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Vacancy defect tuning of electronic structures of
transition metal (hydr)oxide-based electrocatalysts
for enhanced oxygen evolution
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Electrocatalytic water splitting has already been regarded as a promising approach to generate pure
hydrogen (H,) and oxygen (O,). However, the oxygen evolution reaction (OER) occurring at the anode
during water splitting is very sluggish, because it involves four-electron oxidation steps. Therefore,
developing highly efficient and cost-effective electrocatalysts to accelerate its reaction rate and lower its
reaction barrier is of great significance, but still remains a big challenge. Strikingly, transition metal (hydr)oxide-
based electrocatalysts have attracted wide research interest owing to their high intrinsic activity and low-cost
feature. Unfortunately, these transition metal (hydr)oxide-based electrocatalysts always suffer from relatively
low conductivity. To address this problem, some efficient strategies have been reported to enhance their
conductivity by tuning the electronic structures, further boosting their performances. In this review, three
state-of-the-art defect-tuning strategies, including oxygen vacancy defects, metal cation vacancy defects and
multivacancy defects, for boosting the OER performances of transiton metal (hydr)oxide-based
electrocatalysts are summarized. It is found that defects can rationally regulate the electronic structures of
transition metal (hydr)oxide-based electrocatalysts, improve the conductivity, optimize the adsorption ability
with intermediates and lower the reaction energy barrier of the OER, consequently enhancing their
electrocatalytic performances. These defect-tuning strategies open a new avenue for boosting the
electrocatalytic performances of low-cost transition metal (hydr)oxide-based nanomaterials, making them
promising candidates for replacinge noble metal catalysts for large-scale electrochemical water splitting.

O,(g)) powered by sustainable electricity as shown in Fig. 1
exhibits tremendous potential for generating pure H, with high

Owning to the global environmental issues and limited reserves
of fossil fuels, finding renewable clean energy resources has
attracted extensive research interest. Hydrogen (H,) as an
ecofriendly and sustainable energy carrier is one of the most
promising alternatives to replace conventional fossil fuels in
the future."™ Among the approaches employed for producing
H,, electrocatalytic water splitting technology (2H,O = 2H, () +
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energy conversion efficiency.* ® Electrocatalytic water electrolysis
involves two half reactions: the hydrogen evolution reaction
(HER) at the cathode and the oxygen evolution reaction (OER)
at the anode.””® The HER is a two-electron transfer process
(2H'aq) + 2e” = Hy), while the OER at the anode involves
four-electron oxidation steps, which is more sluggish than the
HER, thus leading to high overpotential of water splitting.'®™>
Therefore, to accelerate the reaction rate and lower the over-
potential of water splitting, highly effective and stable OER
electrocatalysts are usually needed for water electrolysis. At
present, the state-of-the-art electrocatalysts for the OER are
IrO,, RuO, and their related compounds."® However, these noble
metal-based electrocatalysts suffer from the drawbacks of high
cost and scarcity, seriously restricting their large-scale applica-
tions. Therefore, design and synthesis of highly efficient, durable
and low-cost electrocatalysts for electrocatalyzing the OER have
become an imperative and challenging topic. Until now, numerous
efforts have already been made to develop efficient and stable OER
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Fig. 1 Electrocatalytic water splitting powered by renewable energies to
produce H, and the utilization of H,.

