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1. Introduction

The ever-increasing consumption of fossil 
fuels combined with worldwide environ-
mental concerns is forcing the rapid devel-
opment of sustainable energy sources.[1] 
To overcome this severe circumstance, 
tremendous effort has been devoted to the 
exploration of electrochemical conversion 
and storage devices, such as water split-
ting, electrochemical reduction of nitrogen 
and carbon dioxide, fuel cell, rechargeable 
batteries, and electrosynthesis technolo-
gies.[2] Among them, water splitting is of 
particular interest because of its readily 
coupling with renewable wind and solar 
power to produce hydrogen fuel with high 
purity.[3,4] However, the thermodynami-
cally uphill and sluggish kinetics of both 
hydrogen evolution reaction (HER) and 
oxygen evolution reaction (OER) of water 
splitting inevitably degrades the overall 
energy efficiency.[5] To address this issue, 
highly efficient electrocatalysts are indis-
pensable to lower the energy barrier and 

to accelerate the OER and HER reaction. Currently, numerous 
transition metal-based compounds have been demonstrated as 
promising electrocatalysts toward water splitting.[6]

Transition metals that are located in the d-block region of 
the periodic table contain non-noble and noble metals. Among 
them, noble metals refer to eight elements including Au, Ag, 
and the platinum group metals (Rh, Ru, Pd, Os, Ir, Pt), which 
are located in the fifth and sixth periods of the periodic table. 
In terms of water splitting, the highest active electrocatalysts 
toward HER and OER are Pt- and Ru/Ir-based materials, respec-
tively, which appreciably deliver high current densities at low 
overpotentials.[7] Unfortunately, two drawbacks have severely 
blocked the widespread application of these noble metal-based 
catalysts. On the one hand, noble metals are suffering from 
limited natural abundance, leading to a relatively high market 
price.[8] On the other hand, noble metal atoms on the surface 
undergo agglomeration and dissolution (leaching) during elec-
trocatalysis, resulting in poor endurance.[9] Consequently, a 
great deal of attention has been paid to simultaneously reduce 
the amount of noble metal and increasing the catalyst dura-
bility. It has been well documented that physically hybrid-
izing nanosized noble metal-based compounds with carbon 
matrices[10–14] and chemically binding of single noble metal 

Transition metals, in particular noble metals, are the most common spe-
cies in metal-mediated water electrolysis because they serve as highly active 
catalytic sites. In many cases, the presence of nontransition metals, that is, 
s-, p-, and f-block metals with high natural abundance in the earth-crust in 
the catalytic material is indispensable to boost efficiency and durability in 
water electrolysis. This is why alkali metals, alkaline-earth metals, rare-earth 
metals, lean metals, and metalloids receive growing interest in this research 
area. In spite of the pivotal role of these nontransition metals in tuning effi-
ciency of water electrolysis, there is far more room for developments toward 
a knowledge-based catalyst design. In this review, five classes of nontransi-
tion metals species which are successfully utilized in water electrolysis, with 
special emphasis on electronic structure–catalytic activity relationships and 
phase stability, are discussed. Moreover, specific fundamental aspects on 
electrocatalysts for water electrolysis as well as a perspective on this research 
field are also addressed in this account. It is anticipated that this review can 
trigger a broader interest in using s-, p-, and f-block metals species toward 
the discovery of advanced polymetal-containing electrocatalysts for practical 
water splitting.
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atoms with special support[15–18] are two powerful tricks to alle-
viate the above issues. By carbon hybridization, the aggregation 
of nanosized noble metal-based compounds can be effectively 
inhibited.[19–23] Meanwhile, this approach can also be greatly 
conducive to the dispersion of active sites of noble metals and 
the decrease of the usage of noble metal species. With respect 
to the carbon hybridization strategy, through downsizing the 
noble metal entity from bulk to nanoparticle and cluster to a 
single atom, nearly 100% of metal utilization rate can be gradu-
ally achieved because it can expose all active metal atom sites 
during the electrochemical reaction, thus essentially deceasing 
the usage of noble metal.[24,25] In addition, quantum size effects 
of the single atom can generate discrete energy level distribu-
tions, e.g., highest occupied molecular orbital–lowest unoc-
cupied molecular orbital gaps, allowing foreign atom doping-
induced asymmetrical spin and charge density.[26,27] Further-
more, the robust interaction of the single metal atom with 
certain supports can prominently facilitate the charge and ion 
transfer during the electrochemical reaction.[28] These merits 
enable single atom catalysis theoretically to acquire extraordi-
narily high catalytic selectivity, activity, and stability.

Besides the two aforementioned strategies, the doping of 
noble metal-based systems with non-noble transition metals 
(e.g., Fe, Co, Ni, Cu, Mn, W, Mo, herein abbreviate them as 
NNTM) is also a viable strategy.[29,30] NNTM with partially elec-
tron-filled d-valence orbitals can easily donate or gain electrons 
upon coupling with noble metals. Taking Pt–NNTM alloys as 
an example, the charge coupling between Pt and NNTM as 
well as the strain effect caused by the solid solution of NNTM 
within the Pt lattice can effectively tune the d-band center, thus 
optimizing the free adsorption energy of H intermediate.[31,32] 
Moreover, if the structurally ordered Pt–NNTM alloy is gener-
ated, the inherent NNTM–Pt bond hosted in the intermetallic 
remarkably enhances the work stability against electrolyte cor-
rosion during catalysis.[33,34] The partial doping of noble metals 
with NNTM can also decrease the catalyst expense owing to the 
much lower cost of NNTM as compared to noble ones. Inspired 
by the above premises, the majority of research began to shift 
the focus from noble metal (oxides), NNTM-doped noble metal 
(oxides) to NNTM compounds (e.g., NNTM alloys, oxides, phos-
phides, chalcogenides, nitrides, carbon-coupled NNTMs, and 
single NNTM atoms).[35–38] Moreover, the optimization efforts 
adapted for solely NNTM-based electrocatalysts have also been 
derived from the noble metal-based ones to perform efficient 
catalysis. Beyond the noble metal counterparts, it is worthy to 
mention that the investigations on electrocatalysts constructed 
by chemically binding NNTM with nonmetals (e.g., P, S, Se, 
Te) for water splitting have been exceptional and achieved huge 
progress over the past decades.[39,40] Nevertheless, with respect 
to the NNTM or their alloys, the wide application was gener-
ally hindered by two aspects.[36,41] One is their unsatisfactory 
adsorption free energy toward the HER and OER intermediates, 
resulting in the moderate intrinsic catalytic capability, and the 
other one is their high tendency to undergo corrosion in basic 
and acidic solution, leading to undesirable durability. Within 
the NNTM-based oxides/chalcogenides/phosphides, most of 
them suffer from low intrinsic conductivity, and they are usu-
ally transformed to the corresponding metal (oxy)hydroxides, 
which also hold the low conductivity, leading to the poor charge 

transfer ability.[36,42] Similarly, the practical application of the 
single NNTM atoms is still hindered by the complicated fab-
rication procedure and the ideal coordination to realize the 
excellent bifunctional activity toward water splitting.[43] There-
fore, the design of NNTM-based systems as electrocatalysts and 
their functional role during catalysis still needs to be further 
enriched from the point of developing practical electrocatalysts.

Recently, some preliminary works corroborated the unique 
function of nontransition metal species belonging to the s-, p-, 
and f-block elements of the periodic table in improving catalytic 
activity.[44–46] In practical terms, these s-, p-, and f-block metals 
(herein abbreviate them as SPFM for the following description) 
are distinguished by five types, i.e., alkali metals, alkaline-earth 
metals, lean metals (in the basic metal region), metalloids, 
and rare-earth metals (mainly refers to the lanthanide metals) 
(Figure  1). These metal species were mostly reported as the 
core component subunit, which was incorporated into NNTM-
based compounds to tune the catalytic activity. The series of 
research in this direction may open new directions for the 
design of advanced catalytic classes, namely, the metal-based 
electrocatalysts that can be extended from noble metal-based, 
NNTM-mediated noble metal-based, NNTM-based to SPFM-
mediated NNTM-based, or even the SPFM-based system,[47–71] 
however, the discussion related to this topic has never been 
documented in the literature although successive reviews 
focused on the design, modification, and application of d-block 
transition metal-based electrocatalysts for water splitting have 
been consistently reported.[72–75]

Motivated by the above concern, the objective of this compre-
hensive contribution is to present an opportune overview of the 
encouraging work on the roles of SPFM during water splitting, 
by which more insightful research in this burgeoning field is 
expected to grow. We begin this review with a brief introduc-
tion of the two half-reaction pathways, followed by a discussion 
of activity guidance and the connotation of precatalysts. Then, 
going beyond the scope of transition metal-based electrocata-
lysts, the recent progress of five types of nontransition metal 
species for water splitting is elucidated in detail, aiming at 
establishing their influence on the electronic structure, phase 
stability, as well as catalytic behavior of the whole (pre)catalyst 
system, thus obtaining the dependence of activity on composi-
tion and structure. Additionally, this review also highlights the 
formidable challenges with respect to the future development 
of these nontransition metal species for electrolysis.

2. Basic Understanding of (Pre)catalysts toward 
Water Electrolysis
2.1. Catalytic Mechanism of HER and OER

Water splitting contains two half-reactions, HER and OER, and 
they present different reaction pathways in acidic versus alka-
line media (Table  1).[76,77] The HER is composed of Volmer/
Heyrovsky or Volmer/Tafel steps as shown in Figure  2A. 
According to the reaction pathways, four intermediate steps 
including water adsorption, water dissociation, OH-adsorption, 
and hydrogen binding are involved in the alkaline HER pro-
cess. Water adsorption is the first step of hydrogen evolution 
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in alkaline media, which exhibits a much higher energy barrier 
than the H3O+ adsorption in acidic media. For some electro-
catalysts (e.g., Pt), the activity of HER in the alkaline media is 
theoretically two orders of magnitude lower than that in acidic 
media. It is believed that the rational design of electrocatalysts 
with a strong capability to dissociate water and bind protons 
will notably improve the alkaline HER performance.[76,77]

As depicted in Figure  2B, the OER process in the alkaline 
media usually involves the following four steps.[78,79] First, on 
the premise of surface metal sites (M) as a catalytically active 
site, the intermediate M–OH is formed via one-electron oxida-
tion of hydroxide anion. Thereafter, the M–OH turns into M–O 
after a proton coupling and electron transfer, and then the 
M–O gets converted into M–OOH after a hydroxide anion cou-
pled with one-electron oxidation and finally initiating another 
proton-coupled electron transfer process to generate O2. 
Slightly different from the OER process in the alkaline media, 
the adsorption of water molecule onto M is the first step in the 
acidic media (Figure  2C) and then dissociation of a proton to 
form M–OH, followed by the release of the second proton to 
yield M–O is the subsequent step. Next, another water mole
cule undergoes a nucleophilic attack on M–O, resulting in  
the formation of M–OOH. Finally, the O2 was desorbed from 
the active sites accompanied by the fourth proton coupling. In 
fact, another pathway combining two M–O species to directly 
form O2 has also been reported in alkaline media.[76] However, 
because of the compositional instability in acidic media, the 
surface of these NNTM-based compounds during OER is likely 
to be changed and deactivated. In recent years, with more spe-
cial effort devoted to the investigation of the OER mechanism, 

the lattice oxygen participation mechanism (LOM) has also 
been proposed, which is different from the above-mentioned 
adsorbate evolution-dominated mechanism (AEM). Taking the 
alkaline LOM mechanism as an example (Figure 2D),[80] in the 
first step, the hydroxyl is adsorbed on the oxygen vacancy (VO)-
coordinated metal site (M–OH/–VO). Next, the VO site near the 
M site adsorbs an additional hydroxyl (M–OH/–OH), namely, a 
hydroxyl filling reaction. Following that, a dehydrogenation pro-
cess occurs and generates M–OH/–O. However, the hydroxyl is 
not easy to directly undergo further dehydrogenation, and thus 
a transition state (M–OHO, not shown in the figure) is formed. 
Because this transition state is unstable, it subsequently con-
verts into M–OO/–VO. Finally, upon releasing the oxygen and 
filling hydroxyl, the initial state M–OH/–VO is recovered again. 
The acidic LOM mechanism is similar to the alkaline one, and 
the major difference is the generation of H+ and the absence 
of OH− in each step (Table 1). In the LOM process, the lattice 
oxygen of catalysts directly participates in oxygen evolution 
and formation of oxygen molecules, leading to more efficient 
catalysis.[78,80]

2.2. Design Strategies Enabling the High Catalytic Activity

The overpotential (η), Faradaic efficiency, and durability are 
the critical indices to assess the HER and OER activity, which 
have been elaborately introduced in previous literature.[78–82] 
The catalytic activity is a sum of the intrinsic part and extrinsic 
part. The intrinsic activity can be reflected from the Tafel 
slope (b), turnover frequency (TOF), charge transfer resistance 
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Figure 1.  The periodic table of s-, p-, d-, and f-block elements.
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(Rct), and Gibbs free adsorption energy (ΔGad) toward H-/O-
containing intermediates. Tafel slope is regarded as an impor-
tant descriptor to check the dominant reaction mechanism 
and reaction kinetics within a certain potential window. The 
TOF represents the ability of an electrocatalyst to produce the 
desired product per catalytic site as a function of time and is 
an indication of the intrinsic catalytic activity of each catalytic 
site.[83] The Rct is correlated with the interface charge transfer 
ability of the electrode. A lower Rct value indicates a faster reac-
tion rate. The ΔGad is popularly employed as a vital descriptor 
to estimate the intrinsic activity. To be specific, as the competi-
tive adsorption and desorption of H-/O-containing interme-
diates occur during the HER and OER process, only the best 
balance between absorption and desorption energy results in a 
good catalytic performance.

