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Abstract
Developing efficient electrocatalysts for water electrolysis is critical for sus-

L . tainable hydrogen energy development. For enhancing the catalytic perfor-
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mance of metal catalysts, dual doping has attracted enormous interest for its
high effectiveness and facile realization. Dual doping is effective for tuning the
electronic properties, enhancing the electrical conductivity, populating active
sites, and improving the stability of metal catalysts. In this review, recent
developments in cation-cation, cation-anion, and anion-anion dual-doped
catalysts for water splitting are comprehensively summarized and discussed.
An emphasis is put on illustrating how dual doping regulates the external and
internal properties and boosts the catalytic performance of catalysts. Addi-
tionally, perspectives are pointed out to guide future research on engineering
high-performance heteroatom-doped electrocatalysts.
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1 | INTRODUCTION

evolution reaction (HER), and the hydrogen production
efficiency is largely determined by the applied electro-

Hydrogen energy is important for the decarbonization of
global energy sectors owing to its features of zero-carbon
footprint, high energy density, as well as high earth
abundance.' To meet the sharply growing demand for
green hydrogen fuels, water electrolysis attracts growing
interest. Water electrolysis consists of anodic oxygen
evolution reaction (OER) and cathodic hydrogen

catalysts.*> Catalysts can be used to reduce reaction en-
ergy barriers and boost reaction kinetics.”” In this
context, designing high-performance catalysts is vital for
accelerating hydrogen energy development.
Redox-active metal materials have been extensively
applied for water electrolysis for their high activity and
good stability, especially Fe/Co/Ni/Ir/Ru/Pt-based
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materials.®'® The catalytic performance of metal catalysts
is largely governed by their chemical compositions, elec-
tronic properties, and nanostructures.'*'*> This feature
provides great opportunities for researchers to develop
high-performance catalysts by altering the physicochem-
ical and electronic properties of metal materials. Besides
improving the catalytic performance, lowering the catalyst
cost is another key direction for sustainable water elec-
trolysis. This can be achieved by reducing the utilization of
noble metals and/or enhancing the intrinsic activity of
active sites.'®!” Overall, developing cost-effective metal
catalysts is important and diverse design strategies have
been proposed recently, such as heteroatom doping,'®*°
heterostructure construction,”** defect engineering,*
nanostructure control,”* and phase engineering.>

Among all catalyst design strategies, heteroatom
doping is an efficient and facile one to modulate the
external and internal properties of electrocatalysts. Doping
can help regulate electronic properties, improve electrical
conductivity, populate the number of electroactive sites,
and also enhance the stability of metal catalysts.”*** For
elevating the activity of heteroatom-doped catalysts, it is
necessary to finely control their properties by optimizing
the doping process. Compared with single elemental
doping, dual doping that incorporates two different ele-
ments into metal catalysts is more effective in regulating
the properties of metal catalysts.>® Especially, dual doping
can exploit the synergistic effect of the beneficial in-
fluences of the different heteroatoms and bring more space
to regulate the properties of metal catalysts, thereby lead-
ing to finely controlled electronic structures, diverse cata-
lytically active sites, etc.>* For example, the co-presence
of Ru and P dopants in NiMoO, leads to a lower work
function than Ru-NiMoO,, P-NiMoO,, and NiMoO,,
evidencing facile electron migration in Ru/P co-doped
NiMoO,. In addition, the higher d-band center of Ru/P
co-doped NiMoOy, helps to promote the adsorption of re-
actants and accelerates the catalytic process.*’ Hitherto,
hundreds of cation—cation, cation-anion, and anion-anion
dual-doped metal catalysts (e.g., metal oxides, metal chal-
cogenides, and metal pnictides) have been designed for
OER, HER, and overall water electrolysis (OWS), and some
of them exhibit promising performance for practical water
electrolysis.>*** Nevertheless, current developments in
dual-doped electrocatalysts for water electrolysis have not
been reviewed yet.

Herein, we comprehensively summarize recent ac-
complishments in the design of dual-doped metal elec-
trocatalysts for water splitting. Water electrolysis
mechanisms are not included here, which have been
widely discussed in previous papers.**>® The effects of
dual doping on the properties of metal catalysts are
examined. Afterward, current advances in developing
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efficient dual-doped metal catalysts for water electrolysis
are thoroughly discussed. Perspectives are further high-
lighted for guiding future studies on the design of effi-
cient heteroatom-doped catalysts.

2 | EFFECTS OF DUAL DOPING ON
METAL CATALYSTS' PROPERTIES

Dual doping emerges as a powerful approach to improve
the catalytic performance of metal catalysts. Once the
anion-anion, anion-cation, or cation—cation dopants are
inserted into metal catalysts, the electronic interaction
between dopants and atoms in the host materials can
adjust the electronic properties of catalysts. This process
can significantly increase the intrinsic activity and elevate
the electrical conductivity of electrocatalysts. In addition,
dopants can tune the nanostructure of metal catalysts,
enlarging active surface area and providing more elec-
troactive sites. Furthermore, dual doping has been sug-
gested to enhance the stability of metal catalysts. In this
section, the effects of dual doping on metal catalysts'
properties are discussed.

2.1 | Regulating the electronic structure

Electronic structure is the most critical property that de-
termines the intrinsic activity of metal catalysts. By
incorporating heteroatoms into the lattice of catalysts, the
electronic properties of catalysts will be regulated.*’
Compared with mono-doping, dual doping can finely tune
the electronic properties of metal catalysts, realizing pre-
cise regulation of intrinsic activity. The electronic states,
band structure, valence band, charge transfer capability,
and adsorption capability of active sites can be changed
upon dual doping.*® For example, the dual Mn and Ni
dopants in LaCoOj; help to shift the valence band (O 2p)
toward the Fermi level and improve the covalency of Co-O
bonds, which benefits the OER process.*® For water elec-
trolysis, optimizing the binding energy of reaction in-
termediates (e.g., *OH, *H, and *OOH) is important for
improving the catalytic reactions. This can be achieved by
tuning the d-band center of catalysts, with the presence of
dopants. Generally, the upshift of the d-band center can
enhance the adsorption of reactants/intermediates, while
the downshift of the d-band center leads to reduced
adsorption strength of reactants/intermediates.*’ In a Co/
Al co-doped Fe,N/Fe;N catalyst, the d-band center of Co/
Al co-doped Fe,N/FesN (—1.011 eV) is lower than that of Al
doped (—0.982 eV), Co doped (—0.928 eV), and undoped
counterparts (—0.902 eV). Thus, more electrons are easily
transferred into the antibonding states in Co/Al co-doped
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Fe,N/Fe;N upon dual doping than other catalysts, result-
ing in lower H adsorption energy and adsorption energy of
oxygen-containing intermediates toward achieving high
HER and OER catalytic activities.*" Assisted by Density
Functional Theory (DFT) calculations, one can tailor the d-
band center of catalysts with suitable dual dopants.*®
During the doping process, the dual dopants-induced lat-
tice distortion also can introduce vacancies/defects.****
With a low-coordination number, these defective sites or
the nearby active sites generally exhibit high intrinsic
catalytic activity.*’

2.2 | Improving the electrical
conductivity

In electrocatalytic processes, the electron transport effi-
ciency of metal catalysts governs the catalytic perfor-
mance largely. Doping can improve the electrical
conductivity of metal catalysts by narrowing the band
gap.*®*” Dual doping in semiconductor-type metal cata-
lysts (e.g., metal oxides, hydroxides, and sulfides) offers
high accessibility for improving their electrical conduc-
tivity. For instance, introducing dual rare earth metals
(Ce, Sm, Yb, and Er) into Pr,O; can enhance the elec-
trical conductivity, as evidenced by the current-voltage
measurements. Compared with the single Ce-doped
Pr,0;, the introduction of a second rare earth dopant
can reduce the electrical resistivity and lead to higher
conductivity, and conductivity follows the order
Pr,CeO; < Pr,CeYbO; < Pr,CeErO; < Pr,CeSmO;.*® For
layered transition metal dichalcogenides (e.g., MoS, and
MoTe,), dual doping can enhance the conductivity by
phase transformation. Compared with the 2H phase of
MoTe,, 1T, and 1T’ phases have much better electrical
conductivity.*” Gao et al. found that Co/Ni co-doping
could efficiently realize the MoTe, 2H-to-1T' trans-
formation and lead to enhanced electrical conductivity.>
The synergistic effect of Co and Ni dopants significantly
decreased the energy barrier in the phase transition
procedure by tuning the charge of host Mo atoms. Besides
cation-involved dual doping processes, anion-anion dual
doping (e.g., F/P co-doped NiSe,’") can also enhance the
conductivity of catalysts. Accordingly, dual doping can
significantly augment the electrical conductivity of metal
catalysts, therefore enhancing the charge-transfer process
in electrocatalysis.

