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Recent Progress on Surface Reconstruction of Earth-
Abundant Electrocatalysts for Water Oxidation

Yaoyao Li, Xinchuan Du, Jianwen Huang,* Chunyang Wu, Yinghui Sun, Guifu Zou,

Chengtao Yang,* and Jie Xiong*

As one important electrode reaction in electrocatalytic and photoelectro-
chemical cells for renewable energy circulation, oxygen catalysis has attracted
considerable research in developing efficient and cost-effective catalysts.

Due to the inevitable formation of oxygenic intermediates on surface sites
during the complex reaction steps, the surface structure dynamically evolves
toward reaction-preferred active species. To date, transition metal compounds,
here defined as TM-Xides, where “X” refers to typical nonmetal elements

from group IlIA to VIA, including hydroxide as well, are reported as high-
performance oxygen evolution reaction (OER) electrocatalysts. However, more
studies observe at least exterior oxidation or amorphization of materials. Thus,
whether the TM-Xides can be defined as OER catalysts deserves further discus-
sion. This Review pays attention to recent progress on the surface reconstruc-
tion of TM-Xide OER electrocatalysts with an emphasis on the identification of
the true active species for OER, and aims at disseminating the real contributors
of OER performance, especially under long-duration electrocatalysis.

1. Introduction

Electrocatalytic water splitting for hydrogen generation is
regarded as one of the most promising renewable energy tech-
nologies to convert solar energy into clean chemical fuel.l!l The
whole water splitting contains two half electrode reactions: the
hydrogen evolution reaction (HER) and the oxygen evolution reac-
tion (OER).2 Compared to two-electron HER, the four-electron
OER with higher overpotential has been the main limiting factor
to the efficiency improvement of electric energy conversion.?]
The well-developed noble metal-based materials performed
excellent OER activity but suffer from high cost and imperfect
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stability, such like RuO,/IrO,. Since non-
noble transition metals possess advan-
tages of low cost, various oxidation states
and ligands, considerable groups have
developed earth-abundant materials for
electrocatalytic OER. Here “X” refers to
typical non-metal elements B, C, N, O,
P, S, and Se from group IIIA to VIA, as
well as hydro. Notably, the catalytic perfor-
mance of these TM-Xides with the advan-
tages of 3D structure even surpasses that
of benchmark IrO, and RuO,.! More than
that, TM-Xides are further demonstrated
to be bifunctional for both HER and OER.
The stable long-time operation measure-
ment without obvious performance decay
completely demonstrates the advantages
of corresponding materials.

However, in more cases, the surface
reconstruction of post-OER (i.e., after OER
reaction) catalysts is observed. As a result,
what contributes to the activity of TM-Xides during OER elec-
trolysis attracts more attention.l’) From the perspective of fact,
it is necessary to make certain what is the real surface catalytic
environment. Although there are lots of ex situ characteriza-
tions toward post-OER electrodes, the results may be inequable
to the real case during catalysis.

Recently, various in situ characterizations are performed
to identify the surface active species using Raman, X-ray
photoelectron spectroscopy (XPS) and transition electron
microscopy (TEM).®l These operando techniques record
the evolution of surface structure and investigate the phase
transition process.’] Thus the debate against the true OER
catalysts tends to reach an acceptable and believable results.
An understanding of the difference between electrochem-
ical stability (described at a stable current or potential) and
chemical stability (the material property) deserves a clear dis-
tinction. As Prof. Mullins and Prof. Jin pointed, the change of
catalyst surface means the real identification of starting mate-
rials needs to be redefined.l®!

In this review, we will highlight the surface reconstruction
of TM-Xides as OER catalysts and distinguish the chemical
composition change hidden under long-time electrochemical
stability. Corresponding modified electrochemical data are
also discussed accompanied with the surface reconstruc-
tion to help determine the beneficial effects. Although there
are cases describing the OER process without clear structure
changes due to special structural effect, the general principles
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are in demand for further studies about OER electrocatalysis.
A deeper understanding can help establish better standards for
describing the OER activity of materials.

2. OER Mechanism, Evaluation, and Surface
Reconstruction

2.1. Mechanism

Oxygen evolution reaction is the anode reaction of overall
water splitting. The reactions are different under acid and basic
solutions (Equations (1) and (2), E° is the thermodynamic
potential). Specific reaction processes involve some adsorption
intermediates at catalytic sites, like OH*, OOH¥*, and O* both

in acidic and alkaline conditions (Equations (3)—(10)).
Reaction in acidic solution

2H,0, = Oy + 4H" +4e” E°=-123V (1)
Reaction in basic solution
40H™ — O, +2H,0() + 4e” E°=-0.40V ()

Four-electron process in acidic solution

H,0p — OH* +H" +e” (3)
OH* - O* +H" +¢ (4)
O* +H,0,, — OOH* + H" +e” (5)
OOH* — Oy, + H" +e” (6)

Four-electron process in basic solution

OH™ — OH* +e~ (7)
OH™ +OH* — O* + H,0, + e~ (8)
O* +OH™ — OOH* +e” )
OOH* +OH™ — O, + H,0p + € (10)

We know that acidic electrolyzer possesses large output cur-
rent, but to date developed efficient OER catalysts in acidic
solution are Ru/Ir oxides or alloys. Carbon-based materials are
a group of materials that show promising application if the
performance could be further boosted. Other materials suffer
severe oxidation and corrosion under long time operation.

Although there is a general reaction path in adsorbates
evolution mechanism, when considering different struc-
tural features in specific materials, new mechanisms like
lattice O participated mechanism are proposed. Involving
concrete catalyst, the participation of lattice O may occur on
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different steps. For example, Xu's group suggests a lattice
oxygen oxidation mechanism for direct O-O coupling on
Zn,,CoygOOH catalyst.’) Compared to catalytic mechanism,
active center is another key point needing identification. From
the perspective of thermodynamic stability, oxide or hydroxide
is the most stable state under aqueous solution. To TM-Xides,
the irreversible surface oxidation and structure transforma-
tion generates the metal oxyhydroxide. To perovskite oxides,
the surface O vacancy plays as the active center with negli-
gible structure change related to the low structure flexibility.
Additionally, to evaluate the activity of catalysts using a unform
and regular index, some descriptors are concluded based on
the empirical formulas, such as d-band center, ¢, filling degree,
and adsorption energy. In some cases, when adjacent atoms
jointly contribute to the multistep catalytic process, adsorption
energy could be regarded as a more proper activity discriptor
for the whole reaction.
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2.2. Evaluation

Normal evaluation method toward OER includes the following
parameters: overpotential (1), Tafel slope (b), stability, Faradic
efficiency, and turnover frequency (TOF). Multi-criteria could
lead to an equitable evaluation on OER performance.

The actual applied potential (E) in electrolysis is higher
than E° in order to overcome kinetic energy barrier of cata-
lyst. Overpotential (1) is the difference value between E and
E° expressed in Equation (11). The reported 1;, in most works
is the overpotential value to reach a current density (j) of
10 mA cm™2 Theoretical calculation formula (Equation (12))
derived from Nernst equation further explains the relation
between E and E° (at 298.15 K and 1 atm situation). In the
equation, n is the electron-transfer number of redox reaction,
Co and Cy are the concentrations of oxidized and reduced
ions respectively

n=EE° (1)

E=E° +(—0'°:92) g% (12)
R

nN=a+blgj (13)

The correspondence between logarithmic j and linear 1 can
be depicted in a Tafel plot, and the linear part of it can further
be fitted to Equation (13), where b refers to Tafel slope. Tafel
slope indicates OER reaction rate, i.e., the increasing rate of j
under the same potential rise.