The extrinsic activity can be reflected from the electrochem-
ical active surface area (ECSA) and surface structure, which is 
associated with the number of active sites, the utilization of 
active sites as well as the mass diffusion ability. A larger ECSA 
value usually suggests the more potential catalytic active sites 
which can participate in the catalytic reaction. The surface 
structure of the catalyst usually refers to the porosity and sur-
face area, where the porosity including pore volume and pore 
size distribution is closely related to the mass transport, while 
the surface area has a large influence on the accessibility of 
the active sites. As such, in order to render the electrocatalyst 
with low overpotential, high Faradaic efficiency, and long-term 
durability toward HER and OER, an electrocatalyst should pos-
sess both impressive intrinsic and extrinsic activity. Therefore, 
understanding how to design the advanced electrocatalysts to 
achieve satisfactory HER and OER activity is of great signifi-
cance. To date, several general design strategies such as the 
component modulation (e.g., the hybridization of metal with 

anion), external field stimulation (e.g., magnetic, light), elec-
tronic regulation (e.g., d-band tuning), phase engineering (e.g., 
polymorphic transformation), electrode optimization (e.g., self-
supporting electrode), and morphology tuning (e.g., porous 
hollow architecture) have been proposed to realize this goal 
(Figure 2E).[78–87] Among them, the former four tend to improve 
the intrinsic activity while the latter two are prone to enhance 
extrinsic activity. In many instances, these strategies are syner-
gistically adopted to coenhance the catalytic activity.

2.3. Connotation of Precatalyst

Although the catalytic pathways and the general strategies to 
improve the catalytic performance have been proposed, a deep 
understanding of some unique electrocatalysts still needs to 
be further acquired because of their diversity and complexity. 
Especially, recent investigations have revealed that a variety of 
NNTM-based electrocatalysts undergo a phase reconstruction 
during the HER and OER tests, and then these reconstructed 
phases were served as the real active sites for catalysis.[85–94] 
These electrocatalysts are now commonly viewed as the pre-
catalyst, which holds huge potential as cheap and efficient HER 
and OER electrocatalysts because of their attractive qualities 
including the in situ converted porous nanodomains, optimized 
electronic structure, and highly intrinsic catalytic active sites. 
Currently, there are three possible models in terms of the phase 
reconstruction (Figure 3A):[95,96] i) near-surface reconstruction, 
ii) partial reconstruction (core–shell), and iii) complete recon-
struction. Obviously, the phase conversion tendency is gradu-
ally strengthened from model (i) to model (iii). In general, a 
deeper reconstruction can be more beneficial for better catalytic 
activity. Furthermore, the tendency or the degree of the phase 
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Table 1.  Reaction pathways for the electrocatalyst in acidic and alkaline media.

Reaction type Media Overall reaction Intermediate reaction steps

HER Acidic AEM 2H+ + 2e−↔ H2 M + H+ + e− → M–H
M–H + H+ + e− → M + H2 (Heyrovsky step)

M–H + M–H → 2M + H2 (Tafel step)

Alkaline AEM 2H2O + 2e− ↔ H2 + 2OH− M + H2O + e− → M–H + OH−

M–H + H2O + e− → M + OH− + H2 (Heyrovsky step)
M–H + M–H → 2M + H2 (Tafel step)

OER Acidic AEM 2H2O → O2 + 4H+ + 4e− M + H2O → M–OH + H+ + e−

M–OH → M–O + H+ + e−

M–O + H2O → M–OOH + H+ + e−

M–OOH → M + O2 + H+ + e−

Alkaline AEM 4OH− → O2 + 2H2O + 4e− M + OH− → M–OH + e−

M–OH + OH− → M–O + H2O + e−

M–O + OH− → M–OOH + e−

M–OOH + OH− → M + O2 + H2O + e−

Acidic LOM 2H2O → O2 + 4H+ + 4e− (M–OH + VO) + H2O → M–OH/–OH + H+ + e−

M–OH/–OH → M–OH + H+ + e−

M–OH + H2O → (M–OO + VO) + H+ + e−

(M–OO + VO) + H2O →(M–OH + VO) + O2 + H+ + e−

Alkaline LOM 4OH− → O2 + 2H2O + 4e− (M–OH + VO) + OH− → M–OH/–OH + e−

M–OH/–OH + OH− → M–OH/–O + H2O + e−

M–OH + OH− → (M–OO + VO) + H2O + e−

(M–OO + VO) + OH− → (M–OH + VO) + O2 + e−
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reconstruction against the catalysis is highly dependent on the 
operation condition, crystal structure, (micro)morphology, and 
chemical composition (Figure 3B).

The operation condition including applied potential, electro-
lyte concentration, working temperature, pH value, and reac-
tion type plays a critical role in phase reconstruction.[97] It is 
well-known that the required potential to drive OER (usually 
higher than 1.5 V vs RHE) on the catalyst is generally more pos-
itive than the equilibrium potential. When the applied potential 
surpasses the redox potential of the NNTM species in electro-
catalysts, the valence state of these elements changed accord-
ingly and turned to the formation of oxygen-containing inter-
mediates, which readily cause the phase instability. Once such 
a redox process is (partial) irreversible, a cycle test will give rise 
to the phase reconstruction on the surface of the catalyst. Com-
pared to the OER, the applied potential for HER is more nega-
tive than the equilibrium potential to produce hydrogen. In 
this case, a reduction reaction usually occurs which leads to the 
generation of a metallic state of the catalysts. The phase recon-
struction behavior in different electrolyte media is also very dif-
ferent. In both the alkaline and acidic media, leaching or cor-
rosion accompanied by the chemical reduction can usually be 
observed for electrocatalysts in the HER process, leading to the 
surface-rich metal layer. However, most of these NNTM-based 

electrocatalysts show poor stability during the OER process 
in the acidic media because of the serious leaching, whereas 
the phase reconstruction can be well observed in the alkaline 
media.[78] Besides the applied potential, reaction type, and pH 
value, recent reports also indicated that a deeper reconstruction 
could be triggered via implementing a higher working tempera-
ture or higher concentrated electrolyte within a rational range, 
by which the reaction kinetics was accelerated.[97]

In terms of the phase structure, both the amorphous struc-
ture and defect feature are supposed to be beneficial for phase 
reconstruction.[40,98,99] This is because in these two cases, there 
are many unsaturated coordinated NNTM atoms, where elec-
trolyte as well as the hydrogen/oxygen-containing groups, are 
much easier to be accessible to these atoms, thus expediting 
the atom leaching and the phase evolution during the electro-
chemically driven reaction. Moreover, the crystal lattice such as 
the polymorphism also influences the degree of phase recon-
struction.[] For instance, under the identical test condition, the 
orthorhombic-type CoSe2 with defects showed a deeper degree 
of the reconstruction as compared to that of the cubic-type 
CoSe2 phase during both OER and HER.[101] However, a gen-
eral descriptor still needs to be further explored for guiding the 
design of crystal lattice, which is favorable to phase reconstruc-
tion. On the other hand, there is no doubt that the morphology 

Adv. Mater. 2022, 34, 2108432

Figure 2.  A) HER mechanism in acidic and alkaline media. Adsorbate evolution mechanism (AEM) in B) alkaline media and C) acidic media for OER. 
D) The lattice oxygen participation mechanism (LOM) for alkaline OER. E) Optimization strategies for efficient HER and OER electrocatalysts. The red, 
green, and blue spheres in (A)–(D) represent the O, M, and H atoms, while the dotted red circle in (D) denotes the oxygen vacancy.
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of the precatalyst also has an effect on phase reconstruction. 
Especially the particle size of the precatalyst, as pointed out by 
previous literature,[97–99] where the phase reconstruction mostly 
initiates at the surface of NNTMO particles. When the recon-
structed dense layer reaches around 10 nm, it tends to prevent 
the penetration of H- or OH-ligands into the inner bulk for fur-
ther reduction or oxidation. Thus, the nanosized active particle 
can achieve a high reconstruction degree.[97] On the basis of the 
nanostructuring, the construction of nanorods, nanosheets, or 
hollow nanopolyhedra can be better for the phase reconstruc-
tion because of the sufficient exposure of NNTM sites as well 
as the intensive affinity between the active site and protons or 
electrons.

The phase composition that can be etched and/or embraces 
the redox metal is a prerequisite for the phase reconstruction 
of the catalyst in the catalytic process.[101,102] At present, NNTM 
with anions are widely investigated as the core components 
of precatalyst, especially combining them as NNTM sulfides, 
tellurides, phosphides, nitrides, etc.[102] In these compounds, 
the anions promote the instability of catalysts in the reaction 
process and accelerate the phase reconstruction centered on 
NNTMs. Interestingly, when we summarized the role of five 
classes of nontransition metals in catalysis (Figure  3C), we 
found that most of them have been playing a critical role in 
phase reconstruction, which has been presented in the subse-
quent sections.

Adv. Mater. 2022, 34, 2108432

Figure 3.  A) Phase evolution pathways against the HER and/or OER process. B) General factors influencing the phase evolution. C) Schematic illustra-
tion for five classes of nontransition metal for the usual construction of electrocatalysts toward electrochemical water splitting (EC-WS).
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3. Merits of s-, p-, and f-Block Metals in Water 
Electrolysis

Unlike transition metals, SPFMs have rarely been reported as 
direct active sites due to their limited redox chemistry and the 
number of oxidation states. Nevertheless, they can be served 
as a subunit mediator to guide the catalytic activity of NNTM-
based electrocatalysts. As illustrated in Figure 4, the incorpora-
tion of SPFM species into NNTM-based compounds can play 
the following nine main roles in improving the catalytic activity. 
Specifically, i) the leaching of SPFM species or the coupling of 
SPFM-based phase with NNTM-based ones will destabilize the 
precatalyst and accelerate the phase transformation to the active 
NNTM-based (oxy)(hydro)oxides during catalysis, contrib-
uting to generate the porously active nanodomains with more 
active sites;[68] ii) the presence of these SPFM species within 
NNTM-based phase will alter the charge distribution around 
NNTM atoms, and thus probably optimize the free adsorption 
energy of active site toward oxygen- and hydrogen-containing 
intermediates during OER and HER;[70] iii) these SPFM-based 
phase can function as the confinement matrix to trap the single 
NNTM atom or cluster, which will enable a nearly 100% utili-
zation of active sites;[103] iv) if the SPFM-based phase is inert 
during the catalysis, its strong coupling with NNTM-based 
phase could inhibit the agglomeration of the newly formed 
NNTM-based (oxy)(hydro)oxides, which are reconstructed from 
NNTM-based precatalysts, and thereby a sufficient exposure of 
active sites;[71] v) the insertion of SPFM into the layer lattice of 
NNTM-based catalysts or that of the transformed NNTM-based 
(hydro)oxides is beneficial to the mass transfer and diffusion, 
accelerating the reaction kinetics especially at the large cur-
rent density;[66] vi) the SPFM can combine with the NNTM to 
form the intermetallics, which possesses the metallic nature 
and high conductivity, being in favor of the charge transfer;[92] 
vii) some SPFM atoms are inactive during catalysis, but their 
presence is beneficial to the dissociation of water molecular on 
the surface of catalyst and shift the proton or hydroxyl radical 
to the surrounding active sites, resulting in the decrease of the 
reaction energy barrier;[104] viii) the introduction of these SPFM 
into NNTM-based compounds will change the morphology of 
the composite during synthesis, e.g., the formation of 1D, 2D, 
and 3D nanoarchitecture, which is helpful to the exposure of 
active sites, intimate contact between active site and electrolyte 
as well as the enhancement of structural stability;[105] and ix) 
certain SPFM atoms hosted in the NNTM-based precatalysts 
hold the intrinsic photothermal effect.[106] In this case, upon the 
injection of light into the catalyst during water splitting, a local 
thermal effect could be triggered, by which the reaction kinetics 
will be greatly expedited. It should be noted that the improve-
ment mechanism of catalytic activity is highly dependent on the 
SPFM species, which has been comprehensively elucidated in 
the successive sections.

3.1. Insights Into the Improvement of Activity by Alkali Metals

Alkali metals bear lower toxicity and costs compared to those 
of NNTMs. Meanwhile, except Rb and Cs, they can be easily 
found on earth’s surface, crust, and in the ocean, which makes 

them quite sustainable and appealing. In addition, alkali 
metals are highly reactive chemical species, presenting a fairly 
simple electronic configuration and offering a chance to func-
tion as electron donors when chemically bonded with other 
components.[107] Bearing that in mind, there has recently been 
a booming interest in exploring their tuning toward NNTM-
based electrocatalysts for efficient water electrolysis. Currently, 
the alkali metals are basically introduced into three material 
systems including NNTM-based oxides, hydroxides, and chal-
cogenides to modify their OER and/or HER activity.[108–132] The 
aims of introducing alkali metals mainly contain the following 
three aspects.[111–128] First, the appropriate introduction of alkali 
metal ions into NNTM-based compound can enhance the oxi-
dation state of NNTM species, by which the electrophilicity of 
NNTM toward the adsorbed O is effectively increased, and thus 
accordingly promoting the reaction of one OH-anion with one 
adsorbed O atom on NNTM to form the adsorbed OOH-inter-
mediate. Second, the NNTM–O(S) bond becomes more cova-
lent upon the incorporation of appropriate alkali metal ions, 
by which a hole state near the Fermi level is created and the 
hybridization of O(S) 2p–NNTM 3d is enhanced, enabling the 
catalyst more electrophilic and even activating lattice oxygen as 
active sites. Finally, although enormous NNTM-based oxides 
or sulfides are semiconductors, the appropriate introduction 
of alkali metal ions will make the catalyst metallic, and hence 
the efficient charge transport during catalysis is achieved. In 
terms of the NNTM-based oxide, in an early study, Cui and co-
workers synthesized Li0.5CoO2 by an electrochemical lithium 
tuning method, which could deliver a much better OER activity 
than that of benchmark Ir-based electrocatalyst.[111] Following 
this observation, Yan and co-workers proposed a chemical 
sodium extraction method to derive the NaNiyFe1-yO2 into the 
Na1-xNiyFe1-yO2, which could also present a remarkable OER 
catalytic activity.[112] Interestingly, Yan and co-workers claimed 
that based on the Na0.7CoO2 derived from NaCoO2 by the elec-
trochemical sodium tuning method, further insertion of other 
metal ions such as Ag and Cu could induce an apparent lat-
tice strain, which was helpful for optimizing the free adsorp-
tion energy of the Co active site toward OH−, leading to the 
superior OER activity than that of Ru-based electrocatalysts.[113] 
To unveil the composition–electronic structure–activity cor-
relation for OER electrocatalysts, by a synergistic combina-
tion of synchrotron-based photoemission spectroscopy, X-ray 
absorption spectroscopy (XAS), and density functional theory 
(DFT), Zhang and co-workers found that with the increase of 
the Li-doping amount into LixNi1-xO from 0 to 0.5, the oxida-
tion state of Ni was increased (Figure 5A).[114] Moreover, a new 
hole state at 1.1  eV above the Fermi level emerged and the 
hybridization degree of O 2p-Ni 3d was intensified (Figure 5B), 
which optimized the adsorption energy of OH-intermediates 
(Figure 5C). More broadly, the alkali metal ions-doping induced 
the improvement of OER activity that can be applied to a variety 
of NNTM oxides including spined oxide,[115] perovskite,[116] and 
rock salt.[117]