2.3 | Populating active sites

Aside from the intrinsic activity of per active site, the
population of active sites is another essential issue that

governs the catalytic activity of electrocatalysts. Dual
doping can populate the active sites by introducing active
species and regulating the nanostructure of catalysts.”
When incorporating active elements (e.g., Fe, Co, Ni, S,
and P) into metal catalysts, these dopants will act as
electroactive sites for water electrolysis and thus increase
the number of active sites. For instance, in the Mn/S co-
doped Co;0,4, the Mn dopant shifts the electronic struc-
ture of the Co site, and the S dopant can provide active S
sites for the proton adsorption step.’® Dual doping also
can increase the active sites by shaping the morphology
of electrocatalysts. Generally, open structures benefit the
exposure of active sites and mass/charge transport. In the
S/Fe co-doped NiMoO, catalyst, Fe*" and S*~ ions in the
precursor contribute to the formation of one-dimensional
(1D) NiMoO, microrod arrays. Compared with the single
Fe-doped sample with a messy structure, the dual-doped
NiMoO, microrod arrays show lower charge transfer
resistance (R.) and higher electroactive active surface
area.”® Similar dual doping-induced nanostructure regu-
lation has been suggested by Mo/P co-doped NiCoO,,”
Mo/S co-doped NiSe,,”® Mo/O co-doped CoP,”” Mo/N co-
doped CoP,® etc.

2.4 | Enhancing the stability

Practical water electrolyzers need stable electrocatalysts
that can work for a long time under harsh conditions.>**°
Dual doping has been proven to improve the stability of
electrocatalysts. For example, the Mo dopant could
enhance the corrosion resistance of Fe/Mo co-doped CoO
nanosheet in seawater electrolysis, thereby upgrading the
catalyst stability.® A central reason for the boosted sta-
bility is due to the regulated electronic properties. In a
Mo/Ce co-doped RuOy, the Mo and Ce dopants can
transfer electrons to Ru and hinder the dissolution of Ru
sites.®® Similarly, W/Sn dopants in Ir,,W,,Sny ;04 can
stabilize Ir sites by charge redistribution, limiting the
over-oxidation of Ir under high voltages.”> Hao et al.
found that W/Er dopants could regulate the electronic
property of RuO, and prevent the generation of oxygen
vacancies, thereby limiting RuO, dissolution in acidic
electrolyte and achieving high durability over 120 h at
0.1 A cm™2 in a polymer electrolyte membrane (PEM)
electrolyzer.®* Dual doping can also benefit stability by
regulating the nanostructure of catalysts. In a Mo/S co-
doped NiSe, catalyst, the Mo and S dopants can boost
the stability by forming a porous spongy nanoflake-like
structure.”® The nanoflake-like nanostructure can pro-
mote the gas evolution process and prevent the me-
chanical destruction/detachment of active sites during
electrocatalysis.
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3 | CATION-CATION DUAL-DOPED
METAL CATALYSTS FOR WATER
ELECTROLYSIS

Incorporating two metals into catalysts can activate the
catalytic activity and boost the performance. Depending
on the properties of metal dopants, a series of cation-
cation dual-doped metal oxides, hydroxides, chalcogen-
ides, and pnictides have been designed and used for water
electrolysis (Table 1). In this section, recent cation—cation
dual-doped metal catalysts are discussed and the dopant-
induced performance increase is well explained.

3.1 | Cation-cation dual-doped metal
(hydr)oxides

Metal (hydr)oxides are a group of active catalysts for
water electrolysis, especially for OER.””7® Nevertheless,
the relatively low conductivity and limited active sites
hinder their catalytic performance.””®" For activating
metal (hydr)oxides, dual cation-doping is suggested to
improve the electrical conductivity, introduce new ac-
tives, boost intrinsic activity, etc.***' To improve the
catalytic performance of Fe,03, a Ru and Ni dual doping
method has been developed by Cui et al.*® In their study,
a suitable Ru/Ni molar ratio is important for the forma-
tion of a lily-like structure, which benefits the exposure of
highly active sites. Working as a bifunctional catalyst, the
Ru/Ni co-doped Fe,03; demands a cell voltage of 1.73 V to
drive 100 mA cm™2 in the 1 M KOH seawater electrolyte.
With good stability for 100 h. Besides nanostructure
control, the co-introduction of Ni and Fe could activate
the inert W;304 into an efficient OER catalyst
(110 = 325 mV, Tafel slope = 42 mV dec™") via enhancing
the electrical conductivity, reducing the R, populating
active sites, introducing oxygen vacancies, and facilitating
intermediate adsorption.®” Typically, the Fe dopant is
suggested to promote the generation of rich Oxygen va-
cancies, and the Ni dopant can improve the adsorption of
OER reactants/intermediates and decrease the reaction
energy barrier. Thus, taking advantage of Fe and Ni
dopants, the electrochemical activity of W,3049 can be
significantly boosted. Ni/Fe dual dopants also have been
used to boost the OER performance of an inert MoO,
catalyst prepared by a hydrothermal method.®” In the
optimal Mo ¢Nig osFeg0s0,, the dual dopants can tune
the surface chemical environment and the electronic
structure of MoO, by forming high-valence Mo species
(Mo°") and hydroxyl-rich surface. Instead of improving
the ratio of high-valence metal species, metal dopants
(Ni/Co) are suggested to increase the density of active Mn
species (Mn*") in a Ni/Co-doped a-MnO, nanowire

catalyst.®* Aside from emphasizing the influence of metal
dopants on catalytic activities, Liu and coauthors found
that the Mo dopant could improve the corrosion resis-
tance of Fe/Mo co-incorporated Co-O nanosheet in
seawater electrolysis and thus enhance the stability of the
catalyst.®!

Perovskite oxides (ABO3) are a group of cost-effective
OER catalysts with clear active sites. In the ABO; struc-
ture, cation dopants can be introduced in the A site and/
or B site, which leads to diverse doping mechanisms and
catalytic performance. Sun et al. developed a Mn/Ni dual-
doped LaCoOs3, in which Mn and Ni substitute partial Co
sites.®® The dual metal pair doping helps to shift the
valence band (O 2p) toward the Fermi level and enhance
the covalency of Co-O bonds, thereby improving the OER
performance. In the Fe/Sn co-doped BaCoO; (BaCog ;-
Fey,Sng,03_5), the introduced Fe and Sn dopants at B
sites tune the OER intermediate adsorption ability, pro-
mote charge transfer capability and electrical conductiv-
ity, which therefore increased the OER performance.®
Besides incorporating two metal dopants at B sites,
several studies also developed dopants at both A and B
sites, such as LaggCag,Mng,C00505>* and Lag4Sre-
Niy sFeos03.%° In general, the co-regulation of A and B
sites benefits the electronic structure regulation and
enhanced electrical conductivity. Dual dopants can also
enhance the OER catalytic performance of perovskite
oxides by altering the involvement of lattice oxygen for
OER. In a Fe/Mn co-doped cobaltate catalyst (Lag ¢Sro.4-
Cog.gFep1Mng;05.5), the co-incorporation of Fe/Mn ele-
ments significantly intensifies the involvement of lattice
oxygen for OER and promotes OER kinetics.*

RuO, and IrO, are widely used for acidic OER, and
dual cation dopants can further improve their activity
and stability. It is suggested that dual metal dopants can
activate and stabilize Ru and Ir sites via regulating elec-
tronic structures (e.g., work function and d band center)
of RuO, and IrO,. As shown in Figure 1A, the tiny Pt/La
dual-doped IrO, nanoparticles dispersed on N-doped
carbon (Pty;Lag,-IrO,@NC) were synthesized from a
zeolitic imidazolate framework precursor.”’ The Pt/La
dual-doped catalyst outperforms the mono-doped and
undoped counterparts with high stability in the acidic
electrolyte (Figure 1B,C). Further DFT calculations
implied that the Pt/La dopants optimize the d-band
center and contribute to the efficient formation of *OOH
(potential limiting step), with a lowered energy barrier of
1.66 eV (Figure 1D). Structural stability is a critical issue
in the design of acidic OER electrocatalysts. Dual cation
dopants have exhibited great potential in enhancing the
stability of RuO, and IrO, by regulating the electronic
properties. For example, the Mo/Ce dopants in Rus;Mo-
CeOy can not only transfer electrons to Ru and limit the
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TABLE 1 Representative cation-cation dual-doped metal catalysts for water electrolysis.