electrocatalysts utilizing earth-abundant elements. For example,
Liu et al. prepared Co;0, with different morphologies by solution,
hydrothermal and sol-gel methods."* It was found that Co;0, with
urchin-like structures is beneficial for the OER owing to its high
ability of detaching O, bubbles from the interfaces. Wang et al.
synthesized Co,;S,/NCNTs consisting of cobalt sulfide immobilized
on nitrogen-doped carbon nanotubes (NCNTs) via an anion-
exchange method."”® The as-prepared Co;S,/NCNT electrocatalyst
exhibited good activities towards the OER with an overpotential
of 430 mV at a current density of 10 mA cm > in 0.1 M KOH.
Yu’s group reported an NG-CoSe, electrocatalyst containing CoSe,
nanobelts supported by nitrogen-doped reduced graphene oxides.*®
In 0.1 M KOH, this NG-CoSe, material exhibited an overpotential
of mere 366 mV at a current density of 10 mA cm > and a
small Tafel slope of 40 mV dec™ ", which is comparable to that of
the commercial RuO, electrocatalyst. Wang’s group fabricated a
CoP/C electrocatalyst with sandwich-like structures through a low-
temperature phosphorization approach.'” As a stable OER catalyst,
the as-obtained CoP/C showed a small overpotential of only 330 mV
at a current density of 10 mA cm™> in 1 M KOH. Moreover,
phosphorus-doped few-layer graphene (G-P) as a metal-free OER
electrocatalyst was synthesized by simply ball-milling graphite and
red phosphorus.'® The obtained G-P electrocatalyst needed a small
overpotential of 330 mV to achieve a current density of 10 in 1 M
KOH. Up to now, we know that transition metal (hydr)oxide-based
nanomaterials among the various OER electrocatalysts have
attracted wide research attention, due to their high intrinsic
electrocatalytic performances. Besides, the earth abundance, ultra-
stability and low-toxicity of transition metal (hydr)oxide-based
materials also make them promising as OER electrocatalysts.
Although these transition metal (hydr)oxide-based nanomaterials
show good OER performances, they usually suffer from relatively
low conductivity. Therefore, to efficiently address this problem,
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some potential strategies have been reported to tune their electro-
nic structure and further enhance their conductivity.'*>*

Recently, introducing vacancy defects into metal (hydr)-
oxide-based nanomaterials has been reported as a promising
method to improve the conductivity. It was found that vacancy
defects can rationally regulate the electronic structures of transi-
tion metal (hydr)oxide-based electrocatalysts, thus improving their
conductivity. Moreover, the adsorption ability with intermediates
over the surfaces of transition metal (hydr)oxide-based electro-
catalysts could also be optimized, leading to lower reaction energy
barriers. In this work, vacancy defects including oxygen vacancy
defects, metal cation vacancy defects and multivacancy defects for
enhancing the OER performances of transition metal (hydr)oxide-
based electrocatalysts are summarized, which may make them
highly efficient candidates for replacing noble metal catalysts for
large-scale electrochemical water splitting.

2. Oxygen evolution reaction

The OER at the anode in water electrolysis involves a four-
electron oxidation process, which is more complex and sluggish
than the HER. To trigger the OER, efficient oxygen evolution
electrocatalysts are generally employed, and an external potential
larger than the theoretical voltage (called overpotential) is
needed.”® Subsequently, the large overpotential and sluggish
kinetics of the OER mainly impede the development of water
splitting technology. On this account, it is of great importance to
synthesize highly efficient OER electrocatalysts to lower its
reaction barrier and accelerate the reaction rate. Understanding
the catalytic mechanism of the OER is very instructive and
meaningful to design advanced electrocatalysts or boost the
performances of existing electrocatalysts.>*"* It is widely recog-
nized that the OER follows different reaction mechanisms in
different electrolytes. When an alkaline solution is employed
as the electrolyte, the reaction equation will be 4OH™ = 2H,0 +
4e” + O,, and the possible reaction steps are shown in Table 1,
where * represents the active site on electrocatalyst surfaces.>**
The first step of the reported reaction mechanisms in an alkaline
electrolyte is adsorption and activation of the OH™ species at the
active site. After that, different intermediate reaction steps occur
depending on the electrocatalysts. The intermediate reaction
step with the highest reaction barrier is regarded as the rate-
determining step, which determines the overpotential of the
OER. For excellent electrocatalysts, the free energies in each
elemental step will be similar.®* In 1984, S. Trasatti, reported a
volcano plot of transition metal oxide electrodes for the OER,
in which RuO, and IrO, were located at the top of the plot
due to their intrinsic electronic structures and outstanding
adsorption of oxygen-based intermediates.*® Therefore, engi-
neering the electronic structures of low-cost transition metal
(hydr)oxide-based nanomaterials for greatly boosting their
performances to replace noble metal-based electrocatalysts is
of great significance.

In acidic or neutral solution, the reaction equation is 2H,0 =
4H" + 4e” + O,, and the corresponding reaction steps are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 OER elementary reaction steps over oxides in alkaline media
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Reaction mechanisms

Elementary reaction steps

Electrochemical oxide path®*
Oxide path®*

Krasil’shchkov path®®

Yeager’s path®®?”