Stability is an important indicator of OER performance.
It could be demonstrated by time-dependent current (I-t) or
potential measurement and cyclic voltammetry (CV) measure-
ment for a long-time electrolysis.

Faradic efficiency refers to the desired charge utilization rate
of catalyst. For OER, it can be expressed by the ratio of detected
oxygen amount to the delivered total charges under a time-
dependent potential or current measurement.

Turnover frequency is the efficiency of every active site per
unit time. Accurate calculation of TOF is difficult to realize
because accessible catalytic sites are just a portion of total mate-
rials. Effective method to obtain the precise number of surface
reacting sites has been sought by many groups. TOFs based on
total catalytic species still have reference values among similar
materials.

Standardized measurement criteria have been established to
provide a fair evaluation of OER performance. In a three-elec-
trode system, corresponding linear sweep voltammetry (LSV),
CV, chronoamperometry (CA), and chronopotentiometry (CP)
measurements are performed to analyze the electrochemical
performance of OER catalysts. However, the typical electro-
chemical curves usually undergo high anodic potential or large
current density. As a result, the structure transformation-related
signals are hidden. It is hard to distinguish difference and iden-
tify internal changes from rough measurements. According to
these discussions, it is necessary to apply operando measure-
ments to track the fleet changing of structure and potential
intermediate state.
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2.3. Surface Reconstruction

Larger coverage range of applied OER potential than the
redox potential range of catalysts is the main reason for
surface oxidation. Variable catalytic conditions, such like pH,
temperature, and pressure, could modulate specific redox
potentials and kinetics hence leading to multiple oxide products.
It was suggested that high pH could facilitate reconstruction./”?
Considering this fact and easy dissolution of TM-Xides in acid
electrolyte, we mainly focus on the discussion in basic medium
if not specially mentioned. And respective types of electrolyte,
oxide product, and active species of TM-Xides discussed in
following sections are tabulated and listed in Table 1.

Besides the changes from external OER conditions, structure
variations of materials themselves would also induce differ-
ences in oxide products; especially the local structure changes
like defects play a non-negligible role in reconstruction. This
can still be attributed to the modulation of oxidation kinetics.

Catalytic reaction happens at the interface of catalyst surface
and electrolyte, being significantly influenced by surface states.
The specific role of surface reconstruction observed in recent years
further implies the necessity of in situ analyses on materials and
modulations of surface structure aiming at improving OER perfor-
mance and confirming the real catalytic active site. Catalyst expe-
riencing surface reconstruction in this review is called precatalyst.

Due to the harsh catalytic condition of OER, it is a great chal-
lenge for OER catalysts to maintain complete structure integrity
after electrolysis. Taking noble-metal catalysts as an example,
surface oxidation and dissolution of noble metal-based catalysts
were noticed early in last century.'% Dissolution of noble metals
is a restrictive focus, with worse anticorrosion than their corre-
sponding oxides and faster dissolution rate in base than in acid.
And oxidation level of noble metal-based materials depends
on applied potential range. Dissolution rates rank as following:
Ru > Ir > RuO, > Ir0,, independent of the electrolyte.l'!] Selective
dissolution realized by alloying could lead to a better stability by
sacrificing Ru on the surface of Rug;lry s alloy.!¥ Formation of
IrV was suggested to facilitate the deprotonation of OOH and
subsequent oxygen formation.'’! High valence state noble
metal ions are unstable to exist for a long time during OER.
Unstable Ru¥Y™ and Ir¥! would form on Ir,Ru;_,O, surface both
in acid and base, which then dissolved or regenerated to lower
state ions quickly.! RuO, probably formed on the surface and
dissolved quickly at a high potential above 1.45 V versus
reversible hydrogen electrode (RHE).["”)

To reduce the high cost of catalyst from noble metal, non-
noble metal catalysts are developed. Monometallic nanomate-
rials or multi-metal alloys are prepared as one family of OER
catalysts. An oxide layer could easily form on the surface of
TMs in alkaline solution. The main valence states of active
metal ions on surface during OER will vary with different metal
elements. Taking most common Ni, Co and Fe as examples,
main existed states are Ni'll, Co!V, and Fe!, respectively.'®
Reaction steps of metallic Co and Ni with the rise of potential
are expressed as Equations (14)—(23) (Fe has a similar oxidaion
process to Co). CoO, is unstable and will reverse to Co;0,
without applied high potential.'’} B-NiOOH phase will irrevers-
ibly convert into »NiOOH phase with a higher average valence
state via overcharging.['8]
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Table 1. The respective type of substrate, electrolyte, oxide product, active species, and reference of catalysts discussed in this review.

Catalyst Substrate Electrolyte Oxide product Active species Ref.
Chalcogenide

NiS Ni Foam 1.0 m KOH NiOOH NiOOH@NiIS [27]
Ni3S, Ni Foam 0.1 m KOH Hydrated Ni oxide Ni%/1+/2¢ Jhydrated Ni oxide [26]
Ni,Co;3_,S4/Ni3S, Ni Foam 1.0 M KOH Ni—Co (oxy)hydroxide Ni—Co (oxy)hydroxide [28]
NiCoS Ti;C, T, 1.0 m KOH NiCoOOH NiCoOOH [29]
MoS,/Ni3S, Ni Foam 1.0 m KOH NiO NiO/MoS, [22¢]
CoS, GCE? 1.0 m KOH CoOOH CoOOH [23]
Coy,Ni,S, NGA® 1.0 M KOH Co-Ni (hydro)oxide Co-Ni (hydro)oxide/Co;_,Ni,S, [38]
NiSe Ni foam 1.0 m KOH NiOOH, SeO, NiOOH [31]
NiSe Ni foam 1.0 m KOH NiO NiO@NiSe [36]
Fe—NiSe FeNi foam 1.0 m KOH Ni(Fe)OOH, SeO, Ni(Fe) OOH [32]
(Nig7sFeq2s)Se; CFC 1.0 m KOH Ni,_,Fe,O0H Ni;_,Fe,OOH 34]
(Ni, Co)ggsSe CFC 1.0 m KOH ¥-NiOOH ¥NiOOH 135]
NiSe,, CoSe, GCE 1.0 m KOH NiOOH, CoOOH NiOOH, CoOOH [37]
Pnictide

CoP/C GCE 0.1 m» KOH Co-oxy/hydroxide, PO,3~ Co-oxy/hydroxide [45]
Ni,P GCE 1.0 m KOH NiO, NiO, [47]
Ni P40, CFC 1.0 m KOH Ni oxy/hydroxide Ni oxy/hydroxide, Ni,P,O, [41¢]
NisP4, Ni,P GCE 1.0 m KOH Ni hydr/oxide, phosphate Ni hydr/oxide [46]
Ni-pP None 1.0 m KOH NiO/Ni(OH), NiO/Ni(OH), 48]
FeP/Ni,P Ni foam 1.0 m KOH Ni/Fe oxyhydr/oxide Ni/Fe oxyhydr/oxide [4e]
FeCoNiP CNFY 1.0 m KOH (Oxy)hydroxide (Oxy)hydroxide [55]
CoN Ni foam 1.0 m KOH Co;0, Co;0, [49]
CouN CFC 1.0 m KOH CoO, CoO, [40a]
CoypsaN GCE 0.1/1 m KOH CoOOH CoOOH /Coyy3 4N [50]
Ni;N GCE 1.0 m KOH NiOOH NiOOH/Ni;N [57]
Mn;N, FTO®), Ni foam 1.0 M KOH MnO, MnO, [51]
Carbide