Catalyst Synthetic method Application Electrolyte Performance
Ru/Ni co-doped Hydrothermal process OER 1 M KOH N1o" = 290 mV, Tafel
C0;0,%° slope = 76 mV dec™
Ru/Ni co-doped Hydrothermal process OER 1 M KOH N100 = 325 mV, Tafel
Fe,0,% slope = 60.85 mV dec™*
HER 1MKOH 700 = 75 mV, Tafel
slope = 85.08 mV dec™
OWS 1MKOH  Ej’ =166V
Ni/Fe co-doped Hydrolysis OER 1 M KOH 710 = 249 mV, Tafel
Mo0,%’ slope = 58.66 mV dec™
Mn/Ni co-doped Hydrothermal process and pyrolysis OER 0.1 M KOH 79 = 370 mV
LaCo0;*
W/Er co-doped RuO,* Hydrothermal process and calcination OER 0.5 M H,SO4 7,0 = 168 mV, Tafel
slope = 66.8 mV dec™*
Pt/La co-doped Ir0,*®  Hydrothermal process and pyrolysis OER 0.5 M H,SO, 719 = 205 mV, Tafel
slope = 50.9 mV dec™*
Mo/Ce co-doped Pyrolysis OER 0.5 M H,SO, 710 = 164 mV, Tafel
Ru0,* slope = 61.2 mV dec™*
Ir/Fe co-doped Co Hydrothermal process OER 1 M KOH N10 = 254 mV, Tafel
(OH),*® slope = 71.2 mV dec™*
Cu/Co co-doped Hydrothermal process and vulcanization OER 1 M KOH N100 = 400 mV, Tafel
Ni;S,* slope = 94.9 mV dec™’
Fe/Mn co-doped Hydrothermal process and sulfidation OER 1 M KOH 730 = 216 mV, Tafel
Ni,S,”° slope = 63.29 mV dec™*
Cu/Pd co-doped Hydrothermal process and chemical HER 0.5 M H,S0, 710 =93 mV, Tafel slope = 74 mV dec™*
MoS,"! reduction
Mo/Co co-doped 1T- Hydrothermal process OER 1 M KOH 710 = 248 mV, Tafel
vs,* slope = 55 mV dec™
HER 1MKOH 70 =63 mV, Tafel slope = 50 mV dec™*
OWS 1MKOH E =154V
Ni/Co co-doped WSe,”? Hydrothermal process HER 0.5 M H,SO, 910 = 205 mV, Tafel
slope = 118.6 mV dec™
Mo/Co co-doped VC”*  Pyrolysis HER 1 M KOH N10 = 137 mV, Tafel
slope = 93.1 mV dec™*
Fe/Mn co-doped Ni,P”* Hydrothermal process and OER 1MKOH 70 = 220 mV, Tafel
phosphorization slope = 53 mV dec™
Ru/Ni co-doped CoP”®>  Oxidation and phosphorization OER 1 M KOH 710 = 251 mV, Tafel

slope = 102.3 mV dec™

HER 1 M KOH 710 = 45 mV, Tafel

slope = 53.9 mV dec™’

OWS 1 M KOH E,p=1448V

Abbreviations: HER, hydrogen evolution reaction; OER, oxygen evolution reaction; OWS, overall water electrolysis.
910 Overpotential at the current density of 10 mA cm™2.

°E100: applied potential at a current density of 100 mA cm™ for overall water electrolysis.

dissolution of Ru sites but also improve the OER per- dopants in Iry ;W ,Sng ; O can stabilize Ir sites via charge
formance by enhancing the covalency of Ru-O bonds and redistribution, inhibiting the overoxidation of Ir under
the hybridization of d-p orbitals.®” In addition, the W/Sn  high potentials.’” In Hao et al.'s study, W and Er dopants
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FIGURE 1 (A) Illustration of the synthesis of Pt,La,-IrO,@NC. (B) OER polarization curves of electrocatalysts in 0.5 M H,SO,.
(C) Stability curve of Pt,La,-IrO,@NC. (D) Computed energy profiles of IrO, and Pty ;Lag ;-IrO,. Reproduced with permission.®® Copyright

2020, Elsevier. OER, oxygen evolution reaction.

can tune the electronic structure of RuO, and hinder the
formation of oxygen vacancies, which further limit the
dissolution of RuO, in acidic electrolyte and attain good
stability for over 100 h at 0.1 A cm™ in a PEM
electrolyzer.®*

Metal (oxy)hydroxides are recognized as the real
active phases of transition metal based OER electro-
catalysts.®”*® However, the relatively low electrical con-
ductivity and unsatisfied catalytic activities need further
improvements. Dual cation doping has been adopted to
boost the OER performance of metal (oxy)hydroxides by
regulating the electronic properties of host metal sites. In
the Nb/Fe dual-doped (-Ni(OH), nanosheet, the elec-
tronic interaction between Nb, Ni, and Fe benefits the
OER process by optimizing Gibbs free energies of OER
intermediates.*” Moreover, Ir/Fe co-doping can reduce
the OER energy barrier over Co(OH), by promoting the
formation of the *O intermediate.® Similar results that
emphasize the role of dual cation dopants in regulating
active sites’ electronic environments and optimizing the
adsorption strength of reaction intermediates have been
evidenced by Li et al.”” and Wei et al.”* Of note, the

cation dopants can also work as highly active sites toward
OER. For instance, the V site in V/Fe co-doped NiOOH
has near-optimal binding energies toward intermediates
and shows a lower energy barrier than Ni or Fe sites.”?

3.2 | Cation-cation dual-doped metal
chalcogenides

Metal chalcogenides (sulfides, selenides, and tellurides)
with high conductivity and activity are active materials
for both HER and OER.”*™® For increasing the active
sites and boosting the intrinsic activity of metal chalco-
genides, dual cation doping is adopted to alter the elec-
tronic structure of catalysts and introduce active sites.
Cu/Co co-doped NisS,,%° Cu/Fe co-doped Ni;S,,”” Fe/Mn
co-doped Ni;S,,”° Co/V co-doped NiS,,”® Fe/V co-doped
Ni;S,,°>'% Fe/Co dual-doped Ni;S,,'°" Co/Mn co-doped
FeoS11@NigSs,'%> Fe/Co co-doped NisSes,'” and Ni/Fe
co-doped CoSe,,'® which insert two transition metals
into metal chalcogenides are representative of efficient
catalysts for water electrolysis. In these catalysts, the
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electronic interaction between transition metal dopants
and the host metal benefits the optimization of catalysts'
electron configuration, thereby decreasing the reaction
energy barrier. In addition, the incorporation of transi-
tion metal dopants is suggested to improve the electrical
conductivity, which also benefits electrochemical re-
actions.'®® Recently, Krishnamurthy et al. found that Fe
and V dopants in Fe/V co-doped NisS, led to lattice
distortion, and the enrichment of sulfur active edge sites
contributed to boosted catalytic performance for OWS.'%°
Aside from transition metals, main group metals (e.g., Al)
have been used as dopants and some different features
have been noticed. In the Fe/Al co-doped NiSe,, the
strong electronic interaction between host Ni sites and
Fe/Al dopants helps optimize the adsorption strength of
reaction intermediates.'”” In addition, the prominent
etching of Al from the catalyst in the alkaline solution
leads to rich defective sites and more electroactive sites.

For some typical transition metal dichalcogenides
(e.g., VS,, WS,, MoS,, and MoTe,), the phase structure has
a prominent effect on their catalytic performance.'%'*°
Compared with the 2H phase, 1 and 1T’ phases are
much more active due to the better electrical conductiv-
ity.* Cation doping is an efficient approach for realizing
the phase transformation of transition metal dichalcoge-
nides.”’ Guided by thermodynamic calculations, Gao and
coauthors suggested that co-doping of Co and Ni made it
easier to realize the MoTe, 2H-to-1T’ transformation
compared with a series of monometal doping
(Figure 2A).”° The synergistic effect of Co and Ni largely
decreased the energy barrier in the phase transition pro-
cedure (Figure 2B). Further analysis indicates that the Ni
and Co dopants tune the charge of host Mo atoms by
donating 0.118 e and 0.116 e~ to adjacent Mo atoms,
respectively (Figure 2C). Compared with the undoped 2H
phase MoTe,, the Co/Ni co-doped 1T’ phase MoTe, cata-
lysts show significantly improved HER performance
(Figure 2D). DFT calculations uncover that Co and Ni
dopants can modify the adsorption/desorption strength of
H*, and the middle interface of the Co/Ni codoped-MoTe,
is the most active structure for HER compared with Co
and Ni sites (Figure 2E).

3.3 | Cation-cation dual-doped metal
pnictides and others

Metal pnictides (nitrides and phosphides) and carbides
are extensively used as electrocatalysts for water splitting
because of their high electrical conductivity, flexible
electronic structures, and good stability.''! The intrinsic
activity of metal pnictides/carbides can be significantly
improved by dual cation doping.*"”*'"* Generally, the

introduction of cations can regulate catalysts' electronic
structures, improve electrical conductivity, and offer
additional active sites. In 2022, Liu and coauthors
developed a Ni/Mn co-doped FeP with an etching-
depositing-phosphorization method."** They found that
the presence of Ni and Mn dopants can precisely control
the d-band centers of metal sites, resulting in efficient H*
adsorption and *O to *OOH conversion in the HER and
OER processes, respectively. Dong et al. also emphasized
the role of Co/Ni dopants in tuning the d-band structure
of the Fe;N OER catalyst.*” The Co/Ni co-doping can
induce the lattice expansion and d-band center upshift,
thereby enhancing the adsorption of *OH and acceler-
ating the generation of active CoNi-FeOOH phase over
the surface of Fe;N. Different from stable dopants such as
Ni, Fe, Co, and Mn, introducing sacrificial metal dopants
can benefit the introduction of defects and help the
exposure of active sites. In a Zn/Fe co-doped CoP catalyst,
the Fe dopant not only regulates the nanostructure of
CoP and provides rich active sites, but also tunes the
electronic properties of CoP and enhances the intrinsic
activity.''* In addition, the Zn dopant can increase the
catalytic performance by acting as a sacrificial dopant and
releasing more electroactive sites during the electro-
chemical process.

