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The oxygen evolution reaction (OER) is a research focus in the clean energy field because it is the core
reaction in electrochemical water splitting, rechargeable metal-air batteries, etc. OER is a complicated
four-electron process; thus, it suffers from slow reaction rates. Therefore, the exploration of efficient OER
electrocatalysts has become a significant topic in the research of advanced energy materials. Transition
metal compounds exhibit great potential as highly active OER electrocatalysts, and rational regulations
have been applied to boost their OER performance. Among these strategies, anion regulation is an emer-
ging but effective method to improve the OER activity of transition metal compounds. In this review,
recent advances in anion-regulated multi-anion transition metal compounds as OER catalysts are intro-
duced, including the synthesis methods, the regulation of anions and their effects on OER activity. Anion
regulation during OER tests, i.e. surface oxidation of the catalysts, is also discussed in this review. Then,
studies are introduced according to the type of regulated anion. This review is expected to provide further
insight into the composition and structure regulation of OER catalysts and inspire further research into
transition metal-based energy materials.
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ution reaction (OER) is one of the most important of these pro-
cesses and is attracting much attention. The OER plays a criti-

1. Introduction
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The demand for sustainable energy sources and efficient
energy devices is increasing rapidly. Therefore, new energy pro-
cesses and advanced energy materials have recently become
active topics of research.’ Electrocatalysis of the oxygen evol-
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cal role in the fields of water splitting, metal-air batteries,
etc.>” Electrocatalytic water splitting is a promising method of
hydrogen production, where the hydrogen evolution reaction
(HER) occurs on the cathode and the OER occurs on the
anode.! Metal-air batteries are regarded as the next generation
of energy storage technologies; they have extremely high
theoretical energy densities.”” In metal-air batteries, OER
takes place on the air electrode during the charge process. As
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OER (40H™ — O, + 2H,0 + 4e” in alkaline electrolyte) is a
four-electron reaction with complex reaction pathways and
always exhibits high overpotential, it is considered to be a bot-
tleneck of these related processes and devices.®® Therefore, it
is of great significance to explore efficient catalysts for OER.
Precious metal Ir- and Ru-based materials are acknowl-
edged as state-of-the-art catalysts for OER; however, their appli-
cations are strongly limited by their scarce resources and high
cost.'®"" Transition metal (Mn, Fe, Co, Ni, etc.) compounds
and carbon nanomaterials have been widely investigated as
alternatives to precious metal catalysts.”'>>® The OER activity
of an electrocatalyst depends on the mass transport from the
electrolyte to the catalyst surface, the electrical conductivity of
the catalytic material, and the intrinsic activity of the active
sites.”>*® Meanwhile, the intrinsic activity is affected by the
interactions between the active sites and the adsorbed oxygen-
containing species. An OER process involves the adsorption of
OH"™ (alkaline media) or H,O (acid media), the formation of
oxygen-oxygen bonds, the desorption of O,, etc. The activity of
each step is related to the adsorption energy of the oxygen-con-
taining species on the active sites. The relationship between
the OER activity and the adsorption energy can be described
by a volcano plot.>>?" At a specific adsorption energy, the
active sites can achieve the best performance. Adsorption
energy that is either too high or too low can lead to decreased
OER reactivity. Therefore, the activity of the active sites can be
optimized by tuning the adjacent atoms. The adjacent atoms
can regulate the electronic structures of the active sites, thus
influencing their interactions with oxygen-containing species.
For transition metal compounds, the transition metal
atoms, such as Fe, Co, and Ni, are regarded as the active sites
to adsorb oxygen-containing species. The electronic structures
of these active sites can be coordinated by doping, etching,
and substitution of ions.*” According to the type of ion being
regulated, these activity regulation methods can be classified
as cation regulation or anion regulation. The cation regulation
method has been more widely investigated due to the increas-
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ing research on the electrocatalysis of OER in the past decade.
For example, doping of Fe in Ni and Co (oxy)hydroxides can
regulate the chemical state and the atomic arrangement of Ni/Co,
thus enhancing their OER activity.>*?® To date, Fe/Co/Ni-
based composites have become an important group of alterna-
tives to precious metal OER catalysts.”'*'32*37732 Qther repre-
sentative studies on cation-regulated OER catalysts include the
etching of p-block metal ions in perovskite catalysts to provide
abundant surface defects,” the modulation of the Ni redox
properties in NiFe oxides by incorporating redox-inert Al**
ions,** the doping of W°" in FeCo oxyhydroxides,>® and the
integration of Cu” and Cu®" in copper oxides.>” In addition to
cation regulation, anion regulation on electrocatalysts has
been gradually attracting increasing attention in recent
years.>®*® Similar to cation regulation, through the doping,
etching, and substitution of anions, the interactions between
the active sites and adjacent atoms and the atomic arrange-
ments around the active sites can be modulated. Moreover, as
the ionic radii of anions are much larger than those of metal
ions, anion regulation can bring about greater changes in the
structures of catalysts.®