Bockris path®®

summarized in Table 2, in which * represents the active site of
electrocatalysts.*******® In general, the most accepted reaction steps
in acidic media are the electrochemical oxidation path and the
oxidation path. For all the reaction mechanisms in acidic media, the
initial step is the adsorption of H,O molecules and the breaking
of O-H bonds. Because of strong covalent O-H bonds, higher
overpotential is needed to trigger the OER process in acid solution,
and the reaction rate is more sluggish than that of the alkaline
OER process.”*** Following that, different intermediate steps are
observed in diversified reaction mechanisms. Moreover, the electro-
catalysts may undergo reconstruction during the OER under prac-
tical working conditions, which makes it hard to get a deep insight
into the reaction mechanisms. At present, in situ characterization
techniques can help efficiently monitor the surface oxidation state
and detect the local atomic-structure transformation, which have
been useful methods for understanding the reaction mechanism
and identifying the catalytically active sites.**

3. Tuning of (hydr)oxide-based
electrocatalysts with defects

As is known, the defects include vacancies, lattice strain,
dislocation, grain boundaries, and so on. Generally, the charge
distribution, band structure, e, electron filling, and spin

Table 2 OER elementary reaction steps over oxides in acidic media

a)*+OH — *-OH +e~

) *-OH + OH™ — *-O + H,0 + e~
c)2*-0 - 2%+ 0,
)*+OH — *~OH+e~
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) 2%-0 — 2% + 0,
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)

)

)

)

o

a
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(
(
transition of electrocatalysts could be regulated via different
defects.>*™® Therefore, introducing defects into electrocatalysts
is an efficient approach for boosting the intrinsic activity. In this
section, three defect-regulating strategies, including oxygen
vacancy defects, metal cation vacancy defects and multivacancy

defects, are summarized for boosting the OER performances of
transition metal (hydr)oxide-based electrocatalysts.

3.1 Oxygen vacancy defects

Oxygen vacancies with low formation energy are one of the
common anion defects in transition metal-based (hydr)oxides.”®
The electronic structures of electrocatalysts could be regulated
via the introduction of oxygen vacancy defects; therefore, intro-
ducing oxygen vacancies into (hydr)oxide-based electrocatalysts
has been widely employed for enhancing their electrocatalytic
performances in the past years. To introduce oxygen vacancy
defects into transition metal-based (hydr)oxides, efficient synth-
esis strategies (such as NaBH, solution reduction, solvothermal
reduction, radiofrequency plasma treatment and calcination
treatment under a H,/Ar atmosphere) are developed and always
employed. For example, Zheng’s group presented a facile
method (shown in Fig. 2a) for preparing oxygen vacancy-rich
Co;0, nanowires using aqueous NaBH, as a reducing agent.*
The scanning electron microscopy (SEM) image in Fig. 2b shows
that the as-obtained oxygen vacancy-rich Co;0, nanowires have

Reaction mechanisms

Elementary reaction steps

Electrochemical oxide path®*

Oxide path®*

Krasil’shchkov path®®

Wade and Hackerman’s path®’

© 2023 The Author(s). Published by the Royal Society of Chemistry

a)*+H20—>*—OH+H*+e’
b)*OH—>*0+H +e”

a)
b)
2%-0 — 2%+ 0,

)*+H,0 - *OH+H' +e~

) *-OH — *-0~ + H'

*07 > *-O+e”

) 2*-0 — 2* + O,

) 2* + 2H,0 — *O + *H,0 + 2H" + 2e~
) *O + 2*OH — 2* + *H,0 + O, + 2e~

Energy Adv., 2023, 2,73-85 | 75


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ya00281g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 09 2022. Downloaded on 01/08/25 15:01:34.

(cc)

Perspective

NaBH4

In-situ oxygen vacancy formation

Oxygen vacancy =

View Article Online

Energy Advances

' Enhanced
supercapacitor

capacitance
CoOOH

&
)

Pristine Co304 nanowire Reduced Co304 nanowire i \’(
120 mV/decadk B
& %{(c) _u_J_1.65. (d) mVidecade g my/decade < {(e)
g 0] Reduced Co304 E - 72 mVidecade g 121 Reduced Co304 is000
E T Pristine Cos0s o ] E w
H] Eo
— 154 — @
> Pt-C £1.55] é‘
‘2 10 — IrOx ; 2 6 4
é E 2150 — Reduced Co304 85 mV/decade g
= 5 g — Pristine Co304 £, iso00_ .,
] $145] —pt.C 2 isti =
= s s L Pristine Co304 10
30 o —IrOx O
T T T T T 1'40 M L] T T T T T
11 12 13 14 15 16 17 01 1 10 0 1000 2000 3000 4000 5000 6000
Potential (V versus RHE) Current density (mA/cm?) Time (s)
(f) Pristine Co304 ( ) (h)zo
g Oxygen vacancy 19.89
Reduced Co304
_;* E 19 > 19.88 4
©
g 3 g19.87_
e
B 19.86 4
g/ Reduced Co304 B 18 :S’,
§ =] 19851 i i
400 600 800
17 Temperature (K)
Pristine Co304