Besides conventional water electrolysis, developing
dual cation-doped pnictides for hybrid water electrolysis
attracts growing attention owing to the advantage of
energy-saving hydrogen production. For instance, Zhai
and coauthors designed a Ru/Fe dual-doped Ni,P
catalyst for hydrazine-assisted self-powered hydrogen
production.*® The Ru/Fe co-doped Ni,P was prepared
by a hydrothermal process-phosphorization method
(Figure 3A). Compared with undoped and mono-doped
Ni,P, the Ru/Fe co-doped Ni,P exhibits better perfor-
mance toward OER and HER (Figure 3B). In addition,
adding hydrazine into electrolytes can significantly
lower the energy cost for the anode reaction, even in
the alkalized seawater electrolyte (Figure 3C). The
bifunctional Ru/Fe co-doped Ni,P only takes 0.69 V to
attain 1 A cm™ in hydrazine-involved alkalized
seawater. Further integrated with a direct hydrazine
fuel cell, a self-powered hydrogen production frame-
work has achieved. DFT calculations implied that the
co-doped Ni,P has a thermoneutral hydrogen absorp-
tion free energy (AGgy«) of —0.13 eV, better than the
bare Ni,P (0.34 eV) (Figure 3D,E). In addition, Fe/Ru
dual doping can lower the energy barrier of *N,H;
dehydrogenation, enhancing intrinsic dehydrogenation
kinetics (Figure 3F). However, as a highly active ma-
terial for electrooxidation reactions, the involvement of
Ru dopant in the hydrazine oxidation process has not
been fully discussed.
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reaction; LSV, linear sweep voltammetry.

4 | CATION-ANION DUAL-DOPED
METAL CATALYSTS FOR WATER
ELECTROLYSIS

Cation-anion dual doping is widely used to enhance
metal catalysts' performance by regulating the internal
and external characteristics (e.g., morphology, electronic
structure). With significantly different electronegativities,
cation-anion co-doping is capable of tuning the elec-
tronic properties of metal catalytic within a wider range
than cation-cation doping or anion-anion doping. To
date, dozens of cation-anion dual-doped metal catalysts
have been designed for water electrolysis, such as metal
(hydr)oxides, chalcogenides, pnictides, borides, carbides,
and metal particles (Table 2).

4.1 | Cation-anion dual-doped metal
(hydr)oxides

The application of metal (hydr)oxides in water electrol-
ysis is hindered by their relatively low electrical con-
ductivity and mediocre intrinsic activity.'**'*" The
collaborative effect of cation and anion dopants augments

the catalytic performance of metal (hydr)oxides by
regulating their electronic and geometric structures,
enhancing the conductivity, providing active sites,
etc.>*>>132133 For example, the Mn dopant can alter the
electronic property of Co sites in a metal-organic
framework (MOF)-derived Cos0, catalyst, while S
dopant helps to increase electrical conductivity and offers
active S sites toward the proton adsorption step.”
Therefore, S and Mn co-doping benefits the catalytic
performance of Cos0,4. Zhang et al. found that the Fe and
P dopants in Fe/P co-doped NiMoO, could enhance the
adsorption strength of the H,O molecule and promote the
OER process.”** In general, synergistic regulation of
cation and anion dopants with opposite electron density
states can finely moderate the electronic properties of
metal (hydr)oxides, leading to favorable intrinsic activ-
ity.”*>1*7 Interestingly, the incorporated dopants can
work as active sites for water electrolysis. In Ru/P co-
doped NiMoO, nanorods fabricated via a hydrothermal
process-phosphorization method (Figure 4A,B), Ru and P
dopants can jointly tune the d-band center of NiMoO,
and also contribute to enhanced catalytic performance by
providing additional active sites.*® Compared with P-
doped and undoped NiMoO,, the Ru/P co-doped

85UB017 SUOWWOD BAIERID 3(dedl|dde ay) Aq peussnob ke saoie YO ‘8sh Josejn. 1oy Akeld1aul|uQ A8|IA UO (SUOIPUOO-PUB-SWB D" A3 1M AlRIq 1 Ul|UD//:StIY) SUOTIPUOD PUe SWiB | 8U188S *[5202Z/E0/0E] Lo AIq1T8ulluO 8|1 ‘[10UN0D oIesssy [BIIPSIN PUY UESH [eUOIeN Aq 62°2899/200T 0T/I0p/W0d A8 | i Ake.d1jpuluo//sdny woij papeojumoqd ‘T ‘vZ0Z ‘66£65€82



=_| _wiLey-ECoEnergy

CHEN ET AL.

(A) ‘,]’ o
e 9a%.
) ' Hydrothemal Phos horization .Ruxu;’;/ Sty
P ore AREKR
= oNi
; or P58
(B) Nickel Foam MIL-(Ru-FeNi)@NF RuFe-Ni,P@NF
1000 W .
& » RuFe-Ni,P@NF = - O :Q
g + Ru-Ni,P@NF « PYC(RuO,) E _— g) KOH+NacCl & ;
<« 500{- Fe-Ni,P@NF NF P § ° zg:-ﬁ:eawater o 8 }
i ° +Seawater+
E - Ni,P@NF g ol £ Mags
2 |- MIL-Ru-FeNi)@NF 2 g 2
w »n -4
& y $ 400 &
© °
L — -
c -5004 t
o 3 g 2004
s >
3 ] -]
O o0l sE o3 > © o , , ; - .
i 0.4 0.2 “1a 1.6 1.8 04 0.8 1.2 16 2.0
Potential (V vs. RHE) Potential (V vs. RHE)
(D) (E)
0.4 Ni P@NF
R ‘7-1 2V K
0.2
4
=
Fool <
~ _PUC OOSeV/
RuFe Ni,P@NF
02 -0.13 eV
Reaction Coordinate
(F) RuFe-Ni,P@NF

Free Energy (eV)

~———Ni,P@NF

SR
i
3 b

Reaction Coordinate

FIGURE 3

(A) Scheme of the preparation of RuFe-Ni,P@NF. (B) OER and HER LSV curves of electrocatalysts. (C) N,H, oxidation

reaction LSV curves of RuFe-Ni,P@NF in various electrolytes. (D) Structure models of Ni,P and RuFe-Ni,P. (E) HER free-energy profiles
for Pt/C, Ni,P, and RuFe-Ni,P. (F) Free energy diagrams for N,H, oxidation over Ni,P and RuFe-Ni,P. Reproduced with permission.*
Copyright 2023, Elsevier. HER, hydrogen evolution reaction; LSV, linear sweep voltammetry; OER, oxygen evolution reaction.

NiMoO, exhibits significantly improved activities toward
OER (7100 = 281 mV, Tafel slope = 160.6 mV dec™"), HER
(100 = 47 mV, Tafel slope = 50.1 mV dec™"), as well as
urea oxidation reaction in seawater (Figure 4C,D).
Further analysis finds that dual doping of P and Ru in-
creases electrons at the Ru dopant site, which benefits
reactant activation and enhances reaction intermediate
adsorption (Figure 4E,F). By analyzing the electron
localization property of P and Ru dopants, it can be seen
that the Ru dopant is bonded with O and P and the Ru-O
coordination environment is regulated in the presence of
P dopant, indicating that more charges would participate

in electrocatalytic reactions over Ru/P co-doped NiMoO,
(Figure 4G,H). The Ru and P co-doping also leads to a
lower work function of 6.554 eV than their counterparts,
confirming the facile electron migration in the Ru/P-
NiMoO, and thereby accelerating the catalytic reaction
(Figure 4I). The density of states (DOS) of Ru/P-NiMoO,
suggest a metallic feature, which is conducive to elec-
trochemical reactions. Compared with undoped and
single-doped NiMoO,, Ru/P-NiMoO, shows a higher d-
band center of —2.176 eV, which promotes the adsorption
of reactants (Figure 4J). Additionally, the DOS of Ru/P-
NiMoO, at the Fermi level is largely increased with Ru/P
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TABLE 2 Representative cation-anion dual-doped metal catalysts for water electrolysis.