There have been several reviews on transition metal-
based OER catalysts based on various anions, such as
oxides," hydroxides,®" sulfides,'>?”¢*%* nitrides,** and phos-
phides.?”*>%® However, no specific review on the anion regu-
lation of OER catalysts has been published. In this review, we
will focus on anion regulation on transition metal compound
OER catalysts with multiple anions. These materials usually
contain external anions incorporated into the lattices of metal
compounds. This incorporation can lead to a relatively dis-
ordered structure with a larger surface area and lower steric
hindrance for the adsorption and desorption of oxygen-con-
taining species. The anion-regulated OER electrocatalysts are
introduced according to the type of anions contained in the in-
organic materials. As a special case, oxygen incorporation
during OER tests is also discussed. The primary focus will be
on the effects of anion regulation on OER activity. We hope
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this review will provide stimulatory knowledge for developing
OER electrocatalysts and inspire more insights into anion
regulation on transition metal compounds, leading to high-
efficiency designs and synthetic strategies for advanced energy
storage and conversion materials.

2. Anion regulation during OER tests

Although catalysts can theoretically remain unchanged before
or after a reaction, the evolution of electrocatalysts is observed
on many practical occasions. OER is performed at oxidizing
potentials; thus, the surface of the catalysts can be oxidized
during the reaction process. In common alkaline electrolytes
for transition metal-based catalysts, O~ or OH™ can replace
the original anions in the catalyst. Jin®” pointed out that this
process is responsible for the OER activity of chalcogenides,
nitrides, and phosphides. This phenomenon indicates that
most metal-based OER catalysts are actually anion-regulated
when catalyzing the reaction, and the anion regulation
method is effective in enhancing the OER activity.

A typical example of anion regulation during OER tests is
the transformation of Co;0, catalysts. Co;0, has been widely
investigated for efficient OER catalysis,*®”* and its surface oxi-
dation during the OER process has also been reported.”*”””
With the oxidation of cobalt ions, the OH™ ions in the electro-
lyte are doped in Co;0,, forming a CoOOOH or CoO,(OH), struc-
ture. Strasser and co-workers proposed in situ structural
characterizations on Co;0, at different OER potentials.”* The
OER tests were carried out in 0.10 M KP; at pH 7. Fig. 1a shows
the cyclic voltammogram (CV) plot of the Coz;0, catalyst; the
onset potential is about 1.6 V vs. a reversible hydrogen elec-
trode (RHE). In the following structural characterizations, the
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Co;0, samples were analyzed before OER tests (ex situ), at the
testing potentials of 1.00, 1.22, 1.55, and 1.62 V, and after
OER tests. 1.62 V was the OER active potential. A summary of
the results of the X-ray absorption measurements, including
X-ray absorption near edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) studies, is presented in
Fig. 1b. The upper portion of Fig. 1b shows the shift of the Co
X-ray adsorption K-edge; the positive shift represents a higher
oxidation state. This indicates that the Co ions are gradually
oxidized as the potential increases. The local atomic structure
of Co ions can be assessed by EXAFS simulations. CozO,4 con-
tains two types of cobalt ions: one Co®" ion in the tetrahedral
site and two additional Co** ions in the octahedral site. The
lower part of Fig. 1b exhibits the quantity variation of cobalt
ions with these two configurations by EXAFS analyzes. Mono-
p-oxo represents the tetrahedral site and di-p-oxo represents
the octahedral site. A shift towards more di-p-oxo-bridged,
octahedrally coordinated Co ions in the OER-active state
(1.62 V) was observed, confirming the oxidation of Co ions.
Thus, the surface of the cobalt oxide catalysts is believed to
convert to cobalt oxyhydroxide at OER potentials, exhibiting an
amorphous structure, as shown in Fig. 1c. This anion regu-
lation process in alkaline electrolyte was also reported by
Liu et al. and Friebel et al.”®”” Moreover, Bell and co-workers
reported theoretical investigations of the activity of cobalt
oxides for the electrochemical oxidation of water; they identi-
fied p-CoOOH as the active phase.”” In short, at OER poten-
tials, the surface of the Co;0, catalyst is anion-regulated to an
activated oxyhydroxide phase with the co-existence of 0>~ and
OH™, showing superior reactivity. Because of their high OER
activity, oxyhydroxides have been widely investigated and are
currently the most reported multi-anion transition metal com-
pounds for OER electrocatalysis.**>*75783
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Fig. 1 Anion regulation during the OER process of Coz0;,. (a) Cyclic voltammogram of CozO4 catalyst in 0.10 M KP; at pH 7. (b) Shift of the Co X-ray
absorption K-edge (upper); changes in the EXAFS coordination numbers of the di- and mono-p-oxo bridges between Co ions (lower) with respect
to the as-prepared (ex situ) state. The state at 1.62 V corresponds to the catalytically active oxygen evolution state. (c) The crystal structure of CozO4
(left) and a possible crystal structure at OER active potential (right).”* Copyright 2015 Nature Publishing Group.
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Studies on transition metal chalcogenides, nitrides, and
phosphides are not as numerous as studies on oxides;
however, their surface transformations during the OER process
have also been reported in several publications.®***® When
oxygen is incorporated, the surface atomic configuration is
modulated, and this anion-regulated layer usually exhibits an
amorphous structure. The active phases of these catalysts are
the anion-regulated multi-anion materials generated at OER
potentials. Anion regulation always occurs during the OER
process in transition metal-based catalysts. However, the anion
regulation during OER was rarely discussed and elucidated.
Therefore, the selected examples that are discussed in the
following sections only involve energy materials with designed
anion regulation during the synthesis process. Anion/cation
regulation of metal compounds can also take place in appli-
cations other than OER, such as metal ion batteries.”® It is
promising to propose new methods of ion regulation based on
these applications.