5 4 3 2 1 0
Energy (eV)
Fig. 2

300 400 500 600 700 800 900
Temperature (K)

(a) Schematic of introducing oxygen vacancy defects into CozO4 nanowires. (b) SEM image of the obtained CosO,4 nanowires with oxygen

vacancy defects. (c) LSV curves and (d) Tafel plots of the CozO4 with oxygen vacancy defects, pristine CozOy, IrO, and Pt/C. (e) Stability of Co304 with
oxygen vacancy defects and pristine CozO4 in 1 M KOH. (f) TDOS and PDOSs of CozO4 with or without oxygen vacancies. (g) Partial charge density of
Co30,4 with oxygen vacancies. (h) Conductivities of the CosO, with or without oxygen vacancies.®® Copyright 2014, Wiley-VCH.

the same morphology as that of pristine Co;0,, indicating that
the morphology structure features are well preserved after
NaBH, reduction. The X-ray diffraction (XRD) patterns demon-
strate that oxygen vacancy-rich Co;O, nanowires are still well
indexed to cubic Co;0,, indicating the preservation of crystal
structure features. The X-ray photoelectron spectroscopy (XPS)
results display new satellite peaks attributed to the Co*" oxida-
tion state in oxygen vacancy-rich Co;0,, suggesting that a por-
tion of Co** has been reduced to Co>" and oxygen vacancies have
been formed. Linear sweep voltammetric (LSV) curves in Fig. 2¢
show that the onset overpotential of the as-obtained oxygen
vacancy-rich CozO, nanowires is about 290 mV, which is
50 mV lower than that of pristine Co;0, and its specific activity
is 7 times higher than that of pristine Co;0, at 1.65 V. Tafel plots
in Fig. 2d display a low Tafel slope of 72 mV dec™ " for oxygen
vacancy-rich Co;0, nanowires, suggesting a more facile charge
transfer after introducing oxygen vacancies. Moreover, the sta-
bility of pristine Co;0, and the oxygen vacancy-rich Co;0,
nanowires is evaluated via chronoamperometric measurements
(Fig. 2e), and the results further demonstrate that oxygen
vacancies can also improve the durability of Co;0, electrocata-
lysts. To explore the effect of oxygen vacancy defects on the