Mo,C csh 1.0 m KOH Mo oxide Mo,C [59]
Mo,C Ni foam 1.0 M KOH Mo oxide Mo oxide [60b]
Ni-Mo,C NC) 1.0 M KOH NiOOH, Mo oxide NiOOH [61]
Co-Mo,C GCE 0.1 m KOH CoOOH CoOOH [62]
CosC GCE 1.0 m NaOH CoO, CoO, [40b]
Boride

Co,B GCE 0.1 m KOH CoOOH CoOOH [65]
FeB, GCE 1.0 m KOH FeOOH FeOOH [67]
Coypy3B CFP)), GCE 0.1/1 m KOH Co30,, COOOH, B oxide CoOOH [68]
NiFeB GCE 1.0 m KOH %NiOOH, B-FeOOH ¥-NiOOH, B-FeOOH 169]
Ni-B, FTO 1.0 m KB/ Ni** (NiOOH like) Ni** (NiOOH like) [70¢]
Ni-B; Au Film 0.1 M KB, N6+ N6+ 71
LiCoBPO, NaCoBPO FTO, Ni foam 1.0 M KOH Co(OH),/CoOOH/Co0, Co(OH),/CoO0H/Co0, 73]
Oxide/Hydroxide

o-Ni(OH), GCE 0.1 m KOH ¥NiOOH ¥NiOOH [74a]
B-Ni(OH), GCE 1.0 m KOH B-NiOOH B-NiOOH [74b]
o-Ni(OH), GCE 1.0 M KOH ¥NiOOH ¥NiOOH [75]
NiFe-OH-F Ni foam 1.0 m KOH NiFeO, NiFeO, [76]
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Catalyst Substrate Electrolyte Oxide product Active species Ref.
NiCoO,H, FTO 0.1 m KOH NiOOH-h-CoO, NiOOH-h-CoO, [77]
sAu/NiFe LDH Ti mesh 1.0 m KOH NiOOH NiOOH [78]
Tannin-NiFe LDH CFP 1.0 M KOH Ni,Fe; O,H, Ni,Fe; O,H, [79]
Co;04 Au 0.1 m KOH Co** Co** [81]
Co;0,4 GCE 0.1 m KP#) CoO,(OH), CoO,(OH), [82a]
Ni—Co oxide FTO 1.0 m NaOH NiOOH NiOOH [83]
ZnCo, ,Nig 304 GCE 1.0 M KOH NiOOH NiOOH 184]
BSCF82 GCE 0.1 m KOH Co304-like Co304-like [85]
BSCF GCE 0.1 m KOH CoO(OH), FeO(OH) CoO(OH), FeO(OH) [86]

AGlassy carbon electrode; PNitrogen-doped reduced graphene oxide aerogel; 9Carbon fiber cloth; 9Carbon nanofiber; ®Fluorine tin oxide; "Borate; ®Phosphate;

P Carbon sheet; 'N-doped graphene/carbon nanotube hybrid; )Carbon fiber paper.

For metal-organic complexes, tunable coordination envi-
ronment and structure make them potential materials for
OER. Designing specific structure of metal-organic complexes
could help investigate the mechanism for OER. The unstability
resulted from easy dissociation of organic ligands during elec-
trocatalysis could expose inner active metal species or facilitate
oxy/hydroxide formation. For example, tannic acid in tannin—
NiFe complex film could leach out from the surface and expose
the inner Ni,Fe; ,O,H, active sites to improve activity."”]
The precursor role of metal organic complex to form active
hydroxide was suggested to be more important than stability
during OER, i.e., functioning as a platform for real active sites’
formation[2¥

Co+OH™ — CoOH +e~ (14)
CoOH + OH™ — Co(OH), +e” (15)
Co(OH), + OH™ — CoOOH + H,0 + e~ (16)
3Co(OH), +20H" — Co,0, + 4H,0 +2e” (17)
Co;0, + H,0+OH™ — 3CoOOH +e” (18)
CoOOH + OH™ — Co0, + H,0+e” (19)
Ni** +30H™ <> NiOOH + H,0 + e~ (20)
NiOOH + OH™ ¢ NiO(OH), +e” (21)
NiO(OH), + 20H™ ¢ NiOO, +2H,0 + 2¢ (22)
NiOO, + OH™ — NiOOH+0, + e~ (23)

Considering the multi-type of TM-Xides, we will detailedly
discuss the structure evolution of TM-Xides in the following sec-
tions. Here, it could be concluded that the evolution phenomenon
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is tending to achieve a same result with oxide or (oxy)hydroxide
covering the external surface. This is revealed by various char-
acterization methods, like TEM, XPS, and Raman. Such results
exhibit well agreement with the thermodynamic rules.

3. Group VIA X: Chalcogenide

TM-Xides, where X from group IIIA to VIA are classified here
for detailed discussions. The structure, performance, and
activity mechanism are investigated and concluded for rational
evaluations toward OER electrocatalysts. In this section, 2D
chalcogenides are firstly emphasized due to their special struc-
ture and electronic properties.

Chalcogenide is an important group of electrocatalyst family
for water splitting.?!l The most reported metal chalcogenides
with remarkable catalytic performance for OER are the cobalt-
based or nickel-based chalcogenide materials. Interestingly, a
number of groups have noticed the surface oxidation of metal
chalcogenide catalysts during OER via surface analysis tech-
niques such as XPS, TEM, and Raman spectrum,??! especially
the in situ analysis applications directly observing the evolution
of morphology and structure during OER process to identify
the real active sites.?)! Additionally, theoretical calculations are
performed to investigate the specific atomic configurations
to discuss the possible reaction mechanism according to the
experimental results. Furthermore, by comparing the perfor-
mances of multi-metal chalcogenides to that of monometallic
chalcogenides, it is found that bimetallic or multi-metal chal-
cogenides show better activity, indicating the important role of
metallic synergistic effect for OER.24