3. Designed anion-regulated
transition metal compounds for OER
3.1 Transition metal compounds with O*>~/OH™~

Compared with other transition metal compounds, both
oxides and hydroxides are more readily synthesized because
the oxygen atoms can be easily obtained from air and water.
Therefore, many reported multi-anion OER catalysts contain
oxygen. In this section, these catalysts will be introduced in
terms of the types of anions that are incorporated with O®~ or
OH .

3.1.1 Oxygen and other chalcogens. The chalcogens are the
chemical elements in group 16 of the periodic table. This
group includes the elements O, S, Se, Te, etc. Transition metal
chalcogenides (TMCs), especially sulfides and selenides, have
recently received tremendous attention in  oxygen
electrocatalysis.>”**'°! The catalytic activity of TMCs can be
further increased by oxygen incorporation.

Recently, Zhang’s group reported anionic-regulated NiFe
oxysulfides as OER electrocatalysts.> Firstly, they proposed a
mechanism of anion regulation, as shown in Fig. 2a. The ionic
radius of O>~ is smaller than that of $*>~. Therefore, 0>~ dis-
plays lower polarizability, and $>~ shows higher polarizability.
In Fig. 2a, M represents the metal cation, which serves as the
active site. X~ is the anion with lower polarizability (O~ in this
work), and Y~ is the anion with higher polarizability (S>~ in
this work). In compound MX (left), the X~ ions appear to have
dominant ionicity and the electron interaction is weak. M"
ions can provide a strong positive electric field, which is favor-
able for hydroxyl adsorption but detrimental to the desorption
of oxygen. In contrast, for compound MY (right), the Y~ ions
are dominantly polarized, and the electrons can fill the empty
orbits of the M" ions. Therefore, the adsorption of negative
hydroxyls is obstructed. By regulating the ratio of X~ and Y™ in
a compound, the electronic structure of its active sites can be
optimized towards the highest reactivity (middle). Anion regu-
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lation of the electrocatalysts was realized by sulfurization of a
NiFe hydroxide precursor using thioacetamide (TAA) as the sul-
furization reagent. The product was named NiFeS-x, where x
marks the mass ratio of TAA : NiFe hydroxide; NiFeS-x exhibi-
ted the morphology of oxysulfide nanoparticles supported on
graphene sheets. Four samples, NiFeS-0, NiFeS-0.5, NiFeS-2,
and NiFeS-8, were selected in the electrochemical tests; their S
contents increased with the ratio of TAA used in the sulfuriza-
tion process. The OER linear sweep voltammetry (LSV) plots of
the four samples are presented in Fig. 2b. Fig. 2c illustrates
the volcano plot of OER reactivity characterized by the overpo-
tential at 10.0 mA cm™> (1;,) against the sulfurization degree
under anion regulation. NiFeS-2 exhibits the highest OER
activity, with an #;, value of 286 mV. In the X-ray photoelectron
spectroscopy (XPS) spectra (Fig. 2d), the Fe 2p and Ni 2p
spectra exhibit downshifts with increasing S content. This
result supports the anion regulation theory described in
Fig. 2a. With an appropriate oxygen/sulfur ratio, the Fe and Ni
active sites were regulated to optimized electronic structures,
leading to superior OER activity.