Unlike NNTM-based oxides to some extent, the incorpora-
tion of alkali-metal ions into the NNTM-based oxyhydroxide 
can additionally enlarge the layer spacing by creating the 
cation-oxygen coordination (Figure  5D), facilitating the mass 
transfer during OER catalysis.[120,121] Since the alkali-metal ion 

Adv. Mater. 2022, 34, 2108432

 15214095, 2022, 18, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202108432 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advmat.dewww.advancedsciencenews.com

2108432  (8 of 31) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

size enlarges in the order of Li+ < Na+ < K+ < Rb+ < Cs+, several 
physical and chemical properties regularly varied, such as the 
gradual decrease of electronegativity and Lewis acidity, increase 
of the proton affinity, molar conductivity as well as the basicity 
of the corresponding alkali hydroxide counterparts.[122–124] 
Koper and co-workers examined the effect of the alkali cation 
(Li+, Na+, K+, and Cs+) on the OER activity of Ni(Fe)OOH cata-
lysts.[126] With the incorporation of alkali cations into Ni(Fe)
OOH, an improved OER activity followed the order of Li+  < 
K+  ≤ Na+  < Cs+. Two mechanisms responsible for the impact 
of alkali cations on the OER activity have been put forward: i) 
small alkali metal cations hold a higher tendency to generate 
strong noncovalent interactions with the chemisorbed species 
to form solvation shells that block the active sites, resulting in 
the sluggish reorientation and kinetics;[127] ii) as compared to 
the alkali metal ions with a small radius, those with large radius 

readily contribute to the creation of peroxo-like “active oxygen” 
species (O− or O2−) in NiOOH, thus lowering the energy bar-
rier during OER process.[129,130] However, the above hypothesis 
could not be deployed to explain several inconsistencies in the 
activity trends, e.g., the activity of Ni(Fe)OOH was lower in 
CsOH compared to that in both NaOH and KOH.[126,133] Moti-
vated by this, Diaz-Morales and co-workers recently proposed 
a new mechanism, that is, the Lewis acidity of the alkali cat-
ions changed the electrolyte pH, which then affected the OER 
activity.[134] This can account for the puzzling discrepancy that 
the OER activity of Cs+-tuned Ni(Fe)OOH was lower compared 
to Na+- and K+-tuned ones. To be specific, by an in situ XAS test 
of Ni(Fe)OOH in different alkali metal-ions electrolytes during 
OER catalysis (Figure 5E–G), it was found that the alkali cation 
radius-induced activity differences were relatively small, and 
the pH for electrolyte was the critical influence factor. Although 

Adv. Mater. 2022, 34, 2108432

Figure 4.  The pivotal roles of s-, p-, and f-block metal species in tuning the catalytic activity of electrocatalysts.
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the concentrations of different alkali cations were the same, 
both the pH of the electrolyte and the OER activity of electrocat-
alysts were different. Furthermore, the dependence of current 
density on the pH value at 1.56  V was approached to a linear 
relationship with an increased slope of 30 mA cm−2 pH−1. Cor-
respondingly, the dependence of potential on the pH value at 
5  mA cm−2 was also approached to a linear relationship with 

a decreased slope of 80 mV pH−1. When the pH for each elec-
trolyte was adjusted to a near-identical value, the OER activity 
indeed align more closely, and easily showed a different activity 
trend upon adjusting another pH value. In view of this, the 
lower OER activity of Cs+-tuned Ni(Fe)OOH could be attributed 
to the deviation of pH value as compared to those of Na+- and 
K+-tuned Ni(Fe)OOH, which caused by the synergistic factors 

Adv. Mater. 2022, 34, 2108432

Figure 5.  A) The corresponding Ni2+ and Ni3+ d-electron states in octahedral crystal field splitting. B) Schematic diagram for electronic structures of NiO 
and LiNiO2 (left) and energy diagram at the oxide-liquid interface. C) Calculated free energy profiles of NiO and LiNiO2 for OER under 1.23 V. Reproduced 
with permission.[114] Copyright 2019, American Chemical Society. D) Surface model of γ-Ni(Fe)OOH(100) with intercalating alkali metal cations. E) The 
k3-weighted Fourier-transformed EXAFS at the Ni K-edges and Fe K-edges. F) Ni and Fe K-edge positions versus the applied potential. The colored 
areas on top indicate the different regions (noncatalytic, oxidative “OX”, and “OER” catalytic). G) Trend-plots of the Ni–O and Fe–O coordination dis-
tances at 1.48 V versus the alkali metal cation (X) in the XOH electrolyte. Reproduced with permission.[134] Copyright 2020, Nature Publishing Group. 
H,I) Microscopic and J–L) schematic structure of alkali metal helical borophosphates, green, violet, and fuchsia polyhedra represents PO4, BO4, and 
CoO4(OH2)2, respectively. Alkali metals are shown in yellow spheres. Reproduced with permission.[139] Copyright 2019, The Royal Society of Chemistry.
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of the different hygroscopic feature of alkali metal ions-salt and 
different Lewis acidity of atoms around Fe atoms.

NNTM-based oxides and oxyhydroxides are considered as 
the potential OER electrocatalysts, while NNTM-based chalco-
genides usually are good candidates for HER reactions.[135] In 
this context, NaFeS2,[136] as well as, a series of Li/Na/K-tuned 
Co9S8

[137] and WSe2
[138] were synthesized and investigated as 

HER electrocatalysts. The incorporation of alkali metals greatly 
enhanced the conductivity and optimized the free adsorption 
energy toward H-intermediate, making these electrocatalysts 
deliver an outstanding HER activity comparable to those of Pt-
based electrocatalysts. In addition to the above-mentioned com-
pounds, it should be pointed out that exploring the novel class of 
alkali metal-containing compounds as HER and OER electrocat-
alysts is of great interest. Recently, Menezes et al. reported that 
porous crystalline alkali-metal cobalt borophosphates (LiCoBPO 
and NaCoBPO) with chiral DNA-like helical structure could 
exhibit remarkable HER and OER activity (Figure  5H–L).[139] 
Unprecedently, depending on the applied electrode potential, 
these catalysts can be reversibly switched between catalysis of 
the HER and OER at low overpotentials, along with impressive 
long-term stability of more than two months. Further struc-
tural characterization by quasi in situ XAS revealed that the 
structural reconstruction occurred during both the OER and 
HER process, where the former generated the active cobalt 
(oxy)hydroxide phase while the latter produced the active Co/
CoOx phase, accompanied by the leaching of alkali-metal spe-
cies. Similar observations were also made with alkali metal 
manganese borophosphates (LiMnBPO and NaMnBPO) where 
during OER the initial structures transformed into porous and 
defect-rich amorphous layered birnessite MnOx with excep-
tional durability over five months.[140] Further study by Song 
and co-workers revealed that the leaching of alkali metals from 
the helical unit during catalysis left lattice vacancies, leading to 
the favorable adsorption of intermediates on the electrocatalyst 
surface, which was directly associated with the improvement in 
the catalytic performance.[141] This finding is expected to inspire 
others to exploit more novel classes of alkali metal-mediated 
compounds as advanced electrocatalysts for water splitting.

3.2. Insights into the Improvement of Activity by Alkaline-Earth 
Metals

Similar to the alkali metals, the alkaline-earth metals (Mg, Ca, 
Sr, Ba) are very abundant in the earth’s crust. They are also 
known to be less harmful to humans and the environment 
and much more cost-effective as compared to noble metals. 
Moreover, compounds of these metals possess strong Brønsted 
basicity and a significant Lewis acidity, which can be ascribed 
to the low electronegativity of the metal ions and stable oxida-
tion state to form covalent bonds with anions. Hence, albeit the 
alkaline-earth metals are usually not considered as catalytically 
active sites, the intriguing economics and chemical properties 
of the alkaline-earth metals are both interesting and prom-
ising for being incorporated into NNTM-based electrocatalysts 
for water splitting. According to the current research progress, 
the alkaline-earth metals are basically introduced into NNTM-
based oxides to modify their OER and/or HER activity.[142–167] 

Furthermore, the incorporation of alkaline-earth metals mainly 
leads a fundamental role in the following four aspects.[145–165] 
i) Tuning the alkaline-earth metal species in certain oxides can 
create lattice defects, which dictates a high conductivity and 
optimized free adsorption energy toward oxygen intermediates; 
ii) the alkaline-earth metal species can gradually leach from the 
catalysts during catalysis, which will in situ leave pores in the 
phase reconstructed NNTM-based (oxy)hydroxides catalysts, 
conducing to the exposure of active sites; iii) they mediate the 
formation of NNTM-species with high oxidation state, thus 
resulting in the improvement of catalytic activity; and iv) the 
incorporation of some alkaline-earth metal species into NNTM-
based phase can alter the morphology during synthesis, such as 
nanosheet, which is beneficial for the accessibility of reactants 
to surficial NNTM sites during catalysis. Taking the perovskite 
oxides (typically, ABO3-x with alkaline-earth/rare-earth metal on 
the A-site and 3d-metal cations on the B-site, herein focuses 
on the discussion of alkaline-earth metal on the A-site) as an 
example, Bockris and Otagawa first reported their intrinsic elec-
trocatalytic activities in 1984.[146] Since then, a series of perov-
skite oxides were intermittently studied as electrocatalysts for 
OER. However, these early studies only focused on the role of 
B-site because the eg-filling status of B-site metal ions (e.g., Mn, 
Co, and Ni) had been demonstrated to be critical for high elec-
trocatalytic OER activities by both the experimental and theo-
retical analysis.[147–149] In the last couple of years, researchers 
paid attention to A-site atoms and found that the A-site atoms 
could also play an indispensable effect in improving the OER 
activity.[150–155] Keeping this in mind, Hona and Ramezanipour 
found that upon gradually changing the Ca/Sr ratio from 1:0 
to 0:1, abundant oxygen-deficiencies were created in perovskite 
oxide Ca2-xSrxFe2O6-σ.[150] These deficiencies were beneficial 
for the improvement of the electrical conductivity of the com-
pound, greatly expediating the charge transfer during catalysis, 
and thereby enhancing OER activity in the alkaline media. Fur-
ther study by Sankannavar and Sarkar found that the partial 
substitution of trivalent La by bivalent Ca not only creates much 
more oxygen vacancies in La1-xCaxFeO3-σ, but also increase the 
average oxidation state of iron from Fe3+ to Fe4+, boosting the 
reaction kinetics for OER alkaline media.[151] Remarkably, Shao 
and co-workers found that the optimized Ba0.5Sr0.5Co0.8Fe0.2O3−σ 
(BSCF) combined with the NiO amorphous layer enabled up to 
more than 300-fold enhanced mass-specific OER activity com-
pared to the crystalline Ba0.5Sr0.5Co0.8Fe0.2O3−σ bulk phase in the 
alkaline electrolyte.[152] Further insightful research by Schmidt 
and co-workers claimed that after a period of OER, an amor-
phous CoFe (oxy)hydroxide layer was generated on the surface 
of Ba0.5Sr0.5Co0.8Fe0.2O3−δ in the alkaline media (Figure  6A), 
which was further verified by the significant Co K-edge shift 
by XAS, proclaiming the change of CoO6 coordination model 
from octahedral corner-sharing to edge-sharing.[153] In general, 
the leaching of both A and B-site atoms occurred during OER 
in the alkaline media, while B-site atoms would be redeposited 
onto the surface of the catalyst by the electrochemical-driving 
force.[153–155] When the redeposition rate was faster than the 
leaching rate, phase reconstruction would be clearly identified 
(Figure  6B).[154] However, because the leaching rate of A and 
B-site atoms was usually faster than the redeposition rate in 
acidic media, the phase reconstruction was hard to be observed 
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for the ABO3 phase during acidic OER.[156–160] Nevertheless, 
the popularly observed alkaline-earth atoms leaching was also 
advantageous to the improvement of OER activity in this case. 
For instance, Zou and co-workers in situ created the IrO2 onto 
the surfaces of SrTiO3–SrIrO3 solid solution, which showed 
an order of magnitude higher OER activity than pristine IrO2 
in acidic media. Further research found that the Sr species in 
SrTiO3–SrIrO3 support was very easy to be leached out during 
OER, which led to the formation of the porous structure to pro-
mote the OER activity (Figure 6C).[156] These findings well veri-
fied the elastic manipulation of alkaline-earth metal atoms in 
promoting catalytic activity.