3.1. Structure Transformation

Usually, X-ray diffraction (XRD) is a simple and valid method to
distinguish crystal structure of materials. However, due to the
very thin and low-crystallinity of formed oxy/hydroxide layer on
catalyst surface, it could be difficult to be detected by XRD.[]
We could only observe a clear decline of diffraction peaks and
speculate the possible decomposition. Thus diverse analysis
techniques are developed to demonstrate the structure change.
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For example, the formation of nickel oxide species on the surface
of Ni3S, grown on Ni foam (Ni;S,/Ni) was revealed via post-OER
scanning electrochemical microscopy (SEM) and XPS anal-
yses.2%l After CV measurement, the high-resolution XPS peak of
Ni3S, at 852.7 eV disappeared with a decreasing intensity ratio of
primary peaks (855.2, 872.7 eV) to satellite peaks (860, 879 eV)
simultaneously, which meant the appearance of high valence
oxide species, while it was not detected in the XRD results. The
similar phenomenon was also noticed by Zhu et al. in their
work about NiS microsphere film.?’I After 20 h stability test at
290 mV, the thin NiOOH layer on the surface of NiS was further
confirmed by Raman spectra. Besides obtaining evidence from
the spectroscopy method, micrology methods like SEM and TEM
directly provide visual features of structural evolution. Wu et al.
noticed the total conversion of monodispersed Ni,Cos_,S, nano-
particles into amorphous oxy/hydroxide layer (underlying Ni;S,
partially preserved) in TEM, after a robust OER stability test for
30 h at 1 = 160 mV under I—t mode.”®! Disappearance of Ni/
Co—S bonds and positive shifts of Ni/Co 2p peaks in XPS proved
the oxidation of NiCoS/Ti;C,T, [T, is —(F,) or —(OH), surface
terminal group] (Figure 1a).?") The morphology transformation
from nanosheets into nanoparticles of NiCoS exhibited absolute
structural reconstruction. The in situ formed thin NiO layer with
a lattice distance of 0.21 nm and a thickness of 12.6 nm on Ni;S,
surface were revealed by TEM investigations.??d On the other
hand, high crystallinity oxyhydroxide species could be detected
via XRD. The diffraction peaks of crystallized CoOOH oxi-
dized from amorphous CoS, could be clearly observed in XRD,
which was also revealed by selected area electron diffraction
(SAED) patterns.?*l Especially, a pseudo-in situ TEM and energy
dispersed X-ray spectroscopy (EDS) analysis showed a clear
surface evolution of CoS, in alkaline solution via anodization
at 10 nA for different times. When the time increased from
0 to 12.5 min, oxygen became enriched on surface, along with
the reduction of cobalt or sulfide concentration (Figure 1b—d).
Step-by-step phase evolution was further illustrated by CP test
at 0.5 mA cm™ without any pre-activation process or treatment
(Figure 1le). CoS, firstly converted into Co(OH), intermediate
(<0.6 h), then Co(OH), converted into CoOOH and accom-
plished until =1.1 h. Inconsistent with the stable curve in CP test
at 10 mA cm™2, potential measured at 0.5 mA cm~ was rising
until 1.1 h. Researchers suggested that pre-activation treatment
or high applied current density could accelerate COOOH forma-
tion, sequentially resulting in an unawareness of intermediate
formation during OER. OER stability performance in literatures
may need to be reconsidered based on this phenomenon. As it
is aforementioned, a robust performance of catalyst during OER
stability test does not mean that structure integrity is maintained
before and after the OER process.

To selenide, surface phase transition not only includes oxy/
hydroxide formation, but also contains conversion to selenium
oxide.’¥! By comparing the XPS signals of Se on NiSe nano-
wires from the air-exposed sample before OER and the post-
OER product, a stronger oxidation peak of SeO, was detected
after OER electrocatalysis, consistent with the increased peak
intensity of Ni oxides.!l Inductively coupled plasma mass spec-
trometry (ICP-MS) measurements showed a degradation of Se
during OER operating for 24 h at 500 mA cm?, with a final dis-
appearance of it and an enrichment of SeO,, in XPS spectra.’*?!
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In addition, it is worth noting that the crystallinity of in situ
formed oxy/hydroxides on catalyst surface is different among
various works. In many cases, it is amorphous.?®33 The forma-
tion mechanism of that still needs further studies. The formed
Ni(Fe)OOH skin on Fe-doped NiSe nanoflake arrays was con-
firmed to be amorphous.’? Similarly, Ni;_,Fe,OOH formed
on (NijsFeq,s)Se; nanosheets had a low crystallinity based on
the broad peak in post-XRD.** Nevertheless, in some cases, it
possesses crystalline structure. Xia et al. found that the NIOOH
covering the (Ni, Co)ygsSe nanotube arrays was y phase.*’
Additionally, NiO also tended to form during catalysis in Ni-
based materials.[¢229 Here, we also highlight that the degree of
oxidation transformation reaction highly depends on operation
time under high oxidizing potential. It was reported that the
proceeding time of surface Co/NiOOH formation started at the
onset value of OER.”l While the oxidation of Ni-doped CoS,
integrated on N-doped reduced graphene oxide aerogel (CNS-
NGA) was suggested to begin until long-term test.3¥l These
may be related to the anti-oxidation ability of different mate-
rials. In the meanwhile, from the thermodynamic perspective,
it can be concluded that the ending state of most OER catalysts
is the oxide within sufficient time.

3.2. Mechanism

Gradually, the formed metal oxy/hydroxide is identified as
the main active species for high OER catalytic activity, while the
roles of other parts of catalysts lack enough attentions for the
performance.’” For example, there is no rational explanation
for the influence of increased content of formation of SeO, on
the surface. Some works noticed that the external oxy/hydroxide
layer reached a relatively steady state during proceeding OER
stability test.*l It is suggested that the formed oxide shell could
protect inner structure against the further oxidation. It may be
possible that the formed SeO,, could be adsorbed on the edge or
layer of hydroxide. Thus a few SeO, could exist and be detected.
The coexistence of these oxide species may contribute to the
electronic transfer or surface hydrophilicity under long-term
stability, which possibly deserves further research.

As quantities of works suggested, the synergetic effect
between surface oxy/hydroxide and the inner unoxidized
material is crucial to OER performance. Due to the in situ for-
mation process, the strongly coupled interface between upper
oxy/hydroxide and inner chalcogenide facilitates the charge
transfer from active sites to conductive substrates. Notably, good
conductivity greatly contributes to high OER performance. In
order to make this theory more persuasive, the activity com-
parison between metal chalcogenide and metal oxy/hydroxide
catalysts was performed. When Ni—Co oxide and hydroxide
catalysts were prepared alone, the surface oxidation reaction
did not achieve such better activity, because the underneath
sulfide/selenide was conductive and could improve the elec-
tron accessibility of surface active sites.”®] From this standpoint,
engineering of special structures like core—shell framework or
interface combining outside oxy/hydroxide layer and inner
chalcogenide core were also synthesized by some groups as an
efficient way to enhance OER activity. The in situ formed NiO/
MoS, from pristine MoS,/Ni;S, heterostructure was favorable
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Figure 1. a) XPS spectra of Ni 2p, Co 2p, and O 1s of NiCo—LDH/Ti;C,T,, NiCoS/Ti;C,T,, and post-OER NiCoS/Ti;C,T,. Reproduced with permission.?°l
Copyright 2018, American Chemical Society. HAADF images and EDS mappings of CoS, b) before OER and c) after OER for 12.5 min. d) O, S, and Co pro-
portion variation on time during OER. e) CP curve of CoS, at 0.5 mA cm2. Reproduced with permission.?*l Copyright 2018, American Chemical Society.

for OER catalysis.l?>l Density functional theory (DFT) calcu-
lations were further performed to investigate the adsorption
free energies of H and OH intermediates. MoS, could easily
chemisorb H, while NiO or Ni3S; could easily chemisorb OH.
This led to decreased energy barriers for water dissociation and
faster conversion of reaction intermediates. Thus the structure
effect improved the OER activity (Figure 2a). The synergetic
effect was also supported by other DFT calculations of multistep
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reaction energy barriers and charge distribution analyses. Four-
electron OER steps corresponding to adsorptions of OH*, O,
OOH¥*, and O, (expressed in Equations (7)—(10), respectively)
were spontaneous in Ni-doped CoS, integrated on N-doped
reduced graphene oxide aerogel (CNS-NGA) except for step III
(Equation (9)) (bias voltage was 1.23 Vpyg), and the main reac-
tion sites changed compared with CNS.3® Charge distribution
region became larger in CNS-NGA, namely the delocalization
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Figure 2. a) Chemisorption models and energies of H/OH intermediates on MoS,, Ni3S,, NiO surfaces, or heterostructures coupled by them. Atoms
in yellow, green, blue, white, and red represent S, Mo, Ni, H, and O, respectively. Reproduced with permission.?>l Copyright 2016, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim. b) Calculated adsorption energy landscapes for CNS and CNSO with U = 0/0.7 V. Steps |, I1, Ill, and IV correspond to
formation of OH*, O*, OOH?*, and O, respectively. c) Evolution of work function and oxidation energy of CNS versus oxidation mole ratio at S sites.
d) OER pathways at CNS and CNSO borders. Reproduced with permission.8 Copyright 2018, American Chemical Society.