Through anion regulation of sulfur and oxygen, Zhang’s
group further proposed a unique hydroxysulfide electrocatalyst
for the first time."®> Metal hydroxides were also utilized as the
precursor, and the sulfurization was carried out by simply
immersing the hydroxide precursor into a solution with a high
concentration of $>~. The $>~ continuously replaced the OH~
in the solid phase according to the solubility equilibrium. The
S content in the hydrosulfide resultant could be easily regu-
lated by tuning the S*~ concentration and the immersing time.
Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) images of the anion-regulated CoFe
hydroxysulfide (CosFeS; 5(OH)s) loaded on a nitrogen-doped
graphene material are shown in Fig. 3a and b, respectively. A
control sample synthesized through a hydrothermal method
using CoFe hydroxide and TAA was also obtained. This hydro-
thermal electrocatalyst had higher sulfur content and a larger
particle size; it was denoted as CoFeS; 4(OH), ¢-HT (where HT
refers to hydrothermal synthesis). In the OER tests in 0.10 M
KOH, the room-temperature converted hydroxysulfide exhibi-
ted excellent OER activity that was comparable to that of an
IrO, catalyst due to its appropriate amount of S-doping and its
smaller particle size. The OER 7,, was 358 mV according to the
LSV plots (Fig. 3c), and the Tafel slope was calculated to be
79 mV dec™" (Fig. 3d).

Anion regulation of S and O was also realized by substitut-
ing Fe(CN)s’~ with S~ in metal Prussian Blue Analogue (PBA)
compounds.'® The amorphous CoS, 0 porous nanocubes
prepared by this method afforded an OER 7, of 290 mV in
1.0 M KOH, which was better than that of RuO, (300 mV). This
oxysulfide catalyst also exhibited superior OER activity to RuO,
in neutral electrolyte. Calcination is an effective method to
tune the sulfur and oxygen contents of oxysulfides. As reported
by Zhang et al.,"®* oxygen atoms were incorporated in NiFe sul-
fides (NFS) after calcination at 200 °C in air. The obtained
O-NFS could provide an OER current density of 200 mA cm™>
at an overpotential of 312 mV; meanwhile, this overpotential

This journal is © the Partner Organisations 2018
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Fig. 2 Anion regulation of oxygen and sulfur in oxysulfides. (a) Schematic of the mechanism of anion regulation on transition metal compounds for
OER electrocatalysis. (b) OER LSV plots of oxysulfide materials with different S contents, tested at a scan rate of 10 mV s~* in O,-saturated 0.10 M
KOH electrolyte. (c) A volcano-type plot of the overpotential required for 10 mA cm~2 OER current density vs. sulfurization degree. (d) High resolu-
tion S 2p, O 2p, Fe 2p, and Ni 2p XPS spectra of the oxysulfide materials. The anion-regulated electrocatalysts exhibited shifts to lower binding ener-

gies.®2 Copyright 2017 Wiley-VCH.

was 334 mV for NFS. It is worth noting that the high current
densities reported in this work were partly attributed to the
high catalyst loading amounts on the Ti plates. Chen and co-
workers calcinated oxysulfides in an ammonia flow.'% In the
ammonia atmosphere, oxygen vacancies were generated in the
oxysulfides by ammonolysis, and nitrogen atoms were doped
into the graphene support. The resulting N-doped graphene-
supported CoOy g,S0.13 showed a low OER 7, of 357 mV in
0.1 M KOH.

3.1.2 Oxygen and nitrogen. Oxynitrides are complex salts
containing oxygen and nitrogen that are well known for their
photochemical properties. The oxynitrides have been investi-
gated as photocatalysts for water splitting, phosphors for white
light-emitting diodes, etc.'°®"'* Recently, a CoMn oxynitride
(CoMnON) for oxygen electrocatalysis was reported by Fujita,
Sasaki, and co-workers.""> The oxynitride was synthesized
through the nitriding of spinel-type CoMn oxide at high tem-
perature under ammonia flow. CoMnON exhibited a NaCl-type
structure, as shown by its X-ray diffraction (XRD) patterns
(Fig. 4a). The composition of the resulting products was regu-
lated by the calcination temperature. The N/O atom ratio of
the CoMnON obtained at 550 °C was 1:0.13, measured by
energy-dispersive X-ray spectroscopy (EDS). Fig. 4b and ¢ show