The law of phase reconstruction in the alkaline media seems 
more appropriate to be applied to perovskite oxides with other 
chemical proportions, e.g., A2B2O5-type. As it is well-known 
that the perovskites ABO3 structure is constructed by BO6-units 
corner-sharing octahedra with A cations located in the inter-
stitial spaces. The A2B2O6-type structure is one form of super-
structures of the perovskites in crystallographic order.[159] One 
of the typical oxygen-deficient structures of this A2B2O6-type 
is A2B2O5 whose configuration belongs to the Brownmillerite-
type structure (Figure  6D).[162] The lattice correlation between 
Brownmillerite and perovskite can be described in the fol-
lowing transformation: ab → 2½ap, bb → 4ap, cb → 2½ap.[160,162] 
Yang and co-workers were the first ones to examine the OER 
activity of Ca2Mn2O5, and found that it showed higher OER 
activity in the alkaline electrolyte than that of CaMnO3, demon-
strating its promising application in OER.[161] Inspired by this 
discovery, Habazaki and co-workers further examined the OER 
activity of Ca2FeCoO5 in 4.0 m KOH and proposed that the Ca 
species was leached out and also corroborated that Ca2FeCoO5 
underwent crystalline-to-amorphous (CoOOH) phase transi-
tion during OER and adequately activated catalytically active 
domains, thus enhancing the OER activity.[162] Similar phase 
reconstruction was also observed in PrBaCo2O5+δ and novel 
Ba0.5Sr0.5Co0.8Fe0.2O2+δ.[163] Note that most of these perovskite 
oxides are still suffering from poor HER activity (usually more 
than an overpotential of 400  mV at the current density of  
10 mA cm−2).[164,165]

On the other hand, in light of the finding that the inser-
tion of alkali-metal into the NNTM-based oxyhydroxide can 
improve the OER activity, Toroker and co-workers also exam-
ined whether the insertion of alkaline-earth cations could also 
improve the OER activity of Ni(Fe)OOH.[133] Unfortunately, 
they observed that Mg and Ca suppressed the catalytic activity 
(Figure  6E). This is mainly because of the strong affinity of 
alkaline-earth cation toward O atoms from the electrolytes 
that can strongly bind to water and other OER intermediates, 

disturbing the interlayer network of water molecules, and 
hence inhibiting effective interaction with surface intermedi-
ates (Figure 6F). This could explain why electrolytes endowing 
with a weak acidity by alkali metals are preferable for OER. 
Moreover, the unfavorable size of the interlayer species caused 
by the strong interaction between alkaline-earth metals with 
oxygen also significantly degrade the adsorption ability and sta-
bility of key reaction intermediates, and thus increasing over-
potential values. Nonetheless, the insertion of alkaline-earth 
metal (e.g., Mg) ions has been demonstrated to be beneficial for 
the selective oxygen evolution from chloride-containing water 
or seawater.[166,167] For instance, Nakayama and co-workers 
reported that the intercalation of Mg into Co-doped δ-type (lay-
ered) MnO2 (Mg|Co–MnO2) by ion-exchange boosted the OER 
activity of α-Co(OH)2 when it covered on to the α-Co(OH)2 
(Figure  6G) and preferentially yielded oxygen with a Faradaic 
efficiency up to 79% even in the presence of chloride ions at 
0.5 m of high concentration.[167] This could be owing to the fact 
that the Mg|Co–MnO2 layer effectively blocked the permea-
tion of Cl− and only allowed the penetration of H2O and O2, 
while the under α-Co(OH)2 acted as an oxidation catalyst for 
the penetration of H2O through the layer coating. Remarkably, 
although the blocking effect against Cl− decreased in artificial 
seawater (pH 8.3) due to the ion-exchange of the intercalated 
Mg2+ ions with Na+ in solution, the OER efficiency still could 
be remained as high as 57%, much higher than that without 
the Mg|Co–MnO layer (28%). DFT calculations further unveiled 
that the most stable structure of hydrated Mg2+ ion, in which 
a part of coordinated H2O molecules was hydrolyzed, pos-
sessed less affinity toward Cl− than that of hydrated Na+, thus 
blocking Cl− more effectively than Na+ (Figure 6H–K). This also 
demonstrated that Mg modified the interlayer spaces between 
MnO2 layers acted as pathways for H2O molecules to reach the 
active sites of the underlying Co(OH)2. Since seawater splitting 
is currently a hot topic in the water splitting field,[168–170] we 
anticipate that the SPFM species could be applied in the related 
field and the alkaline-earth metal-mediated oxides may be very 
promising.

3.3. Insights into the Improvement of Activity by Rare-Earth 
Metals

Rare-earth metals consist of Y, Sc, and other 15 lanthanide ele-
ments, located near to the alkaline-earth metals. Because the 
electron orbitals of the lanthanoid elements are similar to those 
of the alkaline-earth metal elements, the chemical properties of 
compounds containing the lanthanoid metals are close to those 

Adv. Mater. 2022, 34, 2108432

Figure 6.  A) Current and shift of the Co K-edge position recorded during an anodic polarization of the BSCF electrode. Inset in A): a self-assembled 
active surface layer induced by OER/LOER and dissolution/redeposition mechanism. Reproduced with permission.[153] Copyright 2017, Nature Pub-
lishing Group. B) Schematic diagram of perovskite surface reconstruction. The gray balls represent the unit of perovskite structure, while the pink ball 
and the ball with a cyan layer represent the leached ions and hydrated ions, respectively. Reproduced with permission.[154] Copyright 2021, American 
Chemical Society. C) Structure of SrTi/IrO3 before and after OER. Reproduced with permission. D) Crystallographic structure of the ABO3 and brown-
millerite-type A2B2O5 compound with a 57 Pbcm symmetry. Reproduced with permission.[162] Copyright 2019, American Chemical Society. E) Linear 
sweep voltammetry curves of NiOxHy in 0.1 m KOH before and after the addition of 1 × 10−3 m Ca(OH)2. F) Bond distances (in Å) for molecular clus-
ters formed by electrolyte species and surrounding O atoms that exist in the interlayer space of NiOOH. Reproduced with permission.[133] Copyright 
2017, American Chemical Society. G) Schematic flow diagram to construct the bilayer structure composed of Mg-intercalated δ-MnO2 doped with Co 
(upper) and Co(OH)2 (below). H–K) Stable structures of hydrated (H,I) Mg2+ and (J,K) Na+ ions associated (H,J) without and (I,K) with Cl− based on 
DFT calculations. Reproduced with permission.[167] Copyright 2020, American Chemical Society.
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containing the alkaline-earth metals to some extent.[171] Typi-
cally, both the rare-earth metal and alkaline-earth metal can be 
used to construct the metal perovskite oxides, and they exhibit 
similar mechanisms in promoting the OER activity, such as the 
creation of the oxygen-vacancies, enhancement of the intrinsic 
catalytic activity, generation of the porous structure by leaching, 
as well as the acceleration of the dynamic reconstruction of 
active phase during OER.[172–176] Since the discussion on the 
role of alkaline-earth metals in perovskite oxides has already 
been presented, only limited essential details on rare-earth 
metals have been provided here. In fact, there are two notable 
factors while determining the catalytic activity of these mate-
rials and require considerable attention. The first one is that 
no matter what the rare-earth metal-based perovskite oxides or 
the alkaline-earth metal-based ones are, those which can con-
currently undergo the metal leaching and phase reconstruc-
tion during OER usually exhibit the admirable catalytic activity 
(Figure  7A).[154] The other is that the OER activity might be 
highly dependent on the atomic radius of rare earth metal, that 
is, the OER activity initially increased and then decreased with 
the gradual decrease of average atomic radius (Figure  7B).[177] 
Moreover, because the atomic radius for rare-earth metal is 
larger than those for alkaline-earth metal, and thus hard to 
directly insert them into the layer of the NNTM-based (hydro)
oxide or oxyhydroxide, unlike alkaline-earth metal ions. Nev-
ertheless, rare-earth atoms can be doped into the host lattice 
of these NNTM-based compounds and their catalytic activity 
can then be effectively improved.[178–186] In this regard, Xu et 
al. revealed that upon doping the Ce atom into the NiFe-LDH, 
three benefits were identified to boost the OER activity.[178] 
First, it changed the layer composition and coordination struc-
ture of LDH by the formation of the eightfold dodecahedron 
or ninefold monocapped square antiprism coordination layers, 
second, since the doped Ce presented a mixture valence of Ce3+ 
and Ce4+, lattice distortion, and imperfections of active metal 
sites were naturally generated and lastly, a certain number of 
oxygen vacancies were formed to maintain the charge balance. 
Needless to say, all three factors were crucial to optimize the 
adsorption free energy during OER. In the meantime, Chai and 
co-workers doped the Co(OH)2 nanosheets with Ce for efficient 
OER and revealed that the intimate interaction between Ce and 
Co species provided the “d–f electronic ladders” for accelerating 
electron transfer of the catalytic surface (Figure  7C).[181] These 
enhancement mechanisms can also be applied to several sys-
tems, such as NNTM sulfide,[183] phosphide,[184] high entropy 
oxide,[185] and metal–organic framework.[186]

Apart from the aforementioned function, rare-earth metals 
also display some other attractive functions:[71,187–195] i) alloying 
with other NNTMs to form the newly structured intermetal-
lics with high conductivity, ii) binding with anions to serve as 
a confinement substrate to anchor the single metal atom, and 
iii) taking rare-earth element oxides or hydroxides as the cou-
pling subunit to build heterointerfaces. On the basis of the 
Brewer–Engel theory,[187] alloying the NNTMs that have empty 
or half-filled vacant d orbitals with rare-earth metals with empty 
and vacant d orbitals is a viable strategy to design the advanced 
electrocatalysts for HER. Furthermore, according to the guid-
ance of the Brewer–Engel theory, hydrogen storage materials 
such as intermetallic LaNi5 with the highest symmetry of phase 

structure and minimum entropy for HER is considered as one 
of the most active ones.[187] This observation was first reported 
by Miles while studying the HER activity of LaNi5, which deliv-
ered an overpotential of about 100 mV at 2 mA cm–2 in 6.8 m 
KOH at 80 °C.[188] Soon after, Tamura et  al. investigated the 
catalytic HER feature of several intermetallics including LaNi5, 
LaCo5, and MmNi5 (mixed metal).[189,190] It was found that all 
of these intermetallics exhibited superior HER activity over the 
individual metals in the alkaline media, verifying the apparent 
synergistic effect between rare-earths and NNTMs. Moreover, it 
was proposed that the NNTM species were the dominant active 
sites because of their moderate binding ability toward H-inter-
mediate. Hence, a Ni-rich surface would enhance the adsorp-
tion of the hydrogen atom at the electrode surface to improve 
electrocatalytic activity for the HER. In view of this, many have 
attempted to dope a small amount of rare-earth into NNTM. 
For example, various rare-earth elements such as Y, Ce, Pr, Sm, 
and Dy with low contents (usually <10 at%) have been adopted 
and demonstrated to be effective in promoting the HER activity 
of Ni, Fe, and/or Zn.[191–195] These findings are intriguing as the 
hydrogen storage materials RENi5-type (RE = rare-earth) inter-
metallics are capable of catalyzing hydrogen production.

From the perspective of thermodynamics, the rare-earth 
metal oxide is the most stable phase which usually stabilizes 
in only one oxidation state and is chemically inert during the 
electrochemical reaction.[196] Nonetheless, many rare-earth 
metal oxides share a similar crystallographic system with many 
NNTM (hydro)oxides, oxyhydroxides, and chalcogenides.[197–199] 
Taking CeO2 and NiO as an example, the theoretical lattice 
mismatch between them was found to be about 23%. Such a 
moderate lattice mismatch is expected to provide them with the 
possibility for the lattice coupling accompanied with the interfa-
cial charge interaction, in which both the lattice mismatch and 
charge transfer are expected to accelerate the phase reconstruc-
tion from NiO to active NiOOH phase. On this account, Chen 
and co-workers recently achieved a pseudo-periodical coupling 
of Ce–O lattice with Ni–O lattice in ultrathin heteronanowire 
arrays for efficient OER.[71] The results found that CeO2 could 
not only build a lattice coupling with the NiO, being in favor 
of the generation of abundant O-vacancies and thereby an 
acceleration of deep phase reconstruction from NiO to NiOOH 
but also the pseudo-periodical arrangement manner ensured 
the split of NiO into accessible NiOOH nanodomains without 
aggregation, facilitating the utilization of active sites and diffu-
sion of mass. More importantly, the CeO2 could be well cou-
pled with the in situ formed NiOOH and implemented the 
charge injection, and thereby an optimization of the reaction 
free energy for oxygen-intermediates (Figure  7D,E). Owing to 
these traits, when functioning as a (pre)catalyst in 1.0 m KOH, 
it exhibited much better OER activity than bare NiO and com-
mercial IrO2-based electrocatalyst. Several encouraging find-
ings also revealed that the appropriate coupling of rare-earth 
oxides could also inhibit the dissolution or corrosion of NNTM 
and lattice oxygen in the electrolyte.[200–202] Tang and co-workers 
demonstrated that the protection of the CeOx layer could 
remarkably suppress the dissolution and loss of oxidized Co 
species in CoS, which improved the OER durability.[201] Obata 
and Takanabe compared the OER behavior between NiFeOx 
and CeOx layer-coated NiFeOx, and they observed that NiFeOx 
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Figure 7.  A) The summarization of a series of perovskite-type oxides for the stability level and OER current density at 1.60 V versus RHE by Li and 
co-workers. The dashed volcano lines and filling are shown for guidance only. Reproduced with permission.[154] Copyright 2021, American Chemical 
Society. B) Schematic illustration of the trends in the conductivity, the work function (WF) values, the OER overpotential to obtain 40 µA cm−2 at pH 
13 with decreasing rare-earth ionic radius in nickelates. Reproduced with permission.[177] Copyright 2018, Wiley-VCH. C) Schematic representations of 
the electronic coupling among Co, Ce, and O 16 in Ce0.21@Co(OH)2. Each arrow indicates one electron with spin direction. Reproduced with permis-
sion.[181] Copyright 2021, Elsevier. D) Free energy landscape for OER on (101) facet of NiOOH under different charge doping. E) Absorption structure 
and charge density redistribution between intermediate OOH and NiOOH with different charge doping states. The yellow isosurface reflects the charge 
gaining region, while the dark red isosurface reflects the charge losing region, respectively. Reproduced with permission.[71] Copyright 2021, Wiley-VCH. 
F) Top view of Pd4@CeO2 model and the possible adsorption sites for H* on the Pd4@CeO2. The charge density difference Δρ of the Pd4@CeO2 model 
for the slice (vertical to the surface of substrate CeO2) cut along the Pd2–Pd3 bond, where the red and blue areas denote the decreased and increased 
electron densities, respectively. Reproduced with permission.[205] Copyright 2019, American Chemical Society.
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gradually lost activation due to the dissolution of active Fe sites 
into solution.[202] However, with respect to the CeOx layer-coated 
NiFeOx, both the catalytic OER activity and stability were well 
maintained. This is owing to the fact that the CeOx layer pos-
sessed a unique perm-selectivity where the O2 and OH− were 
allowed to permeate whereas the diffusion of redox ions such 
as Fen+ was prohibited to permeate, thus hindering the dissolu-
tion of NiFeOx core.