through the whole catalyst. A strong hybridization between N reducing contact resistance. The respective role of Co, S, Ni, N

2p and Co 3d orbits existed according to density of states (DOS)  atoms was illustrated. S atoms were the main reaction sites for
plots, forming covalent bonds that promote charge transfer by  steps I (Equation (7)) and II (Equation (8)) and could easily lose

Small 2019, 15, 1901980 1901980 (8 of 18) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85U8017 SUOWILLIOD @A 18810 3|ceol dde 8Ly Aq peuseob ae sajoie YO ‘85N JO s3I0} ARIqiT8UIIUO AB|IM UO (SUOTIIPUOO-PUR-SWLBIA0D" A8 1M ARed] 18U [UO//:SANY) SUORIPUOD pUe Swid | 8u188S *[7202/60/T0] Uo AriqiTauliuo (1M ‘iuonde(3 JO AisieAlun Ad 086TO6TOZ |IWS/Z00T OT/I0pA0D" A8 1M Ake.d 1 jpuluo//:Sdny Wwouy pepeojumod ‘Se ‘6T0Z ‘62895TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

il

www.small-journal.com

16 CoP, Vireate
a b — cycled 1.0-1.8V /|
— cycled 1.0-1.5V |
12 - |
3
s
£ o :
g a
E o it B
2 —cycled 1018V £
—cycled 1.0-1.5V
0.0 Co K edge o
T 7720 7730 7740 145 140 135 130 125
Energy (eV) Energy (eV)
e~
= .
=
= Ni 2p 1
£
©
-
0
2
f =
-t
2 WW
o
890 880 870 860 850 840

Binding energy (eV)

Figure 3. a) XANES and b) P 2p XPS of CoP nanoparticles after two cycles at 5 mV s™'. Reproduced with permission.l*3] Copyright 2015, American
Chemical Society. c) HRTEM image of Ni,P after electrolysis at 1.5 V versus RHE for 1 h, inset is FFT of the selected area. d) EDX mappings of Ni,
O, and P corresponded to the region exhibited in (c). e) High-resolution depth-profiling XPS of Ni 2p. Reproduced with permission.’l Copyright
2015, The Royal Society of Chemistry. HRTEM images of Co,N after f) 0, g) 20, and h) 1000 CV cycles; inset is FFT of selected area. Reproduced with

permission.*%l Copyright 2015, Wiley-VCH.

an electron, facilitating OER. Ni atoms and Co atoms were the
main sites for steps III and IV (Equation (10)), respectively. The
energy barriers and DOS of oxidized catalyst (CNSO-NGA) were
also calculated (Figure 2b,c). DOS indicated that surface oxida-
tion had little impact on the metallic properties of CNS. The
increased work function due to the increasing substitution ratio
of O for S indicated a more obvious band bending of CNS-NGA
interface, facilitating charge transfer. The calculated maximum
substitution ratio of 17% for O:S maintained a stable oxidative
surface structure. Additionally, according to DFT results, steps I
and II became dominant on oxidized part of the catalyst, along
with step III and IV happening primarily on unchanged part
(Figure 2d). Thus, such structure evolution created a better reac-
tion path for oxygenic intermediates with lower energy barriers.
These tailored surface states boost the catalytic performance
improvement and maintain the whole structure stability.

4. Group VA X: Pnictide

Similar to metal chalcogenide, a thin oxy/hydroxide layer could
also easily form on the surface of metal nitride and phosphide
during OER catalytic process.[*!! Since metal nitride and phosphide
are quite sensitive to air, consequently, they are locally oxidized
before OER in some cases,*? leading to a more complex surface
structure for OER.™I Usually, considering the similar evoluted
structure after OER, the slight natural oxidation is ignored. To visu-
alize the formation process of oxy/hydroxide layer, several research
groups characterized this phenomenon by diverse approaches,
focusing on the proceeding time, elemental content variation, and
morphology change during OER at varying stages.[*/

4.1. Structure Transformation
For phosphide, dephosphorization was commonly observed

during OER in some reports, accompanying with surface
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oxidation. A detailed morphology and component analyses of
cobalt phosphide nanoparticles were provided by Ryu et al.**! The
nanotopography exhibited a conspicuous change from original
rod-shaped CoP into porous nanoweb architectures in the first
CV cycle. The decline of P:Co ratio detected by EDS indicated the
separation and solution of part of P species. Emphatically, in the
first scan a huge oxidation peak was obtained before the onset
potential of OER (=1.5 V), thus the observed morphology transi-
tion might proceed during oxidation process prior to OER. The
subsequent ex situ X-ray absorption near edge structure (XANES),
extended X-ray absorption fine structure (EXAFS) and XPS were
employed to investigate the chemical states of the activated
species. It was demonstrated that both Co and P experienced
state changes. A positive edge energy shift about =5 eV in XANES
convinced the oxidation of Co (Figure 3a), and a binding energy
shift of P in XPS showed the transformation of original met-
aphosphate P-O species (PO37) into phosphate groups (PO,>)
(Figure 3Db), which agreed well with the declination of P:Co
ratio. EXAFS spectra further confirmed that Co-oxo/hydroxide
clusters loosely dispersed in a phosphate-enriched amorphous
network. Apart from Co-based materials, investigations of nickel
phosphide (Ni,P, NisP, complex) before and after OER meas-
urement (1.5 V vs RHE for 1 h) also showed remarable surface
change.*l Nickel oxy/hydroxide nanoparticles on the surface of
original nanoplates were confirmed by XPS and TEM analyses.
The XPS peak intensity increase of oxidized Ni species and the
increment of O:P atomic ratios (from about 3.1:1 to 14.3:1) were
revealed after OER. Hu's group also observed the surface oxide
layer of post-OER Ni,P.¥’] After the transformation from Ni,P
to NiO,, during pre-activating process, the oxide layer seemed to
become stable in latter oxygen evolution reaction. An obvious
core—shell structure combined surface oxide layer and inner Ni,P
particle was observed in high resolution TEM (HRTEM) and EDS
mapping (Figure 3c,d). High-resolution depth-profiling XPS was
used to analyze the Ni 2p, P 2p, and O 1s regions. For Ni, with
the increase of profiling depth, the full width at half maximum
decreased and Ni content increased (Figure 3e). Similarly, the
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decline of P content and increment of O content were observed,
jointly illustrating that the metallic Ni,P core was coated by an
oxide layer. Wang et al. reported a time-varying surface oxidation
of nickel phosphide during OER.*8] They adopted a long-term
OER durability measurement of the porous NisP,~NiP,/Ni,P
(Ni-P) foam, and analyzed the surface morphology, structure
and composition evolutions at different electrolytic time via SEM,
EDS, and TEM. After 20 min, the sheet-shaped morphology was
well maintained but the surface became rough. Comparing the
XPS results of post-OER Ni-P foam with that of the untreated
one, a new strong oxygen peak appeared, indicating the formation
of oxygen species on the surface. TEM analysis revealed that poor
crystalline NiO was the main composition of surface oxide layer.
When the electrolysis time prolonged to 60 and 180 min, the sheet
structure became fractured and coarser. 600 min later, the geo-
metric structure of Ni-based electrode had changed dramatically
and only Ni and O were detected by EDS. The obvious structure
investigations suggest most pnictide as good precatalysts for OER.
The evolved structure plays the key role in catalytic reaction.