This journal is © the Partner Organisations 2018

the TEM images of 550 °C-annealed CoMnON. CoMnON nano-
particles with an average size of 5 nm were observed. The OER
LSV plots tested in O,-saturated 0.10 M KOH are presented in
Fig. 4d. The nitrogen-incorporated CoMnON exhibited larger
OER current density than the undoped oxide CoMnO, with 74,
values of 0.47 vs. 0.54 V on the CoMnON and CoMnO electro-
catalysts, respectively. This nitriding method can be applied to
other spinel compounds to enhance their OER activity."*>
Compared with oxynitrides,
have been more investigated as  oxygen
electrocatalysts.®*'®'*! Nanoscale mixtures of nitrides and
oxides have also been reported as efficient electrocatalysts for
OER, and the interfaces between nitrides and oxides play a
prominent role in promoting their OER activity.'*>'*?
Therefore, it is promising to perform homogeneous nitrogen-

transition metal nitrides
widely

doping in oxides, or oxygen-doping in nitrides, to achieve
superior OER electrocatalysis.

3.1.3 Oxygen and phosphorus. Transition metal phos-
phides are also an important group of materials in
electrochemistry.®®'>*™'?> The OER electrocatalytic activity of
phosphides was first reported by Du’s group and Hu’s group
simultaneously in 2015.5%'*% In some of the works using phos-
phides as OER electrocatalysts, irreversible surface oxidation

Inorg. Chem. Front, 2018, 5, 521-534 | 525
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Fig. 3 Anion regulation of oxygen and sulfur in hydroxysulfides. (a) SEM
and (b) TEM images of anion-regulated hydroxysulfide CozFeS;s5(OH)g
supported on N-doped graphene. (c) OER LSV plots of room-temperature
converted hydroxysulfides, hydrothermal synthesized hydroxysulfides,
and commercial precious metal catalysts Ir/C and Pt/C, measured at a
scan rate of 10 mV st in O,-saturated 0.10 M KOH electrolyte. (d) Tafel
plots derived from the LSV plots.*°? Copyright 2017 Wiley-VCH.

was observed, and the OER activity increased after a period of
reaction.®®'*>'?® The incorporation of oxygen in phosphides
enhances their OER activity. In this section, the anion regu-
lation of O and P for efficient OER electrocatalysis will be
introduced.

The concept of anion regulation (also called anion modu-
lation) in electrocatalysis was firstly proposed by Qiao’s group
in 2016."** Anion regulation (O and P) and cation regulation
(Co and Fe) were conducted simultaneously for overall water
splitting. This Fe- and O-doped Co,P catalyst, named CoFePO,
was synthesized by the following method. Firstly, CoFe hydrox-
ides were grown on nickel foam by a chemical bath deposition
(CBD) method. Then, P anions were introduced by annealing
CoFeOH in the presence of triphenylphosphine (TPP) in N,
atmosphere. The regulation of P and O in CoFePO was realized
by using different amounts of TPP in the annealing process.
The main CoFePO sample was synthesized using 2.013 g TPP
and CoFe hydroxides derived from 291 mg Co(NO3),-6H,0 and
40.4 mg Fe(NO3);-9H,0. The electron energy loss spectroscopy
(EELS) mapping in Fig. 5a confirmed the coexistence of Co, Fe,
P, and O in the catalyst. The XRD patterns (Fig. 5b) indicated
that the structure of CoFePO was similar to that of Co,P. The
CoFePO catalyst was therefore identified as Fe- and O-doped
Co,P. To regulate the P/O ratio, different amounts of TPP were
applied for phosphorization. According to the ratio of the TPP
amount to the original amount (2.013 g), the anion-regulated
CoFePO samples were named CoFePO-0.325, 0.75, 1, 1.25, and
1.5. The HER and OER LSV plots are shown in Fig. 5¢ and d,
respectively. The 7, values of OER, HER and overall water
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plots of CoMnON, CoMnO, and commercial RuO, tested in O,-purged
0.10 M KOH solution at a scan rate of 10 mV s™1*5 Copyright 2017
Wiley-VCH.