76 | Energy Adv, 2023, 2, 73-85

electronic structures and electrocatalytic performances of Coz0,,
density-functional theory (DFT) calculations are employed.
Fig. 2f exhibits the total densities of states (TDOSs) and the
projected densities of states of states (PDOSs) of Co;0, with or
without oxygen vacancies. The calculated results demonstrate
that new states are generated within the band gap after introducing
oxygen vacancies. The calculated partial charge density in
Fig. 2g shows that oxygen vacancy-rich Co;0, possesses more
delocalized electrons than perfect Co;O,. Furthermore, the
corresponding conductivity (Fig. 2h) of oxygen vacancy-rich
Co3;0, with metal characteristics is much better than that of
perfect Co;0, semiconductors. These results demonstrate that
the oxygen vacancies could lead to new gap states and electron
delocalization, which greatly improve the conductivity and
further drastically boost the electrocatalytic OER activities of
Co30,. Moreover, introducing oxygen vacancies can also con-
tribute to an enhanced stability of the Co;0, catalyst. Zhu et al.
further illustrated that NaBH, possesses strong reducing capa-
city; therefore, the NaBH, reduction approach has been an
efficient strategy for introducing oxygen vacancies into transition
metal-based (hydr)oxide electrocatalysts to boost their electro-
catalytic OER activity and stability.*>*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Afterward, Sun’s group reported a solvothermal reduction
method (Fig. 3a) for preparing single-crystalline Coz0,
nanosheets with oxygen vacancies using ethylene glycol as the
reducing agent.®® DFT calculations revealed that the bandgap
of oxygen vacancy-rich Coz;0, is about 1.74 eV, which is lower
than that of perfect Co;0,4, demonstrating that oxygen vacan-
cies can improve the conductivity. Moreover, oxygen atoms in
Co30, work as active sites for the OER, which gives rise to a
large overpotential of about 2.46 eV (Fig. 3b), while Co atoms in
the oxygen vacancy-rich Co;0, are exposed and serve as the real
active sites for the OER, which could greatly lower the reaction
barrier (2.26 eV). To investigate the oxygen vacancy defects in
the as-prepared Co;0,, XPS measurements and X-ray absorption
spectroscopy (XAS) were carried out. As shown in Fig. 3¢, enrich-
ment of O-vacancies was clearly observed in the O 1s XPS
spectrum of the obtained oxygen vacancy-rich Co;0, nanosheets,
suggesting that more oxygen vacancies were created on the
surface of Coz;O, by this solvothermal reduction method.
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The Co K-edge X-ray absorption near edge structure (XANES)
shown in Fig. 3d displays that the Co valence state in the oxygen
vacancy-rich Co;0, nanosheets is lower than that in Co;0,
because of the existence of O-vacancy defects. In the extended
X-ray absorption fine structure (EXAFS) spectrum (Fig. 3e), it can
be found that the peak intensity of oxygen vacancy-rich Co;0,
nanosheets becomes lower, further suggesting the existence of
oxygen vacancies. The Fourier-transformed data in Fig. 3f reveals
that Co coordination bonds and coordination numbers become
lower after introducing oxygen vacancies, which can contribute
to more dangling bonding and better electrocatalytic perfor-
mances. As expected, these oxygen vacancy-rich Coz;0,
nanosheets showed a noticeable onset overpotential of about
220 mV (Fig. 3g), which is much lower than that of Co30,.
Besides, the oxygen vacancy-rich Co;0, nanosheets displayed a
small Tafel slope of 49.1 mV dec™* (Fig. 3h), which is also lower
than that of Co;04. The improved OER performance and good
long-term stability indicate that oxygen vacancies can indeed
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Fig. 3

(a) Schematic of preparing single crystalline CozO4 nanosheets with oxygen vacancy defects. (b) Free energy diagram of Cos0,4 and CosO4 with

oxygen vacancies for the OER. (c) O 1s XPS spectra of the obtained Cos04 nanosheets and CosO,4 nanosheets with oxygen vacancy defects. (d) Co
K-edge XANES spectra, (e) Co K-edge EXAFS spectra and (f) corresponding k*>-weighted Fourier-transformed pattern of CozO,4 nanosheets and CozO4
nanosheets with oxygen vacancy defects. (g) LSV curves and (h) Tafel plots of the obtained CozO,4 nanosheets and CozO4 nanosheets with oxygen

vacancy defects. Copyright 2018, Wiley-VCH.%*
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enhance the intrinsic activity by regulating the electronic struc-
tures of Co;0,. In addition, Wang and co-workers introduced a
large number of oxygen vacancies on Co;04 nanosheets through
using Ar radiofrequency plasma treatment.®* The plasma treat-
ment technology can also lead to the formation of rough surfaces
and the obtained oxygen vacancies can optimize the electronic
structures of Coz0, electrocatalysts, which contributes to excel-
lent activities and stabilities. Recently, vacancy defective electro-
catalysts have attracted a lot of attention with high current
density for practical applications. Yang’s group prepared an
Fe,P-WO, 4,/NF electrode using an in situ growth method.
The results confirmed that the electronic structures can be
adjusted by introducing oxygen vacancies and the synergy
between Fe,P and WO, q,, which can lead to large current density
for the OER.®® Despite all these, more useful strategies should be
developed to introduce oxygen vacancies into transition metal-
based (hydr)oxides for regulating their electronic structures and
boosting their electrocatalytic performances.®®”°

3.2 Metal cation vacancy defects

Metal cation vacancies is another kind of vacancy defect, which
are similar to oxygen vacancies and can efficiently tune the
electronic properties of transition metal-based (hydr)oxides
electrocatalysts.””* Although metal cation vacancies require
higher formation energy than that for oxygen vacancies, enhan-
cing the catalytic performances via introducing cation vacancies