Catalyst

Nb/P co-doped
NiFe,0,'"

Co/N co-doped MoQ,'*

Mo/P co-doped ZnCo-
LDH117

Co/B co-doped Ni;S,"*®
Mn/N co-doped CooSg™**
Mo/S co-doped NiSe,®

Ru/O co-doped MoS,'*°

Co/P co-doped VN'*

Fe/O co-doped Ni,P'??

Zn/F co-doped NiCoP'**

Ru/S co-doped Ni,P'**
Mn/N co-doped Mo,C'*°
Ni/P co-doped Mo,C'?*
W/P co-doped FeB'*’

Ni/P co-doped Rh'*

Abbreviations: HER, hydrogen evolution reaction; OER, oxygen evolution reaction; OWS, overall water electrolysis; PBS, phosphate buffer solution.

Synthetic method

Hydrothermal process and
phosphorization

Hydrothermal process and pyrolysis

Hydrothermal process

Electrodeposition

Hydrothermal process and nitridation

Electrodeposition

Hydrothermal process

Hydrothermal process and annealing

Hydrothermal process and
phosphorization

Hydrothermal process and
phosphorization

Hydrothermal method, immersion, and
annealing

Pyrolysis

Annealing

Chemical reduction

Chemical reduction

Application Electrolyte

OER 1 M KOH
HER 1 M KOH
OWS 1 M KOH
HER 0.1 M KOH
OER 1 M KOH
HER 1 M KOH
OWS 1 M KOH
HER 1 M KOH
HER 1 M KOH
HER 1 M KOH
HER 1 M KOH
OER 1 M KOH
HER 1 M KOH
OWS 1 M KOH
OER 1 M KOH
OER 1 M KOH
HER 1 M KOH
OWS 1 M KOH
HER 1 M KOH
HER 0.5 M H,SO4
HER 1 M KOH
OER 1 M KOH
HER 0.5 M H,SO,
HER 1 M KOH
HER 1M PBS

EcoEnergy wi gy | =

Performance

N100 = 247 mV, Tafel

slope = 54.12 mV dec™

N100 = 127 mV, Tafel

slope = 28.1 mV dec™*

Epn=156V

N100 = 258 mV, Tafel
slope = 126.8 mV dec™

750 = 300.1 mV, Tafel
slope = 89.8 mV dec™’

710 = 161.7 mV, Tafel

slope = 61.1 mV dec™*

Esg=1.56 V

710 = 35 mV, Tafel

slope = 52 mV dec™*

710 = 102 mV, Tafel
slope = 107.2 mV dec™

710 = 89 mV, Tafel

slope = 57 mV dec™!

710 = 43 mV, Tafel

slope = 63.1 mV dec™

10 = 335 mV

710 = 137 mV, Tafel

slope = 81 mV dec™

ElO =170V

N10 = 210 mV, Tafel

slope = 48 mV dec™

Nso = 285 mV, Tafel

slope = 78.33 mV dec™*

710 = 59 mV, Tafel
slope = 81.03 mV dec™*

E10 =1.568 V

710 = 49 mV, Tafel

slope = 43.1 mV dec™*

710 = 163 mV, Tafel

slope = 66 mV dec™

710 = 209 mV, Tafel
slope = 39.87 mV dec™*

710 = 199 mV, Tafel
slope = 39.87 mV dec™*

710 = 15 mV, Tafel

slope = 29 mV dec™

710 = 36 mV, Tafel

slope = 38 mV dec™

710 = 44 mV, Tafel

slope = 88 mV dec™*
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FIGURE 4 (A) Illustration of the synthesis of Ru/P-NiMoO,@NF. (B) SEM image of Ru/P-NiMoO,@NF. (C) Polarization curves of
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(E) Crystal structure of Ru/P-NiMoO,. (F) Bader charge and (G) charge density of Ru/P-NiMoO,. (H) ELF of Ru/P-NiMoO, (220) plane.
(I) Work function of Ru/P-NiMoO,. (J) DOS of P-NiMoO,, Ru/P-NiMoO,, Ru-NiMoO,, and NiMoO,. Reproduced with permission.*
Copyright 2023, Elsevier. DOS, density of states; ELF, electron localization function; HER, hydrogen evolution reaction; LSV, linear sweep

voltammetry; SEM, scanning electron microscopy; OER, oxygen evolution reaction; OWS, overall water electrolysis.

dual doping and the electrons of Ru account for a big
proportion of the DOS near the Fermi level, suggesting
that electrons of Ru are active for electrocatalytic re-
actions, thereby enhancing its catalytic activity.

Oxygen vacancies are important for raising the cata-
lytic performance of metal (hydr)oxides via regulating the
electronic structure and increasing active sites. Recent
studies suggest that cation-anion dual doping can intro-
duce oxygen vacancies into the crystal structure of metal
(hydr)oxides. In the Fe/borate co-doped NiO, the borate

doping induces rich oxygen vacancies."** With a low-
coordination number, oxygen vacancies in the NiOg
structure could be activated by the surrounding delo-
calized electrons for optimizing the intermediate
adsorption strength in OER. Wang et al. found that ox-
ygen vacancies in N/Mn dual-doped Co;0, could not
only tune the adsorption strength of OER intermediates
and decrease the energy barrier of the rate-determining
step but also enhance the electrical conductivity.*®
Together with a hierarchical structure and rich active
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sites, the N/Mn co-doped Co;0,4 can attain 100 mA cm 2

at a low 7 of 320 mV and a good durability for 40 h.
The nanostructure of catalysts largely governs the
active surface area and exposed active sites. Apart from
regulating synthetic parameters, such as reaction time
and temperature, using dopants can also control the
nanostructure of catalysts. For example, the Mo/P dual
doping benefits the formation of nanosheet array struc-
tures, and the dopants also modify the surface electronic
states of Ni-Co-0.> Li and coauthors suggested that Cr
doping could modify the nanorods morphology of Cr/P
co-doped NiMoO, and expose more active sites, and P
dopant could significantly boost chemical and mechani-
cal stability as well as HER kinetics."* In Li et al.'s study,
the Fe-doped NiMoO, shows a disordered structure
composed of microsheets and microrods, while the S/Fe
co-doped NiMoO, can further promote the growth of
nanostructure and forms a nanorod array.>* The open
array benefits the exposure of active sites, charge/mass
transfer, and gaseous product release process during
OER. It is worth noting that the superhydrophilic/
superaerophobic properties are important for gas-
involved catalytic reactions. A superhydrophilic surface
can improve the catalyst wettability and promote the
adsorption of reactants (e.g., H,O), and a super-
aerophobic surface can accelerate bubble release in the
catalytic process. By doping with P and Nb, the P, Nb-
NiFe,0, catalyst with a nanosheet structure shows
superhydrophilic and superaerophobic characteristics,
which would offer critical kinetic advantages for
enhancing reaction efficiency and gas generation rate.''®

4.2 | Cation-anion dual-doped metal
chalcogenides

Compared with metal (hydr)oxides, metal chalcogenides
with higher electrical conductivity are attractive electro-
catalysts for water splitting.”>'*°'** Cation-anion dual
doping has been widely applied for improving the cata-
lytic performance of Ni sulfides/selenides, Co sulfides/
selenides, and MoS,-type layered metal disulfides. In
general, cation and anion dopants can enhance the
intrinsic activity of Ni/Co chalcogenides by regulating
their electronic properties.''*'****¢ As reported, cation
and anion dopants can shift metals' d-band center, which
affects the adsorption/desorption strength of reactants/
intermediates and contributes to promoted catalytic per-
formance.''®'*’ Since high-valence metal sites are highly
active toward OER, introducing cation dopants with a
high valence is suggested. In an N/Ce co-doped CoS,
catalyst, the N and Ce dual dopants synergistically sta-
bilize the OER intermediates and accelerate the catalysis

process by forming two high oxidation state active metal
sites.'*® Cr is another widely used metal dopant with a
high oxidation state. Chen et al. developed a Cr/P co-
doped CosS, catalyst (Cr, P-CosS,) with a hydrothermal
treatment-phosphorization process.'** As shown in
Figure 5A, the incorporation of Cr and P dopants regu-
lates the charge of nearby Co and S atoms and leads to
charge redistribution within the lattice. Compared with
the single Cr or P doped CosS,, the dual doping process
shows a more negative formation energy (Figure 5B),
indicating the spontaneous formation and stable exis-
tence of the Cr, P-CosS, catalyst. In addition, the d-band
center of Co in Cr, P-CosS, is lower than that in bare
Co5S,, which weakens the interaction between OER in-
termediates and Co sites and balances the adsorption/
desorption of intermediates (Figure 5C). This is further
evidenced by the free energy diagrams in Figure 5D,
where the energy barrier for *OOH formation over Cr, P-
Co3S, is lower than that for CosS, (2.30 vs. 2.39 €V). The
electrochemical tests confirm the higher OER activity
and stability of Cr, P-CosS, than its counterparts
(Figure 5E,F).