splitting are summarized in Fig. 5e. With increasing P/O ratio,
the catalytic activity presented a trend of early increase and
later decrease. This trend can also be explained by the higher
polarizability of P ions compared to O ions. Thus, the adsorp-
tion of the reactants was weakened and the desorption of the
products was enhanced with increasing P content. As a result,
the best OER activity was achieved on the electrocatalyst with a
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Fig. 5 Anion regulation of oxygen and phosphors in oxygen-doped
metal phosphides. (a) TEM EELS mapping of Co, Fe, P, and O elements in
CoFePO. (b) XRD patterns of CoO, CoPO, and CoFePO. The XRD pat-
terns of the phosphatized materials are similar to that of Co,P (JPCDS
No. 54-0413). (c) HER and (d) OER LSV plots of CoFePO with different
phosphorization degrees. All the testing was conducted in 1.0 M KOH
electrolyte. (e) Summary of the overpotentials at a current density of
10 mA cm~2.3% Copyright 2016 American Chemical Society.

medium P/O ratio. The CoFePO-1 sample with a P/O ratio of
0.42 exhibited the best OER performance, with a #;, of
274.5 mV. Similarly, the annealing of nickel hydroxides in the
presence of a P source was performed by Wu et al.*** Oxygen-
incorporated Ni,P was obtained via this method and showed
significantly increased OER activity compared with Ni(OH),
and Ni,P.

Recently, Wang and co-workers reported a P-doped Co30,
material as a water splitting electrocatalyst; the material main-
tained the Co,;0, spinel structure after P doping."*®> Under Ar
plasma etching, oxygen vacancies were generated in Co3;0,,
forming Vo-Co30,. In the presence of a P source (NaH,PO, in
this work), P atoms could fill the oxygen vacancies; the result-
ing product was named P-Co;0,. Fig. 6a shows a TEM image
of P-Co30,. The lattice fringes of spinel Co;0, can be clearly
observed in the high-resolution TEM (HRTEM) image of the
framed area (Fig. 6b). The EDS mappings confirmed the
uniform filling of P atoms in Coz;0, (Fig. 6¢). The OER LSV
plots and Tafel plots measured in 1.0 M KOH are shown in
Fig. 6d and e, respectively. The OER activity of Co;0, improved
after the formation of oxygen vacancies, and the activity was

This journal is © the Partner Organisations 2018
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further promoted by the P-filling in the vacancies. The P-Co;0,
catalyst exhibited outstanding OER performance, with a 7, of
280 mV and a Tafel slope of 51.6 mV dec™".

3.1.4 The regulation of intercalated anions in layered
double hydroxides (LDHs). In the cases discussed above, the
anion regulations were performed inside the crystal structures.
In other words, the regulated anions were connected with the
metal ions by ionic bonds. Herein, a special form of anion
regulation is introduced. Intercalated compounds are layered
materials in which molecules or ions are inserted into the
interlayer spaces. Layered double hydroxides (LDHs) are multi-
metal hydroxides with anions intercalated between the hydrox-
ide layers. LDH materials containing transition metal ions
such as Fe, Co, Ni, and Mn have been identified as efficient
OER catalysts.>®*7*%1367148 [ addition to the morphological
control and cation regulation of the LDHs, the intercalated
anions are also an important part of LDHs, and their OER
activity can be improved by regulating the intercalated anions.

Miiller et al. explored the role of intercalated anions in the
OER activity of NiFe LDHs."*® Through pulsed-laser ablation in
liquids (PLAL) or by anion exchange, a series of anions were
inserted between the layers of NiFe LDHs, including NO;3™,
BF,”, CI7, ClO,™, PO,*", and CO5*". The OER activities of the
LDHs with different intercalated anions were measured, and
several features were investigated to determine the factors that
were critical to the OER performance. The basal spacings of
LDH nanosheets varied with different interlayer anions.
However, there was no significant correlation between the
basal spacing and the OER overpotential. The OER activity was
correlated with the basicity of the interlayer anions. Anions
with higher pK, values of their conjugate acids induced higher
OER activity, which is attributed to the strong electron donat-
ing feature of the Lewis basic anions. Consequently, electrons
can fill the empty orbits of the metal ions, facilitating the de-
sorption of O,. Moreover, as the intercalated ions are not as
close to the metal ions, the interaction is relatively weak, and
the adsorption of hydroxyl is not greatly weakened. Therefore,
the OER activity did not decrease with high basicity of the
interlayer anions.