View Article Online
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has also been widely employed due to the rapid development of
synthetic technologies. The efficient synthesis strategies for
introducing metal cation vacancy defects into transition metal-
based (hydr)oxide electrocatalysts are wet-chemistry strategies,
high-temperature calcination treatment, and leaking metal
cation strategies. For instance, Chen’s group developed one
room-temperature synthetic approach for preparing a cation
vacancy-rich nanocrystalline CoMn;_,O4 electrocatalyst.74 1t
was found that the spinel Co,Mn;_,O, with metal cation (Co
or Mn) vacancies displays optimized electronic structures, which
leads to favorable oxygen-binding abilities and superior electro-
catalytic OER performances. Zhang and co-workers reported a
facile wet-chemistry strategy for growing Fe vacancy-rich ultra-
thin feroxyhyte (3-FeOOH) nanosheets on Ni foam.”” Fig. 4a
displays the optimized crystalline structure of 3-FeOOH with
Fe vacancies, and the reaction energy reveals that the generation
of Fe cation vacancies is thermodynamically favorable. The SEM
image in Fig. 4b shows the networked architecture feature of the
as-prepared 5-FeOOH nanosheets. The TEM image (Fig. 4c)
demonstrates that the nanosheets have an even thickness, and
the HRTEM image (Fig. 4d) suggests exposure of the (001) faces
of §-FeOOH nanosheets and a thickness of about 1.9 nm. Fe
K-edge XANES spectra in Fig. 4e show that the absorption edge of
6-FeOOH nanosheets upshifted, indicating the existence of Fe
vacancies. The corresponding Fourier transforms (Fig. 4f) illus-
trate that the Fe-Fe shell in §-FeOOH nanosheets is reduced to
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(a) Crystalline structure of 8-FeOOH nanosheets with Fe vacancies. (b) SEM image, (c) TEM image and (d) HRTEM image of 3-FeOOH nanosheets

with Fe vacancies. (e) Fe K-edge XANES spectrum and (f) the corresponding Fourier transform of the Fe K-edge EXAFS spectrum. (g) LSV curves for the

OER 1.0 M KOH electrolyte. (h) Comparison of the OER performances over d

ifferent electrocatalysts. (i) Schematic picture of water electrolysis cell and

(j) LSV curve for overall water splitting. (k) Calculated DOS of §-FeOOH without Fe vacancies, and (l) DOS of §-FeOOH NSs with Fe vacancies. Copyright

2018, Wiley-VCH.”®
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1.6, further suggesting the formation of Fe vacancies. Notably,
the 6-FeOOH nanosheets on Ni foam showed excellent OER
performances (Fig. 4¢g and h) in 1 M KOH electrolyte. A low
overpotential of 265 mV was required for 5-FeOOH nanosheets to
achieve a current density of 10 mA cm™>, which is much lower
than that of 3-FeOOH bulk (400 mV). The Tafel slope of 3-FeOOH
nanosheets was calculated to be 36 mV dec™ ', verifying its
favourable kinetics. Moreover, the 3-FeOOH nanosheets also
work well as HER electrocatalysts. Therefore, a two-electrode
electrolyzer with 8-FeOOH nanosheets as both an anode and a
cathode was constructed as shown in Fig. 4i. According to the
LSV curve (Fig. 4j), only a small overpotential of 390 mV is
needed to achieve a current density of 10 mA cm > for water
splitting in the 1 M KOH electrolyte. After the stability test for
60 h, negligible decay can be detected on this &-FeOOH
nanosheets. The effect of Fe vacancies on electrocatalytic perfor-
mances is explored via DFT calculations. The DOS of §-FeOOH
without and with Fe vacancies (Fig. 4k and 1) reveals that the
8-FeOOH nanosheets without Fe vacancies possess a half-metal-

£
Iy
S
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like characteristic. After introducing Fe vacancies, the DOS is
greatly increased near the Fermi level, suggesting that Fe vacan-
cies can contribute to higher conductivity and faster charge
transfer.

Besides, Zou’s group fabricated Co; ,O, electrocatalysts
with Co cation vacancies via an in situ approach.”® The Co
K-edges XANES (Fig. 5a) clearly shows that Co-300 and Co-500
have higher oxidation states, suggesting the lower Co/O ratio
caused by introducing Co cation vacancies. Fourier transforms
in Fig. 5b reveal that Co-300 and Co-500 samples possess a
lower Co coordination number, further demonstrating the
existence of a large number of Co vacancies. As a result, the
as-obtained Cos_,O, with Co vacancies exhibited superior OER
performances to Coz0, (Fig. 5¢) with a lower overpotential of
268 mV at 10 mA cm > and a smaller Tafel slope of 38.2 mV
dec™ in the KOH electrolyte. Besides, Co-300 showed a good
durability for 10000 seconds, and no obvious variations in
Co-defect concentration were observed, suggesting that the
cobalt defects are stable. To investigate the roles of Co cation
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Fig. 5 (a) XANES and (b) correspond