Dopant-induced lattice distortion is effective for
boosting the intrinsic activity of Ni/Co chalcogenides by
introducing rich highly active defective sites. With high-
resolution transmission electron microscopy (HRTEM)
images, Jiang et al. found that the lattice fringes of Cu/F
co-doped CoS were discontinuous and the presence of Cu
and F dopants lead to abundant vacancies and disordered
constructions on crystal planes of the catalyst."”® The
lattice distortion can introduce various active defects and
edge sites, which helps to optimize the intermediate
adsorption capability and improve the -electrical
conductibility. Working as the bifunctional catalyst for
OWS, Cu/F co-doped CoS takes a lower potential of
1.52 V at 10 mA cm™> than F-doped CoS (1.64 V), Cu-
doped CoS (1.69 V), and pristine CoS (1.88 V).
Although Wang and coauthors declared that the P and
Cu dopants could enhance the catalytic performance of
CoygsSe by contorting the lattice,"! there was no clear
evidence to support the regulated lattice structure.

Apart from focusing on the positive effect of cation-
anion dual dopants on the catalytic activities of cata-
lysts, some studies have uncovered the contribution of
cation-anion co-doping on catalysts’ stability. For sus-
tainable seawater electrolysis, Chang and coworkers
designed a Fe/P co-doped NiSe, catalyst.** The P dopant
enhances the electrical conductivity and protects selenide
from dissolution via forming a P-O species passivation
layer. Similarly, the P dopant in the Fe/P co-doped CoS,
catalyst also helps to improve the mechanical and
chemical stability.">* In Mo/S co-doped NiSe,, Mo and S
dopants can boost stability by forming a porous spongy
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FIGURE 5 (A) Crystal structures and atom charges of Cr, P-CosS, and CosS, (P: purple, Cr: gray, S: yellow, and Co: blue).

(B) Formation energies of P-CosS,, Cr, P-C0sS,, and Cr-CosS,. (C) DOS of Co 3d bands of Cr, P-CosS, and CosS,. (D) OER free-energy
profiles of Cr, P-Co;S, and Co3S,. (E) OER LSV curves of electrocatalysts. (F) I-t curves of Co;S, and Cr, P-CosS, at ~10 mA cm™, inserts
show LSV curves of Cr, P-Co;S4 and CosS, before and after the stability test. Reproduced with permission.'*® Copyright 2023, Royal Society
of Chemistry. DOS, density of states; LSV, linear sweep voltammetry; OER, oxygen evolution reaction.

nanoflake-like structure.”® The nanostructured catalyst
can facilitate the gas evolution process and avoid the
mechanical destruction of active sites during HER.
Layered metal disulfides (e.g., MoS, and WS,) are
promising noble-metal-free materials for HER. Never-
theless, active sites of WS, and MoS, are mainly located
at their edges, while main basal planes are catalytically
inert."*® Cation-anion dual doping is capable of acti-
vating MoS, and WS,. Guided by computational studies,
Co/X (X = Se. C, and N) dual dopants are suggested to
enhance the HER performance of the MoS, monolayer by
leading to near-zero AGy~ at moderate compressive or
extensile strain.'” Similarly, Co and N dual dopants are
suggested to boost the HER activity of WS, via enhancing
the hydrogen adsorption ability and reducing the energy
barriers for H,O adsorption and dissociation. The Co/N
co-doped WS, attains 10 mA cm ™2 at an 7 of 132 mV,

which is significantly smaller than N doped WS,
(376 mV) and WS, (417 mV)."** Cao et al. found that Co/
O dopants could form in-plane Co-O-Mo species in 1T
phase MoS, structure, thus accelerating the water disso-
ciation process.'”® It should be noted that the cation-
anion dual doping can introduce defect pairs into the
basal plane of MoS,, resulting in highly active sites. In a
Pd/O co-doped MoS,, the Pd and O defect pairs together
with unsaturated S atoms can promote the intrinsic ac-
tivity toward HER.'®

4.3 | Cation-anion dual-doped metal
pnictides

Cation-anion co-doping is capable of altering the prop-
erties of metal pnictides and contributes to improved
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catalytic performance. In general, the cation and
anion dopants can tune the electronic properties (e.g.,
d band center and charge distribution) of metal pnic-
tides,">” which enhances catalysts' intrinsic activity via
optimizing the adsorption/desorption of reactants/in-
termediates.'?*>871%9 For instance, Zhao and coworkers
designed a B/V co-doped Ni,P catalyst (B, V-Ni,P) with a
three-step method (Figure 6A).'°" The B, V-Ni,P has a
nanosheet structure (Figure 6B), with the formation of
amorphous regions (Figure 6C). The amorphous/crys-
talline structure has been proven to be active for catalytic
reactions. DFT calculations indicate that the introduction
of B and V dopants results in a lower d-band center than
bare Ni,P (Figure 6D,E), suggesting that dual dopants
help to weaken the adsorption of H*. In addition, B/V
dopants facilitate water dissociation and balance the H*
adsorption and H, desorption during alkaline HER
(Figure 6F,G). Thus, B, V-Ni,P shows high HER activities
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in alkalized seawater (1,0 = 74 mV), and it also works
well as a cathode in two-electrode seawater splitting
(Figure 6H,I). Similar studies also illustrate that cation—
anion dual dopants can optimize the electronic configu-
ration of metal pnictides and induce lattice irregularity,
thereby improving the intrinsic activity.'®**%2

Metal sites with high oxidation states are active to-
ward OER,'®'®* and using suitable dopants to keep
metal species at high valences is an efficient method. In a
Co/N co-doped Ni,P, the Co and N dopants with different
electron affinities not only tune the surface electronic
structure but also form diverse electroactive sites with
high valence states.'® With X-ray photoelectron spec-
troscopy (XPS) analyses, Bo et al. found that the strong
coupling interaction in the Fe/O co-doped Ni,P could
regulate electronic properties, resulting in relatively
higher oxidation states and stronger oxidation ability of
the catalyst.'"** At 10 mA cm™?, a low 7 of 210 mV is
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FIGURE 6 (A)Illustration of the fabrication of B, V-Ni,P. (B) SEM and (C) TEM images of B,V-Ni,P. (D) Adsorption models of OH* and
H* on B, V-Ni,P and Ni,P, respectively. (E) DOS of Ni atoms for Ni,P and B, V-Ni,P. Free-energy profiles for (F) H,O dissociation and (G) H
adsorption for B, V-Ni,P, and analogs. (H) HER LSV curves of catalysts. (I) Polarization curves for water electrolysis in 1 M KOH and
seawater over IrO,/IPt/C and NiFeOOHI|B, V-Ni,P. Reproduced with permission.'®" Copyright 2023, Wiley. DOS, density of states; HER,
hydrogen evolution reaction; LSV, linear sweep voltammetry; SEM, scanning electron microscopy; TEM, transmission electron microscopy.
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needed over the Fe/O co-doped Ni,P catalyst. Although
XPS spectra can help to illustrate the chemical states of
elements, an accurate surface chemistry analysis with X-
ray absorption spectroscopy is more sensible for identi-
fying high-valence states of the metals.

Cation-anion dual dopants can affect the evolution of
active phases by controlling the structure reconstruction
of metal pnictides.'®® For OER, Luo and coauthors
noticed that the S dopant in Ni/S co-doped CoP; could
accelerate the surface reconstruction and promote the
generation of active CoOOH phase, and Ni dopant
enhanced the OER activity and selectivity via electronic
regulation.'®” However, the possible role of the P anion in
influencing the surface reconstruction was ignored. In a
metal (Mn or Fe) and S co-doped MoP HER catalyst, the
oxophilic Fe or Mn on the catalyst surface can form Fe or
Mn oxide/hydroxide phases during HER, which pro-
motes the water dissociation process in alkaline electro-
lyte.®® Such in situ structure reconstruction phenomena
are well demonstrated in different metal pnictide-based
catalysts, while it remains challenging to identify the
role of cation and anion dopants due to the high
complexity of chemical composition and structure of
cation-anion dual-doped catalysts.