In consideration of the extremely high chemical stability 
against the electrochemical process, the rare-earth metal 
oxide is also capable of serving as the ideal matrix to confine 
the single atom or cluster for electrocatalysis.[203,204] Recently, 
Chen and co-workers anchored sub-nanometer-sized Pd clus-
ters onto the porous CeO2 rods via a convenient wet chemical 
method.[205] The theoretical calculation revealed that compared 
to the bare Pd nanoclusters, the electron transfer between Pd 
and CeO2 (Figure  7F) could effectively modulate the adsorp-
tion state of H* on the subunit of the Pd cluster, and this effect 
strikingly promoted the HER catalytic activity with ultralow 
onset overpotential of 36  mV and maintained the industrial-
scale large current density even after 10 000 cycles. Although 
this work focused on the rare-earth metal oxide-supported pre-
cious metal nanocluster, the finding is expected to encourage 
the further pursuit of the synthesis of rare-earth metal oxide-
supported isolated atomic NNTM as well as its application in 
water splitting.

3.4. Insights into the Improvement of Activity by Lean Metals

Compared with transition metals, lean metals which are located 
in the basic metal region (Figure 1) have higher electronegativi-
ties, lower melting points, and boiling points, and are softer. 
However, lean metals are distinguished from “quasi metals” 
because of their much higher melting and boiling points 
than that of other main group elements in the same period. 
Moreover, their crystalline structures tend to show covalent or 
directional bonding effects, having fewer nearest coordination 
atoms than other metallic elements. Among these lean metals, 
those referred to Al, Ga, Sn, and Bi are usually utilized for the 
OER and HER catalysis, and they improve the OER and HER 
activity in terms of the following aspects.[103,105,206–231] i) These 
lean metals can be readily etched in both the alkaline and acidic 
solutions, generating beneficial results including the formation 
of pores and partial phase reconstruction. ii) They can be prone 
to hybrid with other metals to form the (ordered) intermetal-
lics with high conductivity. iii) The addition of these metals can 
also shape the morphology of the resulting materials system. 
iv) The presence or the incorporation of these metals in the 
catalytic system can tune the vacancy and electronic structure. 
v) These lean metals-involved compounds do not only serve as 
a matrix for confining single atoms but also to evolve single 
atom for catalysis. Recently, Menezes et al. demonstrated a 
controllable synthesis of CoSn2 nanocrystals as efficient bifunc-
tional OER and HER electrocatalysts using the solution chem-
istry method.[206] It was found that under alkaline media, the 
leaching of Sn from the crystal lattices, and oxidation of Co 
furnished highly disordered amorphous active CoOx(H) on the 
surface of CoSn2 for OER, while the Co0 atoms in the CoSn2 

acted as active sites for HER. Meanwhile, the retention of par-
tial intermetallic CoSn2 structure ensured high electrical con-
ductivity to accelerate the charge transfer. Encouraged by this 
finding, they further synthesized the intermetallic FeSn2 for 
OER in the alkaline media and identified the in situ generation 
of core–shell-like α-FeO(OH)@FeSn2 where α-FeO(OH) acted 
as the active site while FeSn2 remained the conductive core, 
thus giving rise to a remarkable OER activity (Figure  8A).[207] 
Moreover, Menezes et al. explored MnGa4 as a new material for 
electrocatalytic OER, in which MnGa4 belongs to a d–sp bonded 
Hume-Rothery intermetallic compound with strong direc-
tional covalent bonds and metallic nature (Figure 8B).[68] It was 
found that it could show a better OER activity than that of com-
mercial IrO2 and other NNTM-based oxides/hydroxides. The 
higher activity has been associated with two factors: first, due 
to the in situ partial electroconversion to disordered and defect-
rich MnOx phases of α-Mn3O4, δ-MnO2, and β-MnOOH with 
abundant Mn3+ sites on the surface of MnGa4. Second, due to 
the generation of porous active nanodomains by leaching of 
Ga, leading to a larger electrochemically active surface with a 
higher density of active sites, and fast electron transport from 
the catalyst surface and the electrode. In theory, compared to 
those NNTM (hydro)oxides, chalcogenides, and phosphides, 
the core formed by intermetallics shows a higher conduc-
tivity and results in a faster electron transfer. Motivated by 
these appealing results, more recently, Tüysüz and co-workers 
studied the OER activity of a series of the Heusler intermetal-
lics such as Co2MnAl, Co2MnGa, Co2VGa, and Co2VSn which 
were synthesized by the arc-melting method (Figure 8C–E).[209] 
The leaching of Al, Ga, and Sn on the surface of these com-
pounds could also be observed during OER. Furthermore, a 
strong volcano-like correlation between the eg orbital occupancy 
of reactive Co sites and OER activity was found on these Heu-
sler intermetallics, which governed the M–O bond strength and 
thus probably the tendency to phase reconstruction (Figure 8F). 
Importantly, the eg orbital occupancy of Co active site could 
be precisely regulated by Al, Ga, and Sn in these compounds, 
which may provide the basis for a future design of this kind of 
lean metal-containing electrocatalysts.

Benefiting from the above advantages by the leaching of lean 
metals in the alloy, many lean metal-mediated catalytic sys-
tems were developed for OER such as NNTM sulfides,[210,211] 
selenides,[212] and phosphides.[213–215] However, it is surprising 
that no structural change or leaching after long-term OER 
test in alkaline media occurred in the lean metal-incorporated 
hydroxide probably due to their relatively higher thermody-
namic stability.[105,216–200] Nonetheless, the free-adsorption 
energy toward oxygen-containing intermediates was optimized. 
For example, the Ga-doped FeNi-based hydroxide delivered an 
excellent composition and structure stability after 100 h of cycles 
during OER. Moreover, upon the doping of Ga, the energy bar-
rier for the rate-determination step from the adsorption of 
OH− to the adsorption of O− was effectively decreased.[216] In 
addition, the doping with these lean metals into hydroxides 
could also induce an internal lattice strain, which could strik-
ingly decrease the reaction barrier for electron transfer during 
OER.[217] Bent and co-workers also found that after the doping 
of Al into FeNi-oxyhydroxide, the nanosheet-like morphology 
was obtained, which helped to expose a larger number of active 
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sites, thus led to a more than a threefold increase of TOF-nor-
malized OER activity in alkaline media if compared to bare 
FeNi-oxyhydroxide (Figure 8G).[105] Importantly, many reported 
lean metal-tuned HER catalysts do not show any leaching under 
electrocatalytic conditions because their structures are remark-
ably stable.[218–220] The main aim of lean metal-doping for 
HER is to enhance the intrinsic electrical conductivity, lattice 

distortion, and defects. By a combined experimental and theo-
retical investigation, Liu and co-workers revealed that when the 
metal-stable Sn0.3W0.7S2 was formed based on WS2, the crystal 
structure was converted from trigonal prismatic (2H phase) to 
distorted octahedral (1T′ phase) (Figure  8H).[218] Furthermore, 
the conductivity was also changed from semiconductor to metal 
while lattice distortion led to a large number of catalytic active 

Adv. Mater. 2022, 34, 2108432

Figure 8.  A) Schematic representation of the formation of structurally ordered intermetallic FeSn2 as well as the substantial reconstruction at the 
surface under alkaline electrochemical reaction conditions. Reproduced with permission.[207] Copyright 2020, Wiley-VCH. B) Crystal structure (Mn: 
green; Ga: orange). Reproduced with permission.[68] Copyright 2019, Wiley-VCH. C) Crystal structure of Co2YZ Heusler compounds. D) Illustration of 
molecular orbital diagram of Co2MnAl. E) The magnetic moment and electron occupation of the selected Co2YZ compounds. F) The volcano-shape 
plot of the OER activity, defined by the current density at 1.7 V versus RHE, against the occupancy of the eg electron of Co in Heusler compounds. 
Reproduced with permission.[209] Copyright 2021, Wiley-VCH. G) The atomic structure of the (100) surface of γ-Ni-(Al)-FeOOH under OER conditions. 
The repeating unit cell explicitly shows the most active on-top Fe site (denoted as Otop) with Al as a surface neighbor. Reproduced with permission.[105] 
Copyright 2019, American Chemical Society. H) STEM image of metallic 1T′-Sn0.3W0.7S2. Inset: yellow dotted line circles with some defects. Scale bar: 
2 nm. Reproduced with permission.[218] Copyright 2020, Wiley-VCH. I) Structure of single-atom metals. Reproduced with permission.[221] Copyright 
2020, American Chemical Society.
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sites. Impressively, the metallic Sn0.3W0.7S2 phase exhibits 
a comparable HER activity to Pt/C in 0.5 m H2SO4, together 
with outstanding stability after 3000 cycles. Note that the vari-
ation between Sn and W could also trigger the morphology 
variation. Recently, Peter and co-workers synthesized the novel 
ternary Ni3Bi2S2 phase with monoclinic structure, which bears 
much better hydrogen adsorption and desorption ability than 
that of NiS owing to the localized charge-transfer between 
Ni and Bi, which facilitates the downward shift of the d-band 
center, thereby improving the catalytic activity.[219] All of the 
results mentioned above verify the crucial role of lean metals in 
improving both HER and OER activity.

As a matter of fact, like the rare-earth metal oxides, the lean 
metal oxides were also recently explored because they can serve 
as a substrate to confine single metal atoms. It is well-known 
that most of the reported single atom electrocatalysts are pre-
pared on carbon-based supports, which integrates many advan-
tages including high specific surface area and doping flex-
ibility.[220] However, these carbon-based supports are prone to 
degradation due to corrosion and decomposition under harsh 
oxidizing conditions. To overcome this drawback, by a subse-
quent adsorption–calcination method, Coperét and co-workers 
successfully synthesized the SnO2 matrix-confined single 
indium atom system, which showed a robust feature.[103] This 
may open a new viable way to optimize single atom electrocata-
lysts. Based on this, in order to further clarify whether a single 
lean metal atom itself has catalytic activity, Dou and co-workers 
developed a general cation-doping strategy to fabricate carbon-
supported a series of single lean metal atoms (e.g., Bi, Sn) 
(Figure 8I).[221] However, both the experimental and theoretical 
calculation proclaimed their poor HER activity. Although this 
performance was not satisfactory, further optimization via elec-
tronic engineering or coordination engineering toward a single 
lean metal atom is expected to revive the catalytic activity.

3.5. Insight into the Improvement of Activity by Metalloids

Near to the lean metals, the metalloids (or semimetals) repre-
sent a series of main-group elements in the periodic table with 
similar electronegativity, which is larger than those of the main-
group metals but lower than nonmetals. They often behave as 
electron donors toward nonmetals and as electron acceptors 
toward metals, giving rise to different classes of compounds 
with ionic, covalent, or metallic character. The metalloids for 
tuning the HER and OER activity usually encompass B, Si, Ge, 
As, Sb, and Te. Since the effects of Te have also been discussed 
in previous literature,[232,233] herein we focus on B, Si, Ge, As, 
and Sb as a component. Actually, the purpose of a metalloid 
in electrocatalysts for water splitting is somewhat related to the 
role of a lean metal:[234–242] i) the metalloid is a key component 
to form intermetallics, which transform into a core–shell archi-
tecture for efficient catalysis during the OER process; ii) doping 
of the catalyst with a metalloid can induce an oxygen vacancy, 
which then alters the catalytic mechanism and/or regulates the 
free adsorption ability during catalysis; iii) some of the metal-
loid-based compounds can function as an effective support to 
confine specific cluster formation and single atoms; iv) some 
of the metalloids can also be prepared in the form of single 

atoms and can serve as the catalytic active sites to catalyze the 
HER; v) some metalloids possess a unique photothermal effect, 
i.e., it can effectively absorb the light and lead to the increase 
of temperature for the local part of electrocatalyst), which 
can boost the catalytic kinetics. In consideration of the above 
points, Driess and co-workers recently synthesized a series of 
intermetallics consisting of Fe or Ni and metalloids (Si, Ge, As) 
for OER using the single-source molecular precursor approach 
and arc-melting method.[234,236,237] All of these compounds 
were converted into active (amorphous) oxide surface-coated 
intermetallics during OER, accompanied by the dissolution of 
metalloids from the surface of the respective intermetallic com-
pound, which was due to the fact that the covalent character 
of the metal–metalloid bonds has a tendency to be imparted 
in contact with the electrolyte (as predicted from Pourbaix 
diagram). Taking NiGe as an example, the original phase was 
completely converted by electrocorrosion to γ-NiOOH phase 
during OER.[237] Notably, owing to a large interlayer spacing 
of 7.0 Å hosted in γ-NiOOH that allowed the ionic intercala-
tion of OH− or CO3

2−, a larger number of active sites for the 
OER become accessible. Moreover, compared to the directly 
synthesized γ-NiOOH, the in situ derived structure possesses 
more defects, higher ECSA, and better electronic conductivity, 
thus leading to superior OER kinetics and an expedited charge 
transfer to facilitate OER (Figure  9A,B). At the same time, 
Schuhmann and co-workers investigated the OER activity of a 
series of intermetallics by alloying Ni with metalloids (B, Si, As, 
and Te) in alkaline media.[228] The latter study confirmed again 
that surface Ni atoms were oxidized to NiOOH during the OER, 
which was the active phase of the catalyst. Furthermore, it was 
found that the metalloids were not completely leached out of 
the structure, rather a fraction of metalloids was oxidized to the 
corresponding oxoanions on the surface that tuned the inter-
facial electrode/electrolyte properties. For instance, the formed 
tetrahydroxyborate anion ([B(OH)4]−) during OER for Ni–B alloy 
showed Arrhenius basicity and was therefore believed to sup-
press the affinity and adsorption of OH− before initiating the 
OER reaction, resulting in reduced kinetics of the hydroxylation 
reaction step observed for the NiB (pre)catalyst. Nevertheless, 
borate anions can noticeably improve the OER activity in both 
neutral electrolytes and alkaline electrolytes upon the initiation 
of OER, where they can act as proton acceptors to facilitate the 
rapid electron and proton equilibrium between Ni–OOH and 
Ni–O2 states.