Co-700, IrO, and RuO, samples. (d) TDOS and PDOS of Co30,4 and Co-defected Cos_,O4. (€) Optimized crystalline structures and charge density plots
of Coz04 and Co-defected Cosz_,O4. (f) The configuration of H,O adsorbed on CozO,4 and Co-defected Cos_,O4. (g) and (h) The charge density
differences of H,O adsorbed on Coz0, and Co-defected Cos_,O4. Copyright 2018, American Chemical Society.”®
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vacancies in electrocatalytic performances, DFT calculation was
carried out. As shown in Fig. 5d, the Co;_,0, with Co vacancies
has an increased DOS and a smaller band gap compared to
Co30,, suggesting that the conductivity is improved with Co
vacancies. Fig. 5e and f uncover that Co vacancies could lead to
distortion of neighboring atoms and cause electronic delocali-
zation, which is beneficial to faster charge transport during
reactions. Furthermore, the adsorption energy of H,O over
Co;_,0, is —1.07 eV, lower than that over Co;0, (—0.98 eV),
indicating that Co vacancies can contribute to the adsorption of
H,0. Deformation charge density in Fig. 5g and h shows that
Co;_,O, has stronger interaction with adsorbed H,O than
Co30,4, suggesting that Co vacancy defects are beneficial to
adsorption of H,O and cleavage of H-OH bonds.

3.3 Multivacancy defects

According to the above discussion, oxygen vacancies and metal
cation vacancies can play significant roles in tuning the elec-
tronic structures and enhancing electrocatalytic performances

View Article Online

Energy Advances

of transition metal-based (hydr)oxide materials. It is reasonable
to think that introducing multivacancies including oxygen
vacancies and cation vacancies into one electrocatalyst is a
highly efficient strategy for greatly improving its conductivity
and electrocatalytic activity. In the past several years, many
studies have reported that multivacancies can be employed as
an efficient strategy for boosting the catalytic activities of
(hydr)oxides. For creating multivacancy defects, the efficient
synthesis strategies are the acid etching method, Ar plasma
etching and so on. For example, Peng et al. reported a facile
method (Fig. 6a) for introducing multivacancies (including Co,
Fe and O vacancies) into CoFe LDHs to enhance the OER
electrocatalytic performances.”” The XRD patterns in Fig. 6b
display that the phase information is not changed after acid
etching. The intensities of diffraction peaks are decreased,
indicating that the etching treatment can lead to the introduc-
tion of multivacancies. In Fourier transform of EXAFS for the
Co K-edge (Fig. 6¢), the intensities of Co-O and Co-Co/Fe peaks
are slightly enhanced, suggesting that the interlayer space is
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) Tafel plots of CoFe LDH
OER in 1 M KOH. Copyright 2017, Wiley-VCH.”?
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Fig. 7 Aspects on which attention should be focused for boosting the
OER performances.

increased after acid etching treatment. In addition, the inten-
sities of Fe-O and Fe-Co peaks shown in Fig. 6d largely
decreased, demonstrating the existence of O vacancies and Fe
vacancies. Remarkably, the as-synthesized CoFe LDHs with
multivacancies displayed higher OER activities than CoFe
LDHs. As shown in Fig. 6e, the potential to achieve a current
density of 10 mA cm™? over CoFe LDHs with multivacancies is
1.532 V, much lower than that over CoFe LDHs. Fig. 6f shows
that the Tafel slope of CoFe LDHs with Co, Fe and O vacancies
is about 41 mV dec™?, which is also much smaller than that of
CoFe LDHs. From the Nyquist plots in Fig. 6g, we can find that
the CoFe LDHs with Co, Fe and O vacancies have lower charge
transfer resistance than CoFe LDHs. Moreover, electrocatalytic
performances can be maintained for at least 10 h over the CoFe
LDHs with Co, Fe and O vacancies (Fig. 6h), which is benefited
from altered morphology and electronic structures. Meanwhile,
ultrathin CoFe LDHs nanosheets with multiple vacancies
(including O, Co, and Fe vacancies) were fabricated by Yanyong
et al. using the Ar plasma etching strategy (as shown in
Fig. 6i).”> The SEM images clearly show that the bulk CoFe
LDHs are exfoliated into ultrathin LDH nanosheets by Ar
plasma etching. The Fourier transforms of EXAFS (Fig. 6j and k)
show that the CoFe LDH nanosheets with multivacancies have
lower oscillation amplitude and a lower coordination number of
Co (Fe)-O than CoFe LDHs, suggesting the formation of O
vacancies, Co vacancies and Fe vacancies. The electrocatalytic
OER performances in Fig. 61 and m manifest that CoFe LDH
nanosheets with including O, Co, and Fe vacancies are more
active (a lower overpotential of 266 mV at 10 mA cm > and a

