T
phases that have triangular prismatic and octahedral structural shapes, respectively. The
2H phase can be viewed as an ABA stack, with sulfur molecules in different layers occu-
pying the same position (in-plane position arrangement) and having mirror image sym-
metry to the metal atomic surface [101-106]. The 1T phase is a centrosymmetric structure
composed of ABC stacking patterns. In addition to the 2H and 1T phases, another common
structure is the 1T phase. This structure can be viewed as a periodically distorted 1T
phase. For example, converting the TMD of the 2H phase into the TMD of the metal 1T or
1T’ phase can be achieved through phase engineering. Owing to the limited number of
active sites and the blocking of ions and mass transport, their electrochemical properties
are seriously affected. The phase engineering of nanomaterials (PEN) has become an ef-
fective strategy to regulate the properties, functions, and applications of nanomaterials by
reasonably adjusting their atomic arrangement [107]. Pujari et al. prepared MnS of differ-
ent crystalline phases by controlling the temperature, and the materials of different crys-
talline phases showed different stabilities and catalytic properties. The author confirmed
this view and compared the products at different temperatures and found that the over-
potential of a-MnS in the steady-state structure was 292 mV [60]. Mori et al. carried out
two consecutive phases of displacement transformation from {3 to a for MnTe with various
phase states through the 3’ phase; observed its induction process, transition direction, and
binding force; and analyzed phase engineering from the ultra-micro perspective [108].

Phase engineering includes direct synthesis and phase transformation. Common meth-
ods of phase transformation include direct electron injection (e.g., chemical intercalation,
electrochemical intercalation), thermal activation (e.g., annealing treatment, laser irradia-
tion), etc. Zhang et al. investigated the heterogeneous phase structure and phase transition
of nanomaterials. In this paper, the latest research progress of PEN is systematically dis-
cussed and summarized. Taking representative precious metals and transition metal chal-
cogenide nanomaterials as examples, various methods of direct synthesis or controlled
phase transition to prepare different phase nanomaterials are emphatically discussed, and
the properties and applications of different phase nanomaterials are briefly described. The
progress in the preparation of amorphous and amorphous-crystalline phase composite het-
erogeneous junction nanomaterials is also introduced. Finally, combined with the current
research status and challenges, the future of PEN research is prospected [109].

4. Conclusions and Future Perspectives

In this review, we first introduce the basic mechanism of water electrolysis with man-
ganese-based catalytic materials and then systematically summarize the design strategy
of manganese-based electrocatalysts to deal with the existing shortcomings of their



Int. ]. Mol. Sci. 2023, 24, 6861

13 of 19

applications. Although manganese-based materials have great potential as catalysts for
water electrolysis, many challenges remain to be solved [110-112]. We concluded that the
broad strategy is currently interface engineering and defect engineering. In interface en-
gineering, strong heterogeneous interfaces appear where electrons interact with each
other, leading to charge redistribution at their coupling interface, modifying the interface
of the material, changing the electron structure, and increasing the rate of electron trans-
fer. As a result, the reaction energy barrier of the rate determining step (RDS) is reduced
[113-120]. The addition of MOFs supports the multilayer pore structure, and the mesopo-
rous large pores promote the infiltration of active substances in solution and the mass
transport of oxygen, thus accelerating the electrolysis hydrodynamics. The self-supported
catalyst directly grows on the 3D solid or conductive support in situ, and the stability
problem could be solved without using any binders or additives. Defect engineering can
also optimize the charge distribution around the active site, accelerate the charge transfer
rate, and change the morphology and structure of the material. The resulting abundant
lattice dislocation and surface vacancy are conducive to the acceleration of the electron
transfer and enhancement of the catalytic performance of the OER and the HER [66,121-
125]. Finally, phase engineering regulates the different morphologies of catalytic materials
by changing the reaction temperature. The concept of unconventional phase engineering
should be extended to other materials, such as MOFs, covalent organic frameworks, and
perovskites. The electrocatalytic performance of the manganese-based materials was sig-
nificantly improved after the above measures were regulated, and we summarize the elec-
trocatalytic performance of the HER and the OER in Table 1. Given their advantages, con-
structing these materials will give them unique physical and chemical properties and open
up new application prospects and new ways for discovering new functional materials.