As previously claimed in reports, one can dope NNTM-based 
catalysts with SPFMs and these metallic species can perform 
very well when combined with oxides.[229–232] In such oxides, a 
dynamic phase reconstruction can easily be triggered during 
OER when the metal leaching rate is slower than that of the 
metal deposition. In oxides, oxygen vacancies always exist, 
which sometimes leads to another possible catalytic mecha-
nism, namely, the LOM, which is different from the above-
mentioned AEM.[233,235] The LOM mechanism is involved with 
a direct participation of oxygen anions from the lattice as an 
active intermediate in the OER, which is supported by 18O iso-
tope labeling experiments of the reaction product as well as DFT 
calculation.[243–248] Shao and co-workers reported that the incor-
poration of tetrahedral Si into octahedral Co sites of strontium 
cobaltite perovskite enables the generation of oxygen vacancies 
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Figure 9.  A) crystal structure of NiGe and electrochemically generated γ-NiOOH with ionic intercalation of OH−/CO3
2− during OER in an alkaline KOH 

electrolyte. B) Quasi in situ and ex situ Raman spectroscopy of NiGe (OER CA, 24 h). Reproduced with permission.[237] Copyright 2021, Wiley-VCH. 
C) A schematic illustration of the AEM and LOM reaction pathways on Si-incorporated strontium cobaltites. Reproduced with permission.[238] Copy-
right 2020, Nature Publishing Group. D) OER behavior of CoSb2O4 and Co3O4 and E) proposed scheme during the increasing potential for the OER 
of CoSb2O4. Reproduced with permission.[256] Copyright 2021, American Chemical Society. Slices of the distribution of exchange/polarized charges of 
F) NNTM or G) N atoms in NNTM@BCN1. Slices are parallel to the nanosheet and across the considered atom. H) Schematic of NNTM@BCN as 
a bifunctional catalyst of overall water splitting. Efficient electron–hole separation supports that the single atom catalyst may present high activity for 
OER, with the N atoms being highly active sites for HER. I) Elementary steps of OER and HER displaying the structures of the adsorbed species *H, 
*OH, *O, and *OOH. Reproduced with permission.[258] Copyright 2019, The Royal Society of Chemistry. The top view and side view of the 3D charge 
density difference plots for Ge3@MoS2 J,K) H-adsorbed Ge3@MoS2-H. Reproduced with permission.[259] Copyright 2021, Elsevier. L) Schematic illustra-
tion of the photothermal coupling of Ni–W–B/CC electrode. M) The current density–time curve of the water splitting device under PTE. Reproduced 
with permission.[260] Copyright 2019, The Royal Society of Chemistry.
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as well as reduces the bulk oxidation state of Co.[238] Benefiting 
from this, it exhibited a tenfold improvement of intrinsic OER 
activity owing to more than tenfold enhancement in oxygen dif-
fusivity. Such an oxygen diffusivity enhancement changed the 
conventional adsorbate evolution-dominated mechanism into 
a lattice oxygen oxidation-dominated mechanism (Figure  9C). 
This is because, upon the initiation of OER, the lattice oxygen 
evolved at the surface will be quickly replenished by oxygen 
ions diffusing from the bulk of the electrocatalyst. Of note, 
even the LOM mechanism dominated in this perovskite, the 
surface reconstruction was also triggered while a constant dis-
solution/deposition process guaranteed the stability. Moreover, 
the LOM mechanism can also occur for several other types of 
oxygen-containing OER catalysts, for example, spinel oxide,[249] 
oxyhydroxide,[250] and phosphate.[251] In addition, the doping of 
metalloids into oxide compounds will generate other following 
merits.[242,243] First, metalloids could be used to grasp elec-
trons from NNTM and transfer them to neighboring oxygen 
atoms in the oxides owing to their moderate electronegativity 
(1.9–2.1). Thus, electron-enriched or -depleted local regions can 
favorably be generated on the surface of oxides, which may be 
beneficial for maximizing the number of active sites for elec-
trocatalytic water splitting. Second, electronic coupling inter-
actions between metal d-orbitals and metalloid sp-orbitals can 
shift the center of the d-orbital from the Fermi level, leading to 
an increased conductivity of the oxide. In fact, metalloids can 
also be used as a component to form novel compounds with 
abundant anion vacancies for catalysis; whose catalytic behavior 
is similar to those of related lean metal-containing ones.[244–255] 
For instance, Lee and co-workers reported the trirutile CoSb2O6 
with octahedral Co2+ sites and inactive Sb5+ ions as an OER 
electro(pre)catalyst in the alkaline media.[256] In situ XAS 
results showed that the oxygen vacancy in CoSb2O6 improved 
the OH− adsorption kinetics by tuning the low oxophilicity of 
the Co atom, and it facilitated the further complete oxidation 
of Co3+ to the real active Co4+ site for OER, that is, reaching an 
overall higher oxidation state of Co than in spinel-type Co3O4 
(Figure 9D,E).

Metalloids-containing compounds may be one promising 
support to confine single metal atoms for efficient catal-
ysis.[257,258] For instance, Jiang and co-workers proposed a novel 
theoretical design of a nickel single atom catalyst (Ni-SAC) 
supported by a hybridized graphene–boron nitride monolayer 
(BCN), for a highly active bifunctional electrocatalyst for both 
HER and OER (Figure  9F–I).[258] As the B-vacancy defects on 
BCN can immobilize Ni-SACs with high diffusion barriers, and 
owing to the effective charge polarization and synergistic effects 
of components, this Ni-SAC exhibited remarkable electrocata-
lytic activity with very low overpotentials of 20 and 470 mV for 
HER and OER, respectively. Intriguingly,  in Ge3@MoS2, the 
Ge atoms act as electron donors toward MoS2 and increase its 
conductivity.[259] The unique coexistence of electron-poor and 
electron-rich regions near the Ge atoms enables the adsorption 
of “free” H radicals (Figure 9J,K) for which the barrier is even 
lower than that of the commercial Pt/C catalyst. The latter work 
is expected to stimulate more research toward optimization of 
other 2D materials through doping with metalloids for efficient 
HER. In line with that, Dou and co-workers could confirm a 
high HER activity using N-doped carbon-supported single Ge 

atoms in a combined theoretical and experimental investiga-
tion.[221] In addition to the aforementioned functions, a local 
photothermal effect (PTE) was observed in some metalloid-
mediated NNTM-based electrocatalysts. Guo and co-workers 
synthesized a series of borides based on the Ni–W–B system 
and demonstrated that the reaction kinetics of both HER and 
the OER can be accelerated by external light illumination of 
the working electrode (Figure  9L,M).[260] Upon the injection 
of light, the overpotentials of a PTE-coupled Ni–W–B/CC elec-
trode at 100 mA cm−2 in the alkaline electrolyte were decreased 
by 35 and 23 mV for HER and OER, respectively. Remarkably, 
this PTE-coupled electrode enabled an overall water splitting 
device with a current density of 25 mA cm−2 at an ultralow cell 
voltage of 1.524 V, ranking in the top performance among the 
recently reported SPFM-mediated electrocatalysts. This dis-
covery may initiate more research on using metalloids such 
as Bi to feature an intrinsic photothermal effect for effective 
water splitting. Table  2 summarizes the most recent research 
trends in using SPFM-mediated electrocatalysts for advanced 
water splitting systems. Most of them show an intriguing cat-
alytic activity and will stimulate a knowledge-based design of 
improved systems for overall water splitting. Note that high 
stability is indispensable to the practical application of low-cost 
non-noble metal-based electrocatalysts for water electrolysis. 
Because the development of SPFM-mediated catalysts has just 
received particular attention in very recent years, the system-
atical report on whether and how SPFM species can improve 
the stability of transition metal-based catalysts is still insuffi-
cient. Motivated by this point, we tried our best to survey the 
related literature, and as expected, some reports confirm that 
SPFM species could play a positive role in enhancing the sta-
bility of NNTM-based electrocatalysts. To highlight the opera-
tion stability, we have now also added the durability at large cur-
rent density for SPFM-mediated NNTM-based electrocatalysts 
toward water splitting in Table 2. Remarkably, nearly all these 
electrocatalysts showed outstanding stability. Moreover, several 
comparative works substantiated that the NNTM catalysts con-
taining SPFM species could stabilize their robust catalytic capa-
bility in HER, OER, and overall water splitting with less deacti-
vation, compared with the associated pristine NNTM or directly 
synthesized NNTM-based (oxy)hydroxides.[136,225,236,261,262] The 
high operation stability should be closely related to the chemical 
and structural stability of the electrocatalyst. As it is well-known 
that the chemical stability of active NNTM species is vital for 
the long-term application of NNTM-based catalysts, the easy 
leaching of the active TM during water splitting has already 
been verified, especially the Fe species in the benchmark NiFe-
based OER catalysts.[263,264] Recently, the incorporation of SPFM 
species (e.g., metalloid borates) into alkaline electrolytes has 
been shown to contribute to maintaining the OER durability 
of NiFeCo-based (oxy)hydroxides. As the presence of borates 
in the electrolyte can increase the Fe solubility of the catalysts, 
they can conversely promote the redeposition of Fe from the 
electrolyte, reaching the dissolution–redeposition equilibrium, 
and accordingly can facilitate to elevate the chemical stability 
of active NNTM species.[265] However, two questions are still 
unclear and have not been addressed in the current publica-
tions: i) which incorporation manner does the SPFM species 
can better prevent the chemical loss of active NNTM species? 

Adv. Mater. 2022, 34, 2108432
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Table 2.  Catalytic performance of recently reported advanced SPFM-mediated electrocatalysts.

Sample ID React. Synthetis method Electrolyte η [mV]@j  
[mA cm−2]

Tafel slope  
[mV dec−1]

Durability Ref.

Ni–Fe–P–B@CFP HER
OER

Wet-chemical 
reduction

1 m KOH
1 m KOH

220@10
269@10

63
38

10 mA cm−2, 60 h
100 mA cm−2, 48 h
10 mA cm−2, 60 h
100 mA cm−2, 48 h

[46]

LixMoS2 HER Impregnation and 
heating

0.1 m H2SO4 165@10 74 23 mA cm−2, 24 h [66]

NaCo(PO3)3 OER Solution combustion 1 m KOH 340@10 76 10 mA cm−2, 12 h [67]

MnGa4/NF OER Melting 1 m KOH 291@10 98 10 mA cm−2, 24 h [68]

BaMoO3 HER Coprecipitation 
method

1 m KOH 336@10 110 1000 cycles [69]

NixFe1-xB HER
OER

Molten salt method 1 m KOH
1 m KOH

63.5@10
282@10

56.3
86.7

10 mA cm−2, 20 h
10 mA cm−2, 20 h

[70]

NiO/CeO2 NW@CC OER Solvothermal 1 m KOH 330@50 85 50 mA cm−2, 72 h [71]

SrCo0.85Fe0.1P0.05O3−δ (SCFP) OWS Solid-state reaction 1 m KOH 430@10 10 mA cm−2, 650 h [90]

Fe6Ge5/NF OER High-temperature 
annealing

1 m KOH 272@100 32 ~100 mA cm−2, 25 h [92]

Ni–Al–Fe–OOH OER Atomic layer 
deposition

0.1 m KOH 346@10 – CV cycles, 6 h [105]

LixNiO/Ni heterostructure HER
HER
HER

Chemical lithiation 1 m KOH
1 m Kpi

0.5 m H2SO4

36@10
50@10
20@10

50
66
31

20 mA cm−2, 50 h
20 mA cm−2, 50 h
20 mA cm−2, 50 h

[108]

Li–NiO nanocrystals OER Calcination 1 m KOH 289@10 58.1 10 mA cm−2, 70 h [109]

Na1-xNiyFe1-yO2 OER Calcination 1 m KOH 260@10 40 10 mA cm−2, 48 h [112]

Ag-Na0.7CoO2 OER Electrochemical 
desodiation tuning

1 m KOH 236@10 48 10 mA cm−2, 30 h [113]

LixNi1−xO OER Solid-state reaction 1 m KOH 370@10 56.6 1000 cycles [114]

Ni0.9Fe0.1Co1.975Li0.025O4 OER Electrochemical 
method

1 m KOH 301@10 62 225 mA cm−2, 17 days [115]

La2−xSrxNiMnO6 OER Sol–gel and sintering 1 m KOH 490@10 86 1 mA cm−2, 24 h [116]

NaAl-LRNO OER
OER
OER

Solid-state reaction 1 m KOH
1 m KOH
1 m KOH

270@10
331@50

360@100

69.3
–
–

10 mA cm−2, 35 h
10 mA cm−2, 35 h
10 mA cm−2, 35 h

[117]

Na2MnP2O7 polymorphs OER Solid-state reaction 0.1 m KOH 450@10 64 500 cycles [118]

NiFe LDH–Ni(III)Li OER Solvothermal 1 m KOH 248@10 35 10 mA cm−2, 24 h [120]

Na0.67CoO2 OER Solid-state reaction 0.1 m KOH 290@10 39 1000 cycles [128]

Li–NiMoO4 nanorods HER Electrochemical 
tuning

1 m KOH 73@10 37.2 ~70 mA cm−2, 1250 min [132]

NaFeS2/NF OER Hydrothermal 1 m KOH 370@200 94 ~28 mA cm−2, 60 h [136]

GTCo900-KCl/NaCl HER Melting 1 m KOH
Phosphate buffer

0.5 m H2SO4

103@10
142@10
54@10

70.5
94.4
52.8

1000 cycles
1000 cycles
1000 cycles

[137]

Li+ activated WSe2 HER Hot-injection 0.5 m H2SO4 243@10 116 ~ -0.45 V, 12 h [138]

LiCoBPO/FTO HER
OER

Hydrothermal 1 m KOH
1 m KOH

245@10
293@10

58
60

10 mA cm−2, 25 h
10 mA cm−2, 25 h

[139]

NaCoBPO/FTO HER
OER

Hydrothermal 1 m KOH
1 m KOH

298@10
328@10

98
124

10 mA cm−2, 25 h
10 mA cm−2, 25 h

[139]

LiMnBPO/FTO
NaMnBPO/FTO
LiMnBPO/NF
NaMnBPO/NF

OER
OER
OER
OER

Hydrothermal
Hydrothermal
Hydrothermal
Hydrothermal

1 m KOH
1 m KOH
1 m KOH
1 m KOH

≈322@10
≈338@10
≈228@10
≈262@10

41
47
46
48

120 mA cm−2, 1100 h
–

20 mA cm−2, 96 h
–

[140]
[140]
[140]
[140]

a-LNFBPO OER Hydrothermal 1 m KOH 215@10 37 10 mA cm−2, 300 h [141]
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Sample ID React. Synthetis method Electrolyte η [mV]@j  
[mA cm−2]

Tafel slope  
[mV dec−1]

Durability Ref.