View Article Online
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smaller Tafel slope of 37.85 mV dec™') than CoFe LDH
nanosheets. Remarkably, the CoFe LDH nanosheets can show
negligible degradation after 2000 CV cycles. Moreover, a water-
plasma-enabled exfoliation method was also reported to prepare
the ultrathin CoFe LDH nanosheets with multivacancies (Co, Fe
and O vacancies).”®

4. Conclusions and outlook

In this review, three state-of-the-art defect-tuning strategies are
summarized, including oxygen vacancy defects, metal cation
vacancy defects and multivacancy defects, to regulate the
electronic structures, improve the conductivity and boost the
OER performances of transition metal (hydr)oxide-based electro-
catalysts, which are crucial to develop efficient electrocatalysts
for water splitting. The regulated electronic structures of transi-
tion metal (hydr)oxide-based electrocatalysts by introducing
defects can greatly improve the conductivity, resulting in an
optimized adsorption ability with intermediates and a lowered
reaction energy barrier of the OER. Although defect-tuning
strategies open a new avenue for boosting the electrocatalytic
performances of low-cost transition metal (hydr)oxide-based
nanomaterials, making them promising candidates for replacing
noble metal catalysts for large-scale electrochemical water split-
ting is still a big challenge. As shown in Fig. 7, several challen-
ging aspects on which attention should be focused are listed.

(i) Introducing stable vacancy defects into electrocatalysts
using facile methods is the chief task. As mentioned above,
defects can regulate their electronic structures, which can work
well as a powerful strategy for boosting the OER performance of
transition metal-based (hydr)oxides (Table 3). However, synthesiz-
ing ideal electrocatalysts to replace noble metals for the OER is still
a big challenge. Thus, more efficient strategies should be developed
to introduce stable vacancy defects into the OER electrocatalysts to
further enhance their electrocatalytic performances.

(ii) Fundamental investigation of the electronic structure—
property relationship and electrocatalytic mechanism is neces-
sary, which provides guidance for synthesizing novel advanced
electrocatalysts or optimizing the existing electrocatalysts for the
OER. However, accurately exploring the structure-property rela-
tionship and electrocatalytic mechanism is still one challenging
issue. At present, DFT calculations combined with advanced
in situ characterization techniques are promising methods to
explore the electrocatalytic mechanism.”®** For example, in situ

Table 3 OER performances of different vacancy defect regulated electrocatalysts

Defects Catalysts Electrolyte ~ Overpotential at 10 mA cm > Tafel slope (mV dec™')  Stability (h)  Ref.
Oxygen vacancy defect Reduced Co30,4 1 M KOH — 72 1.67 60
0-Co30, 1M KOH — 49.1 15 63
CoO,4 h 1 M KOH 306 67 2.78 1
Metal cation vacancy defect =~ 5-FeOOH NSs/NF 1 M KOH 108 68 60 75
Co-300 1M KOH 268 38.2 2.78 76
NiAl;P 1 M KOH 256 76 — 79
Multivacancy defect CoFe LDHs-Ar 1 M KOH 266 37.85 2000 cv 72
E-CoFe LDHs 1 M KOH 300 41 10 77

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Raman spectroscopy, XAS, and isotope labelling experiments,
could give atomic-level insights into the reaction mechanism.

(iii) Replacing the as-prepared electrocatalysts with noble
metal-based electrocatalysts is also very urgent for large-scale
water splitting. To meet the requirements for practical applica-
tion, the as-prepared electrocatalysts with defects should have
the following characteristics: (1) excellent durability in harsh
electrolytes and under high potential conditions, enabling
electrocatalysts to possess a long-term working life; (2) excellent
electronic conductivity that facilitates electron transfer during
the electrocatalytic reaction; (3) appropriate adsorption ability
that contributes to the adsorption and desorption of intermedi-
ates; (4) low cost and environmental friendliness, which are
crucial for large-scale application.
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