Nitride has a similar surface evolution as phosphide in the
catalytic process of OER. The thickness of CoO,, formed on sur-
face of Co,N porous nanowires increased and became stable
(5-10 nm) with the rise of CV cycles, based on HRTEM anal-
yses (Figure 3f-h).*% Fourier transformed extended XAFS (FT-
EXAFS) characterization for Co,N before and after 1000 potential
cycles at 0-0.8 V (vs Ag/AgCl) confirmed surface oxidation. After
1000 cycles, FT peak intensity of Co—Co bond (at 2.5 A) showed
a significant decrease, and the length of Co—Co was between
that of standard Co foil and Co;0,. Furthermore, the weaker
edge at =7712 eV in XANES after cycling suggested a dealloying
process. Similar oxidation of CoN was observed and a 5-10 nm
thick Co;0, layer was detected by TEM after a long durability test
(10, 30, and 50 mA cm™ in sequence) over 30 h with a small
overpotential variation.*’! Other cobalt nitrides in different
stoichiometric ratios (Co,N, CosN, and Co,N) were all demon-
strated with the in situ formed CoO, layers after electrocatalytic
process.”? An amorphous MnO,, shell formed on Mn;N, crystal
surface after long-term electrolysis was detected by TEM.PU In
the following XPS results, the binding energy difference between
Mn 2p;, and its satellite raised from original 10.8 to 11.8 eV, sug-
gesting the ion pair conversion from Mn?t/Mn3* to Mn**/Mn**.

As one derivative from Group VA P element, the structure
of phosphates is relatively more stable than phosphide. In most
cases, phosphate is used as catalyst in neutral solution with
slight structural change. However, characterizations suggested
that phosphate experienced structure transformation during
OER under alkaline media.’? The relatively higher content of
Ni and O compared with P (Ni:P:O ratio varied from 0.6:1:3.97
to 2.12:1:16) after OER revealed surface corrosion and recon-
struction of Ni,P,0;, (NPO) nanocrystals.*!9 Surface distorted
amorphous structure about 1 nm thickness was also observed
in Xu and co-workers’ work.P3]

4.2. Mechanism
More and more works try to confirm that the metal nitride and

phosphide are precatalysts acting as conductive support and
the catalytic sites are on the in situ formed shell. The catalytic
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reaction mechanism on this active shell has become a focus in
the field of water splitting.l>*l

Yu et al. reported that oxides formed on surface of FeP/Ni,P
hybrid could facilitate proton-coupled electron transfer pro-
cess during OER, enhancing activity along with interface
effect between two different phosphides.l*l Additionally, the
secondary or trinary metal introduction was demonstrated
beneficial to enhance OER activity. Thus a series of TM phos-
phides were synthesized regarded as precatalysts. Among them,
FeCoNiP was found out to be the most active OER catalyst. It
was identified that the introduction of heterogeneous metal
atoms facilitated local electron transfer between metal and P,
leading to an enhanced oxidizing state of metal centers.>*! As a
result, the metal synergy boosts the activity improvement.>®l It
has also been a valid modification strategy.

The catalytic mechanism of oxy/hydroxide shell of Ni;N in
alkaline electrolyte was the similar as other Ni-based materials
in previous section.'®57] The first three steps were relatively
slow and reversible which determined the OER rate, while
step 4 was faster than previous steps and irreversible. At about
1.4 V versus RHE, original Ni** could be oxidized into Ni** and
formed NiOOH/Ni3N intermediate state. With the increase of
anodic potential, surface NIOOH could be firstly oxidized into
NiOO, and then regenerated to NIOOH due to O, release. The
underneath NizN served as an excellent conductive substrate
which could dramatically decrease the electron conduction
barrier between surface active sites and electrode. When com-
paring the performance of NIOOH/Ni;N with as-prepared NiO
nanosheet, NiOOH/Ni;N exhibited more effective electronic
supplement and more intense oxidation peak which suggested
that the in situ formed active sites were more active than NiO
nanosheet with the same specific surface areas. These structure
reconstructions ultimately enhanced the catalytic efficiency. As
reported by Xie’s group, CoOOOH firstly formed on the surface of
initial Co4N porous nanowires, and then oxidized into CoO, at a
higher potential, forming a more active complex structure with
CouN during OER."% Moreover, it was suggested that CoO,
could protect the inner Co,N from further oxidation besides pro-
viding active sites, based on the increasing activity during first
20 cycles and then stablizing in following cycles. This sugges-
tion might provide a possible explanation for the coexistence of
surface transformation and good electrochemical stability.

Distinct from phosphide, flexible structures with diverse
orientations of phosphate groups could improve stability of
phosphates by changing their local coordination state of metal
center. To clearly find out the catalytic species in neutral solu-
tion, Bard’s group investigated CoP; catalysts by surface interro-
gation SEM.F® By applying this surface-selective measurement
in special solvents, they could directly detect the density of active
sites that water could easily access on CoP; surface. This in situ
and direct detection could exactly calculate the turnover fre-
quency of the catalytic site and lead to a clear understanding of
catalytic mechanism. By titrating separately Co'™™ and Co™/™
redox couple at the surface, the rate constants of Co™ and Co'v
in the reactions with H,0 were 0.19 and >2 s7, respectively by
time-dependent measurements. A fast reaction kinetics of Co!!
with water suggested that Co'' generated from Co'' possibly
played an important role in OER. In basic solution, our group
also revealed the formation of oxy/hydroxides and suggested a
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Figure 4. a) XPS spectra of Mo 3d for original, post-OER and post-HER Ni-Mo,C/NC. Reproduced with permission.5'l Copyright 2018, American
Chemical Society. b) Current density curves versus potential (vs RHE) after first, second, and third OER cycle of Co-Mo,C. Reproduced with permission.[®%
Copyright 2018, Elsevier B.V. c) Schematic oxidized process of Co;C particles. Post-XPS spectra of Co 2p;; region for d) Co;C and e) Co;C with Ar+
sputtering. f) Variation of ECSA with raised sweep number of Co;C particles. Reproduced with permission.1“®bl Copyright 2018, American Chemical Society.

positive effect of them on OER performance. A better activity
after stability test indicated by polarization curve of NPO/CC
(CC represents carbon cloth) was ascribed to synergetic effect
between NPO and oxy/hydroxide.l*!! In addition, surface amor-
phization increased the active sites of crystalline structure and
changed the surface adsorptivity state.

5. Group IVA X: Carbide

Compared with metal compounds mentioned above, surface
oxidation phenomenon of metal carbide was not investigated
sufficiently. The oxidation of molybdenum carbide or its complex
structure such as M/Mo,C (M refers to Co or Ni nanoparticles)
shows a similar structure reconstruction compared to aforesaid
pnictide. Differently, on one hand, Ni or Co could easily form
NiOOH or CoOOH phase on catalyst surface during OER pro-
cess. On the other hand, it was considered that the oxidation of
molybdenum carbide could also facilitate the activity enhance-
ment. But the relation between molybdenum oxide and Co/Ni
oxyhydroxide was not clearly studied. Although the oxidation
of other metal carbides as OER catalysts shows the same func-
tional mechanism as pnictide, further researches still need to be
adopted in order to understand the specific effect of multi-oxide.