4.4 | Cation-anion dual-doped metals,
metal carbides/borides

Metal nanostructures, metal carbides, and borides have a
metallic nature, endowing them with high electrical
conductivity. Cation-anion dual doping is effective in
enhancing the catalytic performance of these materials by
populating active sites, regulating electronic properties,
inducing lattice strain, etc.'?® In 2020, Hoa et al.
employed a hydrothermal treatment-thermal reduction-
electrodeposition method to fabricate a composite cata-
lyst consisting of Mo/P co-doped Co layers on Co nano-
wires (Co-Mo-P/CoNWs) (Figure 7A).'*° Co-Mo-P/
CoNWs has an open structure with abundant disordered
wrinkles on the surface (Figure 7B,C), benefiting the
exposure of electroactive sites and charge/mass transport
during electrocatalysis. Compared with the mono-doped
catalysts, Co-Mo-P/CoNWs has a higher proportion of
electronic states around the Femi level, suggesting fast
electron transfer and better reactivity (Figure 7D). In
addition, the AGy+ values on Co, Mo, and P sites in Co-
Mo-P/CoNWs indicate an enhanced HER activity than
the Co-Mo and Co-P systems (Figure 7E). Experimental
results evidence the beneficial role of the dual Mo and P
dopants in enhancing the HER and OER performance. In
the two-electrode electrolysis system, bifunctional Co-
Mo-P/CoNWs outperform the precious metal-based Pt/

CIIRuO,/C electrodes at 100 mA cm > (Figure 7F,G),
with high Faradic efficiencies for H, (98.2%) and O,
(98.45%) (Figure 7H). In this study, the Mo and P dopants
improve the catalytic performance mainly by jointly
regulating the electronic property of Co, which is
different from the activation mechanism of the Co/S co-
doped Ni catalyst. In Co/S co-doped Ni, the S dopant
induces electron localization at adjacent Co and Ni
atoms, while the Co dopant works as the reactive sites for
the Volmer step of HER.'” It has also been suggested
that Ni and P dopants can induce lattice strain in Rh, and
the electronic interaction between Ni, P, and Rh can
precisely alter the electronic properties of Rh atoms and
weaken hydrogen binding strength, thus promoting the
HER performance.'*®

With a similar electronic structure to that of Pt,
metallic Mo,C is a promising HER catalyst. Recently,
Mn/N,'*° P/Ni,'?® Zn/N,”' and Ni/N'7? have been
developed as dual dopants for activating Mo,C. In these
reports, the cation and anion dopants are suggested to
synergistically adjust the electronic structure of Mo,C
and optimize AGgy+ values, thereby enhancing intrinsic
activity. Additionally, Zhou and coauthors found that the
incorporated Mn dopant could work as active sites to-
ward HER."”> Amorphous metal borides are a group of
highly active catalysts for water electrolysis.'”>"'”” Chen
and coauthors developed a W/P dual-doped FeB for
OER,'?” in which the electrochemical etching of P and B
anions promoted the surface reconstruction of FeB and
accelerated the formation of FeOOH. In addition, The W
dopant enhances the OER activity of self-evolved FeOOH
by enhancing the conductivity and regulating the
adsorption strength of OER intermediates. In 1 M KOH,
W/P co-doped FeB needs 199 mV at 10 mA cm 2. This
study emphasizes the role of dopants in the structure
reconstruction process of catalysts, which provides in-
sights into the design of efficient transitional metal-based
catalysts.

5 | ANION-ANION DUAL-DOPED
METAL CATALYSTS FOR WATER
ELECTROLYSIS

Anion dopants (e.g., S, P, N, B, Se, Te, F, and Cl) with
relatively high electronegativities are generally used to
regulate the electronic structure of electrocatalysts,'”®'%!
in addition to their key role in accelerating structure
reconstruction (especially during OER).'**"'*® Compared
with mono-doping, dual-anion doping can help to pre-
cisely tailor the electronic properties of metal catalysts
and boost the catalytic performance. To date, a series of
anion-anion dual-doped metal catalysts have been
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FIGURE 7 (A) Scheme of the fabrication of Co-Mo-P/CoNWs. (B and C) SEM images of Co-Mo-P/CoNWs. (D) DOS and (E) AGg- for
different catalysts. (F) Photograph of the water electrolysis process. (G) LSV curves for water electrolysis over Pt/CIIRuO,/C electrodes and
bifunctional Co-Mo-P/CoNWs. (H) Calculated and measured gas volumes of the Co-Mo-P/CoNWs-involved electrolyzer. Reproduced with
permission.'®® Copyright 2020, Wiley. DOS, density of states; LSV, linear sweep voltammetry; SEM, scanning electron microscopy.

designed for water electrolysis (Table 3), including metal
(hydr)oxides, chalcogenides, pnictides, alloys, MOFs, etc.

5.1 | Anion-anion dual-doped metal
(hydr)oxides

Ni/Co/Fe-based (hydr)oxides are extensively investigated
catalysts for water electrolysis. Dual-anion dopants, such
as N/S,187:198 p/g 194 p/g 189199 51d N/P'®® have been
employed to improve the performance of metal (hydr)ox-
ides. Current studies suggest that dual-anion dopants can
benefit the catalytic properties of metal (hydr)oxides via

different mechanisms. In a B/P co-doped NiVFe layered
double hydroxide (LDH) catalyst, the B and P dopants can
not only alter the electronic properties of NiVFe LDH but
also generate rich defects and amorphous regions on the
catalyst, thereby enhancing the intrinsic activities and
populating active sites.'®® Differently, Kim et al. found that
the N/S co-doping could boost the catalytic performance of
amorphous Co-Ni-O nanocages by increasing the oxida-
tion states of metals and accelerating the in situ generation
of active CoOOH and NiOOH phases.'® Lee and coauthors
found that the P/B dual dopants would weaken the metal-
metal bonds in amorphous Co-Mn-Ni-O, leading to effi-
cient electron transfer.'®
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TABLE 3 Representative anion-anion dual-doped metal catalysts for water electrolysis.

Catalyst Synthetic method

N/S co-doped CoMo0,'®” Hydrothermal process, chemical vapor
deposition

N/P co-doped NiFe,0,'®® Hydrothermal process, calcination, sonication ~OER

B/P co-doped NiVFe-

LDHs'® phosphorization
S/Se co-doped Oxidation
NiFeOOH'
N/P co-doped MoS,"** Sintering

0/P co-doped MoS,*** Hydrothermal process

F/P co-doped NiSe,”' Hydrothermal process, fluorination,

phosphorization, and selenization

F/P co-doped NiCoN'?? Solvothermal treatment and annealing

S/P co-doped Co,Oy/

Cu@Cus™* and phosphorization

N/F co-doped CoPO,'*>  Ionothermal method and calcination

N/S co-doped Mo,C'*°

Hydrothermal process, calcination

Te/Cl co-doped NiFe
MOFs'%’

Hydrothermal process, annealing

Hydrothermal process, boronization, and

Chemical-thermal reaction, electrodeposition, HER

Application Electrolyte Performance

HER 1 M KOH N10 = 58 mV, Tafel

slope = 48.68 mV dec™

1 M KOH N100 = 247 mV, Tafel
slope = 83.6 mV dec™*
HER IMKOH 70 = 117 mV, Tafel
slope = 68 mV dec™
OER 1 M KOH N10 = 195 mV, Tafel
slope = 31.99 mV dec™
HER 0.5 M H,SO, 110 = 179 mV, Tafel
slope = 143 mV dec™*
HER 0.5 M H,SO, 7so = 227 mV, Tafel
slope = 54 mV dec™*
HER 1 M KOH N10 = 53 mV, Tafel
slope = 95.6 mV dec™*
OER 1MKOH ;0 = 280 mV, Tafel
slope = 66.1 mV dec™*
1 M KOH N0 = 116 mV, Tafel
slope = 59.2 mV dec™*
OER 1 M KOH %10 = 280 mV, Tafel
slope = 73.9 mV dec™*
OWS 1 M KOH Ein=152V
OER 1 M KOH N10 = 276 mV, Tafel
slope = 63.29 mV dec™
HER 0.5 M H,S0, 70 = 86 mV, Tafel
slope = 47 mV dec™
OER 1 M KOH N30 = 224 mV, Tafel

slope = 37.6 mV dec™

Abbreviations: HER, hydrogen evolution reaction; MOFs, metal-organic framework; OER, oxygen evolution reaction; OWS, overall water electrolysis.

Developing oxide-based heterostructures (e.g., oxide/
sulfide composites) is an effective route to boost the
catalytic performance, which can take advantage of both
oxides and sulfides.”*>*°" Anion dual doping can further
regulate the catalytic properties of the oxide/sulfide
composite. In the P/S co-doped Co,O, nanosheets grown
on Cu@CuS nanowires (P,S-Co,Oy/Cu@CuS NWs,
Figure 8A), the doping of P and S in both Co;0, and CoO
leads to higher DOS values than that of single-doped
oxides (Figure 8B-E). Thus, the P/S co-doping can
enrich electron densities around the Femi level and
benefit the charge transfer performance for enhanced
electrocatalytic properties. For OWS, the bifunctional P,S-
Co,0y/Cu@CuS NWs show comparable performance to
that of precious metal-based Pt/CIIRuO,/C electrodes
(Figure 8F). In addition, The P,S-Co,O,/Cu@CuS NWs-
driven water electrolysis system shows OER and HER
Faradaic efficiencies of 99.65% and 99.76%, respectively

(Figure 8G), indicating the promising applications of
cost-effective P,S-Co,Oy/Cu@CuS NWSs. Generally, the
incorporation of S and P activates the activity of the co-
balt oxide shell and thus leads to a high-performance
oxide/sulfide composite. However, whether the anion
doping process affects the electronic properties of the
inner sulfide component and influences the oxide/sulfide
electronic interaction remains unclear.