The OER performance of phosphorus oxoanion-intercalated
NiFe LDHs was reported by Sun et al'®® Common LDH
materials synthesized with urea as the alkaline source were
intercalated with COs*”, denoted as CO;*> /NiFe-LDH.
Phosphorus oxoanion-intercalated NiFe LDHs were obtained
in the presence of phosphate, phosphite, or hypophosphite,
and the products were named PO,*>/NiFe-LDH, HPO,;> /NiFe-
LDH, and H,PO, /NiFe-LDH, respectively. TEM images of the
NiFe LDHs with different intercalated anions are shown in
Fig. 7a~-d. The major factor that affected the OER activity is the
electronic structure of the Ni ions. As shown by the XPS results
(Fig. 7e and f), when different anions were intercalated, the
positions of the Ni 2p;/, peaks were different. Hypophosphite,
with the lowest P 2p binding energy, is a stronger electron
donor than phosphate and phosphite. Thus, H,PO, /NiFe-
LDH showed the lowest Ni oxidation state. From the above
work reported by Miiller et al,'*® H,PO, /NiFe-LDH was
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P-filled CozO4 in 1.0 M KOH.®*® Copyright 2017 Royal Society of Chemistry.
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Fig. 7 Anion regulation of the intercalated anions in layered double hydroxides. (a)—(d) TEM images of NiFe LDHs with different intercalated anions.
(e) P 2p and (f) Ni 2p high resolution XPS spectra of phosphorus oxoanion-intercalated NiFe LDHs. (g) OER LSV plots and (h) OER Tafel plots of phos-
phorus oxoanion and carbonate ion-intercalated NiFe LDHs in 1.0 M KOH with a scan rate of 1.0 mV s™.*° Copyright 2017 Springer.

expected to possess the best OER activity. The OER LSV plots
and Tafel plots are shown in Fig. 7g and 7h, respectively. The
OER activity was arranged in the following order: H,PO, /
NiFe-LDH > HPO,* /NiFe-LDH > PO,’7/NiFe-LDH. This is in
good agreement with the conclusions in Miiller’s work."*®

The regulation of the intercalated ions of LDHs can be
classified as a special type of anion regulation; it has also been

528 | Inorg. Chem. Front., 2018, 5, 521-534

performed using molybdate ions, alkoxide ions, etc.'>''°°

Compared with anion regulation inside the crystal structure,
intercalated anion regulation exhibits similar effects on OER
activity; however, is more moderate and has less influence on
the crystal structure. Studies on regulating the intercalated
ions will aid the development of LDH materials for energy
storage applications.
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3.2 Oxygen-free transition metal compounds

Oxygen-free multi-anion transition metal compounds, usually

containing chalcogens, nitrogen or phosphorus, have
been mainly investigated as HER electrocatalysts or
photocatalysts.'®'%* Since 2013, starting with sulfides,'®>*®°

emerging research on transition metal chalcogenides, nitrides,
and phosphides for OER electrocatalysis has been reported.
Anion regulation was also demonstrated as an efficient strategy
to improve the activity in several studies.

In 2016, Wang et al. proposed an etched and N-doped
CoqSg/graphene (N-CooSg/G) hybrid for oxygen electrocatlay-
sis.'®” As with the synthesis of P-doped Co;0,4,"* the N-doped
sulfide was obtained under plasma treatment. The as-prepared
CooSs/G was treated in NHj-plasma at 700 °C for 1.0 h; then,
defects and N dopants were generated in both the sulfide and
graphene. This is the first report of N-doped sulfides for
oxygen electrocatalysis. In the TEM image of N-Co,Sg/G, shown
in Fig. 8a, the partially etched CosSg and graphene can be
observed. The lattice fringes with a d-spacing of 0.29 nm in the

View Article Online

Review

HRTEM image (Fig. 8b) were attributed to the (311) plane of
CooSg, indicating that the crystal structure was maintained.
The XPS survey and high-resolution Co 2p spectrum are shown
in Fig. 8c and d, respectively. The signal at 398.33 eV corres-
ponds to N element, and the peak at 780.3 eV in the Co 2p
spectrum can be identified as the Co-N, structure. The XPS
results confirmed that N atoms were doped in the CooSg
lattice. Due to the defects and N-doping in CooSg, the OER
activity of N-CooSg/G surpassed that of CooSg/G (Fig. 8e). The
710 Oof N-CooSg/G (0.409 V) was the lowest among the sulfide
samples and was close to that of RuO, (0.380 V, Fig. 8f). The
OER activity of N-CooSg/G was attributed to both the anion
regulation of N/S and the defects generated by plasma etching.
A Co,Sg/G material treated under NH; flow at high temperature
without plasma assistance was also synthesized and was
denoted as NA-Co0oSg/G. From the OER test results in Fig. 8e
and f, the performance of NA-Co,Sg/G was enhanced after
N-doping, verifying the role of anion regulation.