5.1. Structure Transformation
Carbide is identified as efficient electrocatalysts for water split-

ting. However, it also suffers the problem of clear identification
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of real active site for OER, even though the electrochemical
stability is excellent. An obvious example is that an ignorable
current loss is observed during long time stability test, but the
post-OER characterization shows obvious surface oxidation of
Mo,C after 1000 CV cycles.P? It is confusing that the detailed
investigation toward the surface oxidation is not performed.
Some work observed oxidation of carbide but did not discuss
specific mechanism. According to Raman spectroscopy, small
quantity of MoO; was detected on Mo,C surface, even though the
ratio of MoO3/Mo,C was variational during an OER cycle.[®%]
The higher percentage of Mo** (229.8 and 233.8 eV) and Mo®
(232.6 and 235.7 eV) in post-XPS spectra determined the for-
mation of Mo oxides.[®® To Ni/Mo,C (MoC, Mo,C) nanoparti-
cles on N-doped graphene/carbon nanotube (Ni-Mo,C/NC), Ni
was considered as the main reason for NiIOOH formation on
the surface.['] Meanwhile, Mo, C was also oxidized during OER,
supported by a positive binding energy shift of Mo 3d in post-
OER electrode (Figure 4a). Besides, obvious energy shift of Co
2p and higher ratio of oxo species of Co-Mo,C than Co nano-
particles after only three cycles indicated a fast surface oxida-
tion.[%? Dissolution of Mo was also mentioned in this work. The
conversion of most of Mo,C into MoO,>~ was mainly observed
during the first cycle in Figure 4b due to its unstability in OER
conditions and special structure effect. For single Mo,C, Mo
oxide was detected on the surface of post-OER catalyst; how-
ever, the existence of MoO,? ion in solution was not measured
in most researches. In another example, a complete conver-
sion from Co;C particles into amorphous CoO, particles was
observed and the role of CoO, in OER were reported by Kim
et al. detailedly (Figure 4c).1*% After 2 LSV sweeps, a =4 nm
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amorphous layer formed on the surface in HRTEM image. Then
XPS analysis of this post-LSV catalyst after Ar* sputtering treat-
ment indicated a higher proportion of carbide (40%) than the
untreated one (4%) (Figure 4d,e), which further supported the
existence of core—shell structure. The estimated electrochemi-
cally active surface area (ECSA) was increasing with raised LSV
sweeps and became stable after =150 sweeps. It was believed
that after 150 sweeps, Co3C had been totally oxidized into CoO,,
(supported by SAED and XRD results) (Figure 4f). The larger
ECSA normalized current densities of in situ formed CoO,
compared to that of commercial CoO particles strongly demon-
strated the intrinsic high activity of formed CoO,.

5.2. Mechanism

It was suggested that synergetic effect between carbide and in
situ formed oxide species is vital in OER activity, while strong
evidence needs to be further provided. Cui's group suggested
a positive influence from the oxidation of Mo on OER activity
for Mo0,.1%! Tt was presumed that the oxidation facilitated the
performance improvement of Ni/Mo,C.0!l Additionally, by
comparing the oxidation peaks (=1.36 V vs RHE) in polariza-
tion curves of catalysts with different Mo contents, the coupling
between Ni and Mo, C was believed to be beneficial for NNOOH
formation. Negative binding energy shift of Mo 3d in XPS
compared with Mo,C indicated the electron transfer between
Ni and Mo,C, confirming their viewpoint. To Co/Mo,C heter-
ostructure, the interface of Mo,C and Co nanoparticles facili-
tated the formation of COOOH and electron transfer, leading to
an overpotential decrease of 30 mV at 10 mA cm™2 compared
with that of single Co nanoparticles.”l The calculated DOS
indicated an energy upshift about =0.25 eV of Co d-band center
in regard to Femi level, which improved the adsorption capacity
toward OH™. Although the role of CoOOOH has been analyzed,
the possible influence from the Mo oxide is not efficiently dem-
onstrated. Promising progress is still needed in order to clarify
the relation between diverse metal oxide species. What is more,
to pure Co/Ni carbide, Kim et al. suggested that Co;C was just
a precatalyst and the in situ formed CoO, was the real active
species (Figure 4c).*%! To make it clear, researchers normalized
the current density by ECSA and discovered that CoO, had a
higher intrinsic activity (380 mV at 0.1 mA cm™) than com-
mercial CoO (430 mV at 0.1 mA cm™) particles. The increasing
ECSA during OER (before =150 LSV sweeps) indicated that
formed CoO, was the main reason for activity enhancement.
After 150 sweeps, the totally transformed structure from Co,;C
to CoO, gradually exhibited a relatively stable performance,
which meant that the CoO, played as the real contributor for
the catalytic performance during proceeding operation more
than 150 sweeps.

6. Group IlIA X: Boride

There are just a few researches of metal boride electrocatalysts
for OER compared to metal chalcogenide and pnictide. How-
evet, in situ oxidized species could still be characterized.l®!
The interaction between B and metal atom could strengthen
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M—B or B—B bonds and weaken M—M bonds. As a result, the
induced covalent character and lattice strain further decreased
the energy barrier of OOH* formation and improved the OER
activity.®! Based on above analysis, modulating the B content
could provide an effective way to enhance catalytic properties.[°!
Similar to aforementioned sections, the surface of metal
boride undergoes oxidation to form oxy/hydroxide in OER pro-
cess. A series of species conversions of these oxidation result-
ants might happen with the catalytic reaction proceeding. The
main species formed on FeB, surface was o-Fe,O; after 1 h
OER.I’] But it totally converted into amorphous FeOOH after
further 12 h long test (Figure 5a,b). By comparing the activity
of FeB, with hydrothermal synthesized FeOOH and Fe,0;, it
was demonstrated that the FeB, sample exhibited better per-
formance and the inner FeB, core facilitated electron transfer
for enhanced OER activity. Besides, the firstly observed CoO/
Co(OH), on Co,B (x =1, 2, 3) surface further transformed into
Co30,/CoOOH under the increased anodic potential.®® Co;0,
might facilitate the oxidation from Co?" to Co®*, hence it led
an easier CoOOOH/Co0O, formation. As reported, the surface B
in all Co,B samples was converted into B oxides, based on the
enlarged B oxide peak and disappearance of B 2p peak in XPS
spectra. It was noteworthy that negligible current degradation
was observed at 50 mA cm™ for 12 h. This seemed to suggest
that Co,B was a rather robust electrocatalyst. However, the post-
OER characterizations showed apparent surface polycrystalline
CoOOH (Figure 5c,d). Such results demonstrated that the
evolution signal of geometric structure was covered under the
superior electrochemical stability. To Ni-based boride, besides
the formation of NiOOH layer (Figure 5e), B concentration
was also detected in electrolyte. It is known that B could
be oxidized into borate ion which could easily diffuse into
the solution. The quantitative experiments showed that about
28.8-32.9% B was detected in electrolyte within 45 min CV cycles
using inductively coupled plasma optical emission spectroscopy
measurements (Figure 5f). In addition, borate (B;) in electrolyte
was believed to enhance the proton-coupled electron transfer
process,’? hence facilitating the OER performance of NiFeB
nanoparticles. The obtained common conclusion is that the
active species is the surface reconstructed metal oxyhydroxide.
In addition, as one derived group, borate is also efficient
catalyst for OER that would undergo surface oxidation in some
cases. Anodization of Ni-B; thin films in 1.0 M KB; solution
led to a rise of average oxidation state of Ni ions from +3.16 to
+3.6 and a structure conversion from bis-oxo/hydroxo bridged
Ni into edge-sharing NiOg octahedra, revealed by XANES and
EXAFS respectively.”! Based on this discovery, the edge of
NiO4 was considered as OER site supported by in situ O K-edge
XAFS datas.”!l When the applied potential increasing to 0.6 V,
the peak intensity of NiOg octahedra began to rise, and then
reached a stable state after 0.8 V. Moreover, no obvious reduc-
tion of NiOg to Ni?* was detected when potential decreased
from 0.9 to 0.5 V. Thus it indicated that the activity came from
the edge of NiOg. Borophosphate could combine the advantages
of borate and phosphate, or even has distinct characteristics
compared with them. Variable anionic groups link with others
in diverse ways, thus creating rich structure chemistry.’2 A
420 nm thick CoO, shell was observed on the surface of hel-
ical borophosphate LiCo(H,0),[BP,0g]-H,0 (LiCoBPO) after
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Figure 5. a) TEM images of FeB, after OER for 1 h and b) 12 h. Reproduced with permission.[®”l Copyright 2017, Wiley-VCH. c) CV curves after 10 and
1000 cycles of Co,B and IrO,; the inset are time-dependent current density curves for the two catalysts at 345 mV. d) HRTEM images of Co,B after
durability test at 50 mA cm™ for 12 h; inset is the corresponding TEM image. Reproduced with permission.®®l Copyright 2017, American Chemical
Society. ) HRTEM images and f) ICP-OES results of B concentration variation during CV (20 mV s, 1.0~1.8 V vs RHE) of NiFeB nanoparticles; inset
of (e) is corresponding FFT. Reproduced with permission.[%® Copyright 2017, Tsinghua University Press and Springer Nature.