NdNiO3 OER Magnetron 
sputtering

0.1 m KOH 470@0.075 89 – [143]

Ca-doped Pr0.5Ba0.5CoO3-δ OER Sol–gel and sintering 0.1 m KOH 440@10 73 1000 cycles [148]

Sr2Fe2O6−δ OER Sol–gel and sintering 0.1 m KOH 480@10 60 10 mA cm−2, 500 cycles [150]

Ba0.5Sr0.5Co0.8Fe0.2O3−δ 
nanofilms

OER Sol–gel and sintering 0.1 m KOH 460@10 65 10 000 cycles [152]

Ba0.5Sr0.5Co0.8-xFe0.2NixO3-δ OER Sol–gel and sintering 0.1 m KOH 278@10 47.98 10 mA cm−2, 80 h [155]

SrTi(Ir)O3 OER Electrospinning and 
calcination

0.1 m HClO4 265@10 50 10 mA cm−2, 20 h [156]

h-MoN@BNCNT HER Chemical annealing 0.5 m H2SO4 78@10 46 0.05V, 24 h [157]

Sr2Co1.5Fe0.5O6−δ OER Sol–gel and sintering 1 m KOH 318@10 44.8 1.55 V, 10 h [159]

Ba(Fe0.7Ta0.3)O3-δ HER Solid-state reaction 0.5 m H2SO4 790@20 117 – [165]

Mg|Co–MnO2/α-Co(OH)2 OER Electrochemical 
method

0.25 m Mg(ClO4)2 – 151 10 mA cm−2, 6 h [167]

SrRuO3 OER
OER

Liquid-feed flame 
spray

0.1 m KOH
0.1 m HClO4

–
–

74.2
51.5

1.45 V, 24 h
1.45 V, 24 h

[176]

5.0%Ce-NiFe-LDH/CNT OER Coprecipitation 1 m KOH 227@10 33 10 mA cm−2, 30 000 s [178]

Y2Ru2O7-δ OER Sol–gel and sintering 0.1 m HClO4 270@2.23 55 1 mA cm−2, 8 h [180]

Ce0.21@Co(OH)2 nanosheets OER Microwave treatment 1 m KOH 300@10 72 0.5 V, 12 h [181]

p-Y2[Ru1.6Y0.4]O7-δ OER Sol–gel and sintering 0.1 m HClO4 270@18.1 37 – [182]

Ce-doped Ni3S2 OER Electrodeposition 1 m KOH 257@50 81 0.6 V versus Ag/AgCl, 24 h [183]

Ce-doped CoP HER
HER

Hydrothermal and 
calcination

1 m KOH
0.5 m H2SO4

92@10
54@10

63.5
54

10 mA cm−2, 10 h
10 mA cm−2, 10 h

[184]

La(CrMnFeCo2Ni)O3HEPO OER Precipitation and 
calcination

0.1 m KOH 325@10 51.2 10 mA cm−2, 50 h [185]

Ce-NiBDC/OG nanoarray OER Hydrothermal 1 m KOH 265@10 46 1000 cycles [186]

Co3O4/CeO2 nanohybrids OER Electrodeposition 0.5 m H2SO4 423@10 88.1 10 mA cm−2, 50 h [195]

Co3O4/CeO2 nanohybrids OER Solvothermal 1 m KOH 270@10 60 10 mA cm−2, 10 h [198]

Co4N–CeO2/GP nanosheet OER Electrodeposition 1 m KOH 239@10 61 500 mA cm−2, 50 h [199]

Cu@CeO2@NFC-0.25 OER Electrodeposition 
and calcination

1 m KOH 230.8@10 32.7 10 mA cm−2, 30 h [200]

CeOx/CoS nanoparticles OER Solvothermal 1 m KOH 269@10 50 10 mA cm−2, 20 h [201]

CeOx-coated NiFeOx OER Electrodeposition 1 m KOH – 40 20 mA cm−2, 96 h [202]

Pd NCs@CeO2 HER Hydrothermal and 
calcination

0.5 m H2SO4 – 235 10 000 cycles [205]

CoSn2/NF OWS Solution chemistry 1 m KOH 320@10 – 10 mA cm−2, 16 h
100 mA cm−2, 100 h

[206]

FeSn2/NF
FeSn2/FTO

OER
OER

One-pot reduction
One-pot reduction

1 m KOH
1 m KOH

197@10
273@10

≈31
≈33

10 mA cm−2, 24 h
10 mA cm−2, 24 h

[207]
[207]

Co2MnAl
Co2MnGa

OER
OER

Arc-melting
Arc-melting

1 m KOH
1 m KOH

–
–

68
67

2.5 mA cm−2 12 h
2.5 mA cm−2 12 h

[209]
[209]

Al–Ni3S2/NF nanosheet HER
OER

Solvothermal 1 m KOH
1 m KOH

86@10
223@10

75
37

−250 mV, 15 h
1.85 V, 15 h

[210]

Cu2FeSnS4/NF OER Mechanical milling 1 m KOH 365@10 37 100 mA cm−2, 24 h [211]

CoFeBiP nanosheets OER Solvothermal 1 m KOH 273@10 77.3 10 mA cm−2, 25 h [213]

Al, Fe-codoped CoP 
nanoparticles

HER
OER

Hydrothermal 0.5 m H2SO4

1 m KOH
138@10
280@10

72
65

10 mA cm−2, 10 h
10 mA cm−2, 10 h

[214]

Table 2.  Continued.
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ii) can such chemical stability enhanced by the SPFM species 
be extended to various electrolytes under different conditions 
(concentration, temperature, Fe impurity, and pH value)? Note 
that under cathodic HER, according to the Pourbaix diagram, 
the leaching of prime active NNTM,[266] i.e., Ni, Co, Fe, and Cu, 
can also occur, the related investigation on whether and how 
SPFM species protect the HER-active NNTM catalysts from 
corrosion is still ambiguous. On the other hand, there is cur-
rently a common cognition that the structural reconstruction 
of NNTM-based precatalysts to the corresponding TM-based 
(oxy)hydroxides is almost inevitable during OER. It should 

be noted that a higher transformation degree usually ensures 
a better activity.[97] To this end, one main aim of introducing 
the SPFM species is to accelerate the phase transformation 
during OER. Moreover, to the best of our knowledge, consid-
erable SPFM-mediated NNTM-based electrocatalysts exhib-
ited a high capability to retain their original structure during 
the HER process.[105,206,218,267] This might be due to the par-
tial electrons transfer toward NNTM from SPFM species, by 
increasing the charge density at the d-band orbitals of NNTM, 
and accordingly, preventing the severe (hydro)oxidation of TM, 
thereby optimizing their stability.[44,96] On the whole, although 

Adv. Mater. 2022, 34, 2108432

Sample ID React. Synthetis method Electrolyte η [mV]@j  
[mA cm−2]

Tafel slope  
[mV dec−1]

Durability Ref.

Sn-doped Ni5P4 OER Hydrothermal and 
calcination

1 m KOH 173@10 ≈46 500 mA cm−2,12 h [215]

Ni0.65Ga0.30Fe0.05 nanosheets OER Hydrothermal 1 m KOH 200@10 42 20 mA cm−2, 100 h [216]

Sn0.3W0.7S2@CB HER Hydrothermal 0.5 m H2SO4 – 81 10 mA cm−2, 30 000 s [218]

Ni3Bi2S2 nanocrystals HER Microwave 0.5 m H2SO4 88@10 58 75 mA cm−2, 12 h [219]

Al–CoS2 nanowires HER Melting 0.5 m H2SO4 86@10 62.47 10 mA cm−2, 24 h [223]

Sn–Ni3S2/NF HER
OER

Hydrothermal 1 m KOH
1 m KOH

170@100
270@100

33.8
52.7

500 mA cm−2, 70 h
500 mA cm−2, 70 h

[225]

Ni1.5Sn@triMPO4-R OER Precipitation and 
calcination

1 m KOH 240@10 45.2 1.56 V,10 h [227]

Al80Ni6Co3Mn3Y5Au3 HER Arc melting 0.5 m H2SO4 70@10 39 10 mA cm−2, 20 h [229]

Mn/Co/Zn-codoped MSN-Cs 
nanoclusters

HER Wet chemistry 
synthesis

1 m KOH 176@10 43 10 mA cm−2, 50 000 cycles [230]

Ca-doped CuCoO2

nanosheets
OER Hydrothermal 1 m KOH 470@10 96.5 10 mA cm−2, 18 h [231]

FeAs intermetallic OER Hot-injection 1 m KOH 330@100 ≈32 10 mA cm−2, 24 h [234]

FeSi/NF OER High-temperature 
solid-state method

1 m KOH 220@10 39 10 mA cm−2, 24 h [236]

NiGe/NF
NiGe/FTO

OER
OER

Hot-injection
Hot-injection

1 m KOH
1 m KOH

228@10
322@10

≈56
–

1.48 V, 505 h
1.58 V, 24 h

[237]

Si-SCO OER Ball-milling-assisted 
solid-state reaction

0.1 m KOH 417@10 66 – [238]

Co2.4Ni0.6Ge2O5(OH)4

nanosheets
OER Hydrothermal 

method
1 m KOH 255@10 59.8 10 mA cm−2, 20 h [239]

Sr2Fe0.67Co0.67Ge1.66O7 OER Sol–gel and sintering 4 m KOH – 39 10 mA cm−2, 12 h [240]

Ni–Fe–Sn HER One-step potentio-
static electrodeposi-

tion route

1 m KOH 180@100 149 10 mA cm−2, 12 h [248]

VOB–Co3O4/NF nanowire HER
OER

Hydrothermal-calci-
nation-reduction

1 m KOH
1 m KOH

184@50
315@50

60.7
112.5

10 mA cm−2, 20 h
10 mA cm−2, 20 h

[252]

B-Co2Fe LDH OER Water bath and 
redution

1 m KOH 205@10 39.2 100 mA cm−2, 100 h [253]

N,Ru codoped Sb2S3 HER Reflux method 1 m KOH 72@10 193 10 mA cm−2, 10 h [255]

Trirutile CoSb2O6 OER Sol–gel and sintering 1 m KOH 360@100 46 100 mA cm−2, 120 h [256]

Ni–W–B/CC HER Electroless plating 1 m KOH 101@100 119.1 100 mA cm−2, 20 h [260]

OER 1 m KOH 344@100 130.1 100 mA cm−2, 20 h

Note: OWS denotes the overall water splitting.

Table 2.  Continued.
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the operation stability of the NNTM-based electrocatalysts 
could be remarkably enhanced in the presence of SPFM spe-
cies, the detailed analysis of the stabilizing mechanism is still 
currently unclear. In addition to this, the synthetic methods for 
such SPFM-mediated electrocatalysts have also been provided 
in Table 2. Obviously, various kinds of synthetic methods such 
as melting, solvothermal, electrochemical intercalation, and 
hot-injection approaches are viable for these electrocatalysts, 
signifying that these electrocatalysts can be obtained through 
various strategies.

3.6. Horizontal Discussion of the SPFM Species

As discussed above, although s-, p-, and f-block metals toward 
water splitting exhibit inert or low activity, they have shown a 
competitive edge in mediating the NNTM-based electrocata-
lysts. Their competitive edge mainly contains the following 
aspects. i) Most of these s-, p-, and f-block metals are earth-
abundant and low cost, and many synthetic approaches such 
as melting, solvothermal, electrochemical intercalation, hot-
injection, and template methods could be employed to incor-
porate these metal species into NNTM-based compounds. ii) 
s-, p-, and f-block metal species provide more possibilities to 
boost the intrinsic catalytic activity of NNTM-based electrocata-
lysts because they can realize the hybridization of the d-orbital 
electron of NNTM atoms with s-, p-, and f-orbital electron of 
SPFM atoms. iii) Most of these SPFM hold the metallic feature, 
showing higher conductivity as compared to many anions, and 
also most of them could bind NNTM to generate a variety of 
novel intermetallics, offering the platform to develop advanced 
electrocatalysts for water splitting. iv) Many SPFM species pre-
sent unique physical and chemical features, such as the inter-
calation of alkali metals and the photothermal effect. Since the 
research on the SPFM-mediated NNTM-based electrocatalysts 
for water splitting is in its infancy, we believe there are still 
many interesting, unknown, and unique advantages of SPFM 
conducing to the improvement of the activity that deserves 
future attention. Moreover, it could also be concluded from the 
above parts that although the SPFM species exhibited many 
similar roles in mediating the catalytic activity of NNTM-based 
electrocatalysts, these metal species also showed different cat-
alytic behavior to some extent. To better reflect that the main 
stated point is based on the periodic table, the Pourbaix dia-
grams for the representative SPFM species such as Li, Ba, Ce, 
Sn, and As in the water system are first provided in Figures 
S1–S5 of the Supporting Information. Pourbaix diagram, which 
is one kind of thermodynamic equilibrium diagram (E vs pH), 
is constructed based on the analysis of the possible chemical 
and electrochemical equilibria in the system. It can be achieved 
by the theoretical calculation method. For comparison, the 
Pourbaix diagram for Fe, which is a typical metal species from 
d-block metal was also provided in Figure S6 of the Supporting 
Information.[268] As seen in the Pourbaix diagram for the Fe-
water system, Fe species tend to form their corresponding 
hydroxide during the alkaline OER and HER process. However, 
the chemical corrosion occurred for Fe during the acidic OER 
and HER process albeit the metallic state can be maintained 
to a large extent during HER. Compared to this, alkali metal 

Li species is prone to be converted to the Li+ during both OER 
and HER through the whole pH range.[269] As for the Ba-water 
system, BaOH+ can be formed during OER in alkaline media; 
while Ba2+ is the dominated species during OER in acidic 
media and HER in alkaline and acidic media.[270] Theoretically, 
copresence of metal hydroxide and oxide for rare earth metal 
Ce can be observed during OER in alkaline media while only 
the metal hydroxide was formed during the acidic media.[268] 
For HER, in the alkaline and acidic media, the metal hydroxide 
and Ce3+ are generated, respectively. The lean metal Sn spe-
cies would transform to be the Sn3+ and HSnO2

+ during OER 
and HER in alkaline media, respectively; while they form Sn2+/
SnO2 and Sn2+/SnOH+/Sn during OER and HER in acidic 
media, respectively.[266] With the metalloid As species, AsO4

3− 
and H3AsO4 are formed preferentially during OER in alkaline 
and acidic media, respectively; while AsO2OH2− and As(OH)3 
is formed during HER in alkaline and acidic media, respec-
tively.[271] Apparently, it can be concluded that different types of 
metal species exhibit distinct transformation behavior during 
water splitting, which is probably one main cause for the dif-
ferent catalytic mechanisms.