Table 1. Summary table of electrocatalytic performance of manganese-based electrocatalysts in HER
and OER.

Water Electrolysis Tafel Slope
Catalysts Test N0 (mV) (mV dec) Electrolyte Ref.
HER 197 62
NS-MnO:2 OER 200 10 1MKOH [68]
. HER 116 54
NF/T(NisS2/MnS-O) OER 28 16 1MKOH [75]
. HER 56 55
Se-MnS/NiS OER 210 50 1MKOH [76]
MILN-Based C0354/MnS: HER 197 150
1MKOH [4
(20 mA cm2) OER 265 120 MKOH - [40]
Pt/C HER 46 41 1MKOH [40]
RuO: OER 316 82 1MKOH [90]
Co/C09Ss/MnS-NMC OER 330 51 1MKOH [90]
MCCF/NiMn-MOFs OER 280 86 1MKOH [98]
a-MnS OER 292 70 1MKOH [60]

The rapid development of artificial intelligence, advanced material characterization tech-
niques, and complex theoretical calculations will provide tremendous opportunities for re-
searchers to predict new unconventional stages. In the future, interesting electrocatalytic ma-
terials will be discovered, achieving a new phase of scalable production with high stability.
Although research on the application of manganese-based materials in electrocatalysis has
achieved rapid and great progress, some important problems remain to be solved and many
challenges to be overcome, such as their relatively wide band gap (e.g., low electron conduc-
tivity) and low reactivity due to weak adsorption and bond activation. Further efforts should
be made to improve performance. Finally, we propose some questions and possible directions
for upgrading manganese-based electrocatalytic materials.
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Among the different manganese-based catalysts we reviewed, the actual active sites
of the catalysts involved in the reaction are not specifically known through theoretical
calculation and observation of the morphology of instruments and equipment. An im-
portant part of electrolysis in water is the actual active site of the catalyst: the larger the
area involved in the reaction, the more Hz and O: are produced. We should not neglect the
mechanism of electrocatalytic decomposition of water by manganese-based electrocata-
lysts. For example, where are the real active sites in the material and are they involved in
electrocatalytic reactions? Does the phase of a manganese-based material change during
the catalytic reaction? How do electrons migrate across the interface? Therefore, we
should introduce other advanced technologies to further study the specific active sites of
different catalytic reactions and open up a new world of electrocatalysis.

The greatest problems of manganese transition metal are its poor structural stability,
dissolution, and slow ion diffusion. Its catalytic performance and stability can be im-
proved by sulfidation and oxidation when combined with anions, but its stability required
by practical engineering applications cannot be reached at present. Manganese-based cat-
alysts are mainly required to have a high stability; although some regulation strategies
can provide a certain improvement, the feasibility of practical applications remains to be
considered. Through synergistic and localized catalysis, the electrocatalytic activity is im-
proved. This type of catalysis achieves a “win-win” situation by combining high activity
and high selectivity. Because metallic manganese is easily oxidized in air, coating can pre-
vent direct contact between active oxide and water molecules. On the basis of the new
concept’s transformation path, low water consumption for coal transformation can be re-
alized, providing support for China’s energy revolution.

In conclusion, because manganese-based electrocatalysts have good catalytic hydrol-
ysis ability, researchers have implemented various regulations to improve their perfor-
mance. Using high-precision calculations and high-throughput screening, we will de-
velop other efficient manganese-based materials as electrocatalysts [126-131]. Hence, op-
portunities and challenges exist in this appealing industry. Furthermore, advanced chem-
ical analysis techniques and standardized test procedures can aid in deepening our un-
derstanding of catalytic reactions and designing highly efficient electrocatalytic manga-
nese hydrates to enrich the research of electrolytic water splitting catalysts. Manganese,
as a new electrocatalytic material, will be a key technology to solve energy and environ-
mental problems in the future [83,121,132-137].
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