5.2 | Anion-anion dual-doped metal
chalcogenides, pnictides, and others

For water electrolysis, dual anion-doped metal chalco-
genides, pnictides, carbides, alloys, and MOFs gain
growing interest for their high conductivity, rich active
sites, and regulated electronic properties.”’> Anion dop-
ants show different roles in enhancing these materials'
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NWs during water electrolysis. Reproduced with permission.'* Copyright 2020, Wiley. DOS, density of states; LSV, linear sweep

voltammetry; NWs, nanowires catalysts.

catalytic performance, depending on the catalyst type and
catalytic reaction. In a Se/S dual-doped Ni-Fe based
catalyst, the presence of sacrificial Se and S accelerates
the surface reconstruction of the catalyst during OER and
promotes the evolution of the active NiFeOOH phase.'*”°
Working as an OER catalyst in alkalized seawater elec-
trolyte, the self-formed NiFeOOH(S, Se) catalyst can
achieve 100 mA cm™* with a low overpotential of 0.239 V.
Cl dopant in the Te/Cl co-doped NiFe MOF also shows an
important role in boosting the structure reconstruction
via etching during the OER process."”” Moreover, in
another F/P co-doped NiSe, HER catalyst synthesized
with a three-step method (Figure 9A), the F and P dop-
ants mainly help to regulate the electronic structure of

NiSe,.’! Figure 9B suggests that the F/P dual-doped
catalyst (710 = 53 mV) outperforms the single-doped
and undoped analogs. Differential charge density anal-
ysis reveals the dopant-induced charge redistribution in
the F/P co-doped NiSe, (Figure 9C,D). Compared with P,
the F dopant gains more electrons from surrounding Ni
sites due to the electronegativity of Ni < P < F
(Figure 9E-G). Thus, F dopant can regulate the potential
side effects of P on the electronic properties of active Ni
sites. The total DOS figures of F/P co-doped NiSe, and
NiSe, indicate an improved intrinsic conductivity
induced by F/P co-doping (Figure 9H). Further compu-
tational results imply that the AGy+ of F/P co-doped
NiSe, is closer to the thermal neutral than that of the
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FIGURE 9 (A)Scheme of the fabrication of F/P-NiSe,/CC. (B) HER LSV curves of Pt/C, F/P-NiSe,/CC, P-NiSe,/CC, F-NiSe,/CC, and
NiSe,/CC. (C) Crystal structure of F/P-NiSe,. (D) Charge density difference of F/P-NiSe,. Electron loss in Ni around (E) F and (F) P.
(G) Compearison of electrons gained by P and F. (H) Total DOS of F/P-NiSe, and NiSe,. (I) AGy=+ of Pt/C, F/P-NiSe,, and NiSe,. (J) Project
DOS of Ni d orbits for F/P-NiSe, and NiSe,. (K) Calculated HER free-energy profiles over F/P-NiSe, and NiSe,. Reproduced with
permission.”® Copyright 2022, American Chemical Society. DOS, density of states; HER, hydrogen evolution reaction; LSV, linear sweep

voltammetry.

bare NiSe, (0.290 vs. 0.352 eV) (Figure 9I), which should
be due to the elevated d-band center-induced enhanced
intermediate adsorption over F/P-NiSe, (Figure 9J). In
addition, the HER energy profiles suggest the reduced
rate-limiting barrier with the F/P co-doped NiSe, catalyst
(Figure 9K). By enhancing intrinsic conductivity and
intrinsic activity, the F and P dual dopants help to elevate
the HER performance of NiSe,.

With a two-dimensional structure, MoS, and WS, are
promising HER catalysts. To activate the inert basal plane
of MoS,/WS, and promote the 2H-to-1T phase trans-
formation, dual anion doping has been developed. The
introduction of N and P dopants in the basal plane of
MoS, can trigger basal plane sites for water dissociation,
hydride, and proton acceptation by forming novel Mo-N-
P sites.”*> However, Feng et al. found that the N and P
dopants could realize the conversion of 2H MoS, to 1T
MoS, and enlarge the interlayer spacing.'®’ Therefore,

the dual anion dopants help to improve the conductivity
of MoS,. In addition, DFT calculations found a smaller
Gy+ value of 0.08 eV on N/P-MoS, than that of N-MoS,
(0.73 eV), P-MoS,; (0.67 eV), and MoS, (2.05 eV), sug-
gesting enhanced HER intrinsic activity. In 2018, Maiti
and coauthors found that N and P dual dopants could
enhance the HER performance of WS,.*** The N and
P co-doping not only leads to the generation of a flake-
like 1T phase structure with an expanded interlayer
spacing than that in undoped WS, but also downshifts
the d-band center and introduces rich S vacancies. As a
result, the N/P co-doped WS, possesses high HER activ-
ities (110 = 59 mV, Tafel slope = 35 mV dec™"). O/P dual-
doped MoS, also has high catalytic performance toward
HER,'? while the mechanism for the dopant-induced
electronic structure regulation is unclear.

To boost the performance of metal pnictides and
carbides, dual-anion dopants such as N/S,'?%%°> N/F,'°
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and P/F'”* have been developed. In these attempts, the
role of anion dopants in electronic structure regulation is
emphasized. For example, in the S/N co-doped MoP,
electronegative dopants (N, S) can help stabilize P*>~ via
forming P-S and P-N bonds.?*®> Such electronic regula-
tion further withdraws electrons from P and donates
them back to the d orbital of Mo, thereby activating the
Mo sites and promoting the HER performance. Besides
the electronic property optimization, interestingly, Ang
et al. found that the N/S dopants could significantly
improve the wettability of Mo,C and benefit the mass
diffusion during the HER process.

6 | CONCLUSIONS AND PERSPECTIVES

Engineering efficient electrocatalysts for water splitting
plays an important role in accelerating the commerciali-
zation of green hydrogen production. In this review, the
advances in dual doping-mediated metal catalyst design
have been comprehensively analyzed. Dual doping can
enhance the catalytic performance of metal catalysts by
regulating the electronic properties, improving the elec-
trical conductivity, increasing the population of active
sites, and improving stability. Depending on the species
of dopants, cation—cation, cation-anion, and anion-anion
dual doping techniques have been employed to upgrade
the catalytic performance of metal (hydr)oxides, chalco-
genides, pnictides, etc. Although great achievements have
been made, some critical issues need further exploration.

(1) Emphasize the importance of doping level. In this
review, diverse dual dopants have been analyzed to
enhance the performance of metal electrocatalysts. In
most cases, researchers mainly focus on dopant spe-
cies, while the effect of doping levels on the catalytic
activity has not been well illustrated. As suggested by
previous studies, doping levels can significantly in-
fluence the performance of catalysts by regulating
their electronic properties.'*”*°° In this context, it is
necessary to optimize the doping level of dual dop-
ants for achieving high-performance catalysts. In
addition, some sacrificial dopants (e.g., Al, Zn, B, S,
and Cl) will be etched during electrocatalysis and
release more electroactive sites and defects,''*'** but
a high level of such sacrificial dopants may lead to
diminished stability. Thus, controlling the doping
level of sacrificial dopants can help to balance the
activity and stability of catalysts.

(2) Figure out real active sites of dual-doped electro-
catalysts. Most metal catalysts are suggested to un-
dergo structure transformation during the OER or

HER process. How do dual dopants affect the struc-
ture evolution process? Whether dopants will be
leached out during the catalytic process? Do dual
dopants act as active sites or just help to regulate the
electronic properties of self-evolved structures? These
questions are important for understanding the
behavior and effect of dual dopants and the real
active sites of metal catalysts during working condi-
tions. Therefore, more attention should be paid to
understanding the dynamic structure evolution of
dual-doped electrocatalysts with in situ techniques.
In addition, HRTEM images of catalysts before and
after catalysis are beneficial for checking the poten-
tial structure transformation, element dissolution,
defect formation, and surface amorphization of dual-
doped catalysts.

(3) Accelerate the catalyst design via machine learning.
As shown in Tables 1-3, different elements can be
used as dual dopants to enhance the performance of
metal catalysts. However, the rational design of dual-
doped catalysts remains based on trial-and-error
methods, which takes a long time and complicated
synthetic processes. To accelerate the design of dual-
doped metal catalysts, machine learning is a prom-
ising tool to find suitable dopants with geometrical,
electronic, and activity descriptors obtained from
DFT calculations. By calculating the interaction be-
tween dual-doped electrocatalysts and reaction in-
termediates (e.g., *OH, *H, and *OOH), it is feasible
to obtain catalysts with favorable dopants. Further-
more, computational results related to catalysts'
electronic properties (e.g., work function, d-band
center, p-band center, charge density, orbital filling,
and orbital orientation) can be used to screen
promising dopants. A critical precondition of DFT
calculations is the determination of precise crystal
structures of dual-doped catalysts, especially the po-
sition and concentration of dual dopants.
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