Apart from the distinct transformation behavior during 
water splitting, the different electronic configuration and 
atomic radius also contributed to the dissimilar merits and 
demerits of s-, p-, and f-block metals for water splitting to some 
extent. i) In s-block metals where alkali metal and alkaline earth 
metal species are included, the former one bear quite high reac-
tivity and small atomic radius, which competently enable them 
to be intercalated into the layer of NNTM-based compounds 
(e.g., metal (oxy)hydroxides) and thereby optimizing of the 
catalytic activity by expanding the layer distance and altering 
the electronic structure. Unfortunately, it seems hard for them 
to bind with NNTM to form some novel and stable interme-
tallics due to their mismatched atomic radius and the strong 
reduction ability of alkali metals, limiting the diversity of cata-
lytic systems. ii) Compared to alkali metals, the intercalation 
of alkaline-earth metals into metal (oxy)hydroxides have been 
confirmed to suppress the activity due to their strong affinity 
toward O atoms from electrolytes, which disturbs the interlayer 
network of water molecules and effectively inhibits the inter-
action with surface intermediates. Note that the intermetallics 
based on alkaline-earth metal can be formed, but their relevant 
application in the field of water splitting is still at the nascent 
stage, which may be a deserved topic for future investigations. 
The current popular reported merit for the alkaline-earth metal 
is employing them as one important chemical species to con-
struct the perovskites-based electrocatalysts for water splitting. 
iii) In comparison to s-block metals, f-block metals mainly refer 
to the rare earth metal species. Because of the large atomic 
radius, these rare earth metals are almost impossible to interca-
late into the layer of NNTM-based compounds. Meanwhile, the 
large relative atomic mass of rare earth metal elements usually 
decreases the mass-normalized activity. Despite these demerits, 
rare earth metal-based oxides are quite stable during catalysis 
and can serve as a confinement matrix for  the active NNTM-
based compounds, which can inhibit the aggregation and disso-
lution of the NNTM-based phase to a large extent, thus attaining 
a high activity. Moreover, numerous rare earth metal-based 
intermetallics could be formed with suitable elements, which 

Adv. Mater. 2022, 34, 2108432
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are expected to exhibit superior catalytic activity. iv) p-block 
metal species contain lean metals and metalloids. Among 
them, the  prominent  advantage of lean metals is employing 
them to bind with NNTM to form the intermetallics which can 
deliver exceptional catalytic performance. Remarkably, during 
catalysis, the surface of intermetallics is reconstructed while 
the core with high intrinsic conductivity is well maintained, 
resulting in synergistic catalysis. Moreover, the surficial lean 
metals are usually dissolved in the electrolyte, contributing to 
the generation of porous active nanodomains. However, when 
they are implemented toward practical application, the eco-
nomical recycling of the dissolved lean metals in an environ-
mental way may be a challenge. Moreover, the intercalation of 
lean metal species into the layer of NNTM-based (oxy)hydroxide 
has scarcely been reported. v) Similar to lean metals, metalloids 
can also be utilized to bind with NNTM to form intermetallics. 
Furthermore, superior to the lean metals, it was discovered that 
some metalloids (e.g., B and Si) with small atomic radius could 
be inserted into the layer of NNTM-based (oxy)hydroxide. The 
unique merit for the metalloids is also to dope them (such as B) 
into NNTM-based compounds not only modify the electronic 
structure and lattice strain but also trigger the photothermal 
effect, which is beneficial for the improvement of the activity. 
However, the conductivity of B and Si may also be an issue to 
the catalytic system. Moreover, As and Sb are harmful to the 
surroundings and therefore, special attention is required to 
recycle them economically and environmentally.

Since the electronic structure directly determines the con-
ductivity and adsorption free energy of the intermediates, 
establishing the composition–electronic structure–activity cor-
relation is of great significance.[272] The electronic structure 
intrinsically refers to the spin ordering, energy band structure 
(e.g., d-band), and density of state.[273] Generally, strategies such 
as doping, intercalation, heterojunction, and construction of 
unique phase structures can effectively trigger the generation 
of vacancy, strain, and/or phase transition, thus adjusting the 
electronic structure.[272,273] As discussed in Sections  3.1–3.5, 
nearly the above-outlined strategies could be adopted to all 
SPFM species to tune the electronic structure. Herein, based 
on the discussion in the last paragraph, the preferable and 
typical tuning of the electronic structure to NNTM-based elec-
trocatalysts by each type of SPFM species is provided in the fol-
lowing. i) The intercalation of alkali metal species into layered 
NNTM-based electrocatalysts could cause the charge polari-
zation and strengthen the hybridization between the NNTM 
and anion species.[114] It could also induce the polymorphic 
phase transition and then optimize the electronic structure, 
increasing the catalytic activity. For example, when Li was inter-
calated into the pristine MoS2, the phase transition from the 
2H-type MoS2 to the 1T-type LixMoS2 occurred by injecting 
extra charges accumulated in the MoS2 layers and enhanced 
the d-band filling level of the Mo atom. In the meantime, the 
oxidation state of the Mo species was decreased.[274] These vari-
ations in the electronic structure effectively reduced the reac-
tion barriers for catalysis. ii) In the alkaline-earth metal-based 
perovskites, oxygen vacancies are always generated, leading to a 
geometrical effect and orbital hybridization, and thus an activity 
enhancement.[275] Taking Ca2Mn2O5 OER electrocatalyst as an 
example, the Mn3+ with t2g

3eg
1 configuration in the structure 

readily adsorb the OH− provided a high spin state is available 
to overlap the O-pσ orbit of OH− ions and activated the oxygen 
vacancies near to the Mn3+ as the adsorption site.[161] Further-
more, the high degree of overlapped orbitals expediated the ion 
exchange and decreased the energy barrier for the rate-deter-
mining step.[276] iii) The coupling of rare earth metal oxide with 
the NNTM-based phase to build the heterostructure could not 
only contribute to the formation of oxygen vacancies around the 
interface but also gave rise to the charge interaction between 
these two phases.[71] On the one hand, the defect accompanied 
with the charge interaction facilitated the transformation of 
the NNTM-based phase to corresponding NNTM-based (oxy)
hydroxide active phases during OER. On the other hand, the 
stable rare earth metal oxide could further electronically inter-
play with the active phase, optimizing the Gibbs adsorption 
free energy toward intermediates. Typically, oxygen vacancies 
around the interface of the CeO2/NiO heterostructure were ben-
eficial for the transformation of NiO to NiOOH active phase. 
Furthermore, the charge injection of CeO2 into the transformed 
NiOOH decreased the adsorption free energy barrier of the 
rate-determining step from the conversion of *–O to *–OOH.[71] 
iv) Binding the lean metals with the NNTM to form interme-
tallics could effectively maintain the high conductivity owing 
to the orbital hybridization between two metal species, which 
assures a certain number of electrons located around the Fermi 
level.[96] Such a high conductivity promotes the charge transfer 
during catalysis by accelerating the surface transformation to 
the NNTM-based (oxy)hydroxide active phase, as confirmed by 
the catalytic behavior of FeSn2 and MnGa4.[68,207] v) Doping of 
metalloids into NNTM-based compounds (e.g., oxides) capture 
electrons from NNTM and transfer them to neighboring anion 
atoms owing to their moderate electronegativity.[277] Electron-
enriched or -depleted local regions can favorably be generated 
on the surface which may be beneficial for maximizing the 
number of active sites for electrocatalytic water splitting. Simi-
larly, electronic coupling interactions between metal d-orbitals 
and metalloid sp-orbitals can shift the center of the d-orbital 
from the Fermi level, optimizing the free adsorption energy 
and reaction kinetics toward the intermediates.[228]

Therefore, based on the above comparison, the following 
modification strategy may be considered when one wants to 
utilize the SPFM to mediate the NNTM-based electrocatalysts. 
That is, i) the alkali metals probably be suitably used for inter-
calation, ii) the alkaline-earth metals are the promising compo-
nent to construct the perovskites with unique structure, iii) the 
rare earth metals can be competently created as a confinement 
subunit, iv) the lean metals can be rationally employed to bind 
with NNTM to form the intermetallics, and v) the metalloids 
can be preferentially exploited for doping. Moreover, synergistic 
catalysis is highly expected to be achieved by incorporating the 
above two or more SPFM species.

4. Open Research Questions

In this review, we discussed the recent efforts toward the devel-
opment of SPFM-containing transition metal-based electro-
catalysts for efficient HER, OER, and overall water splitting. 
Most of such electrocatalytic systems exhibit superior HER 

 15214095, 2022, 18, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202108432 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [30/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advmat.dewww.advancedsciencenews.com

2108432  (25 of 31) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbHAdv. Mater. 2022, 34, 2108432

and OER activity, which can be explained by means of com-
position–structure–dynamic–activity relationships and the 
particular role of the nontransition metal in the system. This 
knowledge is expected to pave the way to more efficient SPFM-
tuned electrocatalysts with optimized catalytic activity. Up to 
now, the topic of SPFM-containing electrocatalysts to boost 
water splitting is still in its infancy. Far more theoretical mod-
eling toward the identification of descriptors is needed to shed 
new light on the pivotal role of SPFM atoms to bring about 
a predictive design of such materials. Major experimental and 
technical challenges and opportunities embrace the following 
research questions.

i)	 Besides SPFM-containing transition metal catalysts, which 
show promising performance in electrocatalytic water split-
ting, can one generate and use a solely SPFM atom-based 
(e.g., Ge) electrocatalyst for both HER and OER, where a 
single s-, p-, and f-block metal acts as an active site? As re-
cent investigations in this direction have demonstrated that 
sole alkaline-earth metal electrocatalysts can be efficiently 
utilized for reduction reactions, more efforts should be de-
voted to explore new SPFM-based catalytic systems without 
the involvement of transition metals for water splitting.

ii)	 Could one enhance the performance of SPFM-containing 
electrocatalysts for efficient HER and OER through integrat-
ing them with advanced compounds such as intermetallics 
and f-block metal-containing perovskites (heterostructur-
ing)? By doing this, more SPFM-mediated transition metal 
electrocatalysts could be innovatively developed that can 
synergistically bear the optimized catalytic activity toward 
HER and OER.

iii)	 How to realize a highly active SPFM-containing system 
that endures under the currently harsh technical condi-
tions (high temperature, high pressure, high-concentrat-
ed alkaline or acidic media, large current density) during 
water splitting? Understanding the catalytic behavior of 
SPFM-containing systems under harsh conditions is of 
great significance to propel their practical application of 
future water electrolysis.

iv)	 Can the SPFM-containing system with high efficiency be 
developed for seawater splitting? Since seawater is one of 
the most abundant natural resources on our planet (more 
than 96% of total water resources on the earth), enabling 
direct electrolysis of seawater will greatly reduce the de-
pendence on pure water.

v)	 Can the leaching or redeposition of those s-, p-, and f-block 
elements during electrocatalysis be visually reflected by the 
in situ TEM measurement? And accordingly, whether the 
local structure and valence variation of those elements dur-
ing electrocatalysis can be probed by the operando XAS? By 
these means, the catalytic mechanism of these metals can 
be clarified at the atomic level, which provides a theoretical 
basis and evidence for the further design of high-perfor-
mance electrocatalysts.

vi)	 Besides kinetics and thermodynamics simulation, is it the-
oretically possible to calculate and predict optimal materi-
als containing s-, p-, and f-block metals to endure long-term 
stability? Since the long-term stability of electrocatalyst, 
especially at large current densities, is an unsolved issue 

and a prerequisite for practical application, the theoretical 
models conducted in advance will be highly meaningful.

vii)	 Can one develop a facile approach to synthesize bifunc-
tional SPFM-mediated transition metal-based electrocata-
lysts with low-cost, high activity, increased surface area on a 
large scale (kg-level)? Developing an abundant and scalable 
synthesis of SPFM-based materials has been a major bar-
rier so far which plays a vital role in the large-scale indus-
trial application of bifunctional electrocatalysts.

viii)	 Apart from the metals discussed above, can one compre-
hensively explore the effects of other p- and f-block metals 
(such as halogens or other lanthanide series of metals) on 
water electrolysis? How will they influence the structural 
and electronic properties of the transition metals? This 
information can be implemented in machine learning to 
make a fast prediction, to build better models, and to gen-
erate new knowledge on design blueprints for enhanced 
catalytic activity.

ix)	 Could one systematically modify and implement the 
SPFM-containing electrocatalysts in other important elec-
trocatalytic reactions such as the 2e−-dominated oxygen 
reduction reaction and CO2 reduction? The purpose of 
the oxygen reduction reaction could be to enable a facile 
formation of hydrogen peroxide (H2O2), which is a benign 
chemical oxidant with a variety of applications in industrial 
processes such as paper bleaching, water treatment, and 
chemical synthesis. Once these SPFM-containing electro-
catalysts are found to be effective for such desired electro-
catalytic applications, they will likely trigger more attention 
in terms of their structural optimization to achieve maxi-
mized energetic efficiencies.
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