The anion regulation of P and S in a nickel phosphosul-
phide water splitting electrocatalyst was recently reported by
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Fig. 8 Anion regulation of sulfur and nitrogen in nitrogen-doped CogSg. (a) TEM image of N-CogSg supported on graphene material. (b) HRTEM
image and selected area electron diffraction (SAED) pattern (inset) of N-CogSg/G. (c) XPS survey of N-CogSg/G. (d) High-resolution Co 2p XPS spec-
trum of N-CogSg/G. (e) OER LSV plots tested at a scan rate of 10 mV s™* in O,-saturated 0.1 M KOH. (f) Overpotentials of the tested catalysts at
10 mA cm~2 OER current density.*®” Copyright 2016 Royal Society of Chemistry.
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Luo and Su et al.'®® A series of nickel phosphosulphides with
different P/S ratios was synthesized, denoted as NiPg ¢,S 33,
NiPy 455055, NiP, and NiS. Among these catalysts, NiP, ,S0.38
showed the highest activity, with an OER 7, of 240 mV (on Ni
foam substrate). This anion-regulated phosphosulphide also
exhibited excellent performance in overall water splitting. It is
expected that as increasing studies are performed on tran-
sition metal chalcogenides, nitrides, and phosphides as OER
electrocatalysts, the anion regulation of these materials will
attract increasing attention.

4. Summary and outlook

Anion regulation on multi-anion transition metal compounds
is an emerging strategy to design efficient OER electrocatalysts.
The intrinsic activity of the metal cation active sites can be
improved by regulating the adjacent anions. In addition to the
anions introduced in this review, other anions, such as halide
ions, oxyanions, and boron ions, can also be applied in anion
regulation to enhance electrocatalytic activity.'®®™'”" With
different adjacent anions, the electronic structures of the
metal ions are modulated; then, the interactions between the
active sites and the reactants, intermediates, and products are
strengthened or weakened, resulting in changes in the OER
activity. By anion regulation, including regulation of the types
and ratio of the anions, the OER activity of transition metal
compounds can be optimized.

Anion regulation usually refers to modifications inside the
crystal lattice, and different anions are mixed at an atomic
level. Meanwhile, there are some reports of OER catalysts fabri-
cated by combining metal compound nanoparticles contain-
ing  different anions or by forming core-shell
structures.'?>1231727177 At the interface of the two materials,
the electronic structures of the metal ions are influenced by
two different anions. The mechanism for enhancing the OER
activity is similar to that of anion regulation. Design strategies
of transition metal compound OER catalysts focusing on
anions also include the total substitution of one type of anion
with another,®»*7"7%17° the etching of anions to form
vacancies, ®7'5% efc. The interactions between the metal ions
and adjacent anions can also be altered by these methods.
These studies indicate that anions play important roles in the
activity of transition metal compound OER catalysts, and new
catalyst design strategies can be derived from the anion regu-
lation method.

Although anion regulation has been successfully applied in
many systems, the theoretical studies are not adequate to
clearly and quantificationally describe the regulation process.
Currently, possible mechanisms are simply being proposed
and then confirmed by experimental results. For further
investigations on anion regulation, advanced in situ or in oper-
ando techniques and theoretical analyses are both required to
obtain deeper insights and better instructions for future devel-
opments. For example, intensive studies on oxygen incorpor-
ation in OER catalysts during electrochemical tests and the

530 | Inorg. Chem. Front, 2018, 5, 521-534
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activity changes during the anion regulation process are
strongly anticipated.

Anion regulation is an efficient method to improve the
intrinsic activity of an electrocatalyst. Other methods can be
applied to regulate the intrinsic activity, including cation regu-
lation, combining two kinds of active sites (synergistic effects),
and strain engineering.'®®'®” The apparent activity of a catalyst
depends not only on the intrinsic activity of the active sites,
but also on the accessibility of the active sites - in other
words, the number of effective active sites. The accessibility of
the active sites is influenced by the pore structure, surface
area, hydrophilicity, electrical conductivity of the catalyst, etc.
With a well-designed structure, the mass transfer resistance
can be decreased. The electrons in the electrode can easily
reach the active sites when the electrocatalyst possesses good
electrical conductivity. Consequently, more active sites are
accessible and are involved in the reaction, leading to higher
electrocatalytic activity. The implementation of anion regu-
lation should be combined with other design strategies to
obtain the best catalyst activity.

The need for advanced energy storage and conversion
materials continues to increase. With comprehensive and in-
depth understanding of anion regulation, together with other
material design strategies, the development of new energy
materials can reach a higher level. It is expected that with con-
tinuous research on anion regulation, highly active energy elec-
trocatalysts can be realized and will play an important role in
the energy field in the future.
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