stability measurement,”?! also demonstrated by the decreased

distance between Co 2p;,, and Co 2ps,, signals (from 16 to
. / . . / ..

15.1 eV). It was believed contributing to the OER activity.

7. Others: Hydroxide and Oxide

Apart from aforesaid typical chalcogenide, pnictide, carbide,
and boride, surface reconstruction also happens in hydroxide
catalysts. The reconstructed surface state with new phase dra-
matically boosts the OER performance. Taking Ni(OH),-based
materials as examples, during the OER, the surface of Ni(OH),-
based materials could dynamically reconstruct oxy(hydroxide)
layers.”" The converted active phase is identified as the true
reactive sites. So the faster formation of active phase, the stable
and better performance could be achieved. To decrease the for-
mation energy of -NiOOH and accelerate the phase formation,
nickel vacancies (Vy;) were introduced into initial o-Ni(OH),.”>!
The calculated formation energies showed a reduced tendency
from 2.50 to 1.96 eV with Vy; concentrations increasing from
0% to 11.1% (Figure 6a).

Interestingly, in some cases, anion hybrid hydroxides could
generate new surface structure distinct from direct-transformed
NiOOH phase. For example, the CV cycling method was
employed by Hu's group to treat the F-doped NiFe hydroxide
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(NiFe—OH-F)."®l Unexpectedly the OER activity of postcycling
NiFe-OH-F at n = 220 mV increased over 58-fold along with a
decreased Tafel slope. Through detailed SEM and TEM investi-
gations, they clearly observed the surface amorphization of crys-
talline NiFe~-OH-F on the postcycling sample (Figure 6b,c). F
proportion reduced from 15.5 to 0.57 at% under EDX spectra
(Figure 6d). In comparison with the postcycling results of NiFe—
OH electrode without F, fluoride element leaching induced the
formation of mesoporous and amorphous NiFe oxide during
the electrochemical process, which contributed to the activity
improvement. Koel's group employed thermal and electrochem-
ical adjustment process to pretreat CoO,H, and NiCoO,H,
catalyst films.””] By virtue of operando Raman spectroscopy
and electrochemical measurements, they observed the revers-
ible structural evolutions of NiCoO,H, and electrochemical
pretreated CoO,H, samples during the electrocatalytic process
(Figure 6e,f). The identification of the characteristic peaks indi-
cated that the NIOOH-h-CoO, structure could be the real cata-
lytically active phase of NiCoO,H, materials for oxygen evolu-
tion. NIOOH formation on single Au atom supported on NiFe
layer double hydroxide (sAu/NiFe LDH) was revealed by in situ
Raman. A charge modulation on active Fe caused by sAu could
facilitate adsorption of reactants hence improving activity.’®!
The modulation of local structure rather than the bulk Ni(Fe)
O,H, provided a potential strategy on enhancing OER activity.””!
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Figure 6. a) ©NiOOH formation energies with different Vy; concentrations. Reproduced with permission.”l Copyright 2018, American Chemical
Society. b) SEM and c) high-resolution, high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of surface
reconstructed NiFe—OH-F (NiFe—OH-F-SR). Insets are the lateral views of NiFe—OH—F-SR layer and FFT image, respectively. d) EDX spectra of
NiFe—OH-F and NiFe~-OH-F—SR. Reproduced with permission.’®l Copyright 2018, American Chemical Society. ) Raman spectra of Co-100 and
Nis 3Co-100 catalyst at various potentials versus Ag/AgCl (samples were annealed at 150 °C in air for 1 h followed behind the furnace preheated to
100 °C, denoted as these formulas). f) Schematic graph of the conversion of Nis3Co-100 during OER. Reproduced with permission.’”) Copyright
2017, American Chemical Society. g) Operando Raman spectra of ~87 ML (monolayer equivalents) cobalt oxide/Au. Reproduced with permission.8']

Copyright 2011, American Chemical Society.

On the other hand, the surface structural conversion also
occurs on oxides during electrochemical process at high anodic
potential. Activation treatment was early applied to improve
activity.®% However, convincing and comprehensive mechanism
studies were not enough until in situ methods were developed.
Yeo and Bell performed operando surface-enhanced Raman
spectroscopy to investigate the surface oxidation of Co;0,.B!
They found the formation of Co! species under high OER
potential condition by comparing and analyzing the evolution
of Raman peaks at 579 cm™ (Figure 6g). The 4+ oxidation state
is believed as the active center during O, evolution. Another
important evidence for the change of surface structural features
of Co oxide was observed by Strasser and Chen groups using in
situ X-ray spectroscopy.® The transformed CoOOH from Co;0,
or exterior atomic-layer CoO played as the real active species
toward OER in neutral condition.’?”) They further confirmed
that the surface pre-reduced CoO layer could act as an effec-
tive buffer layer to inhibit the structural destruction to Co;0,
scaffold from induced strain during phase transformation.

In some cases, two typical oxides, spinel (AB,0,) and
perovskite (ABOs) oxides, also underwent surface reconstruc-
tion. Specially, selective oxidation and dissolution of A or B
site ions induced active composition segregation provide a
potential strategy to tailor OER activity. K-edge energy shift of
Ni from 8350.2 to 8350.7 eV in in situ XANES when applying
2.0 Vyyg indicated the formation of NiOOH, which acted as
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active sites.®¥ No clear shift of Co with same applied potential
compared with open circuit suggested the coordination and
conductor role. The formation of active NIOOH and leaching
of Zn and Co in metastable ZnCo;,Niy,3O, were also con-
firmed by HRTEM and scanning transmission electron micros-
copy energy-dispersive X-ray spectroscopy (STEM-EDS).84
Diminishing peaks at 532 eV in K-edge electron energy loss
spectroscopy (EELS) of O further indicated the increasing O
vacancies and structure relaxation during OER.

Bay 5S1(5Cog sFep 303 5 (BSCF82) experienced surface amor-
phization and formed an =10 nm thick spinel-Co;O4-like layer
during OER revealed by HRTEM and Raman spectroscopy,
along with the leaching of A-site cations (Ba’* and Sr?*).1®
Higher potential (above 1.5 Vyyg) led to a thicker amorphous
layer and hence improving OER activity. Specially, surface
reconstruction of BaysSry;CoggFe),05_5 (BSCF) with a slight
dissolution was suggested to enhance OER activity.®® In other
word, lower energy barrier for reconstruction of catalyst during
OER could be the key point for high performance. Until the
potential reached 1.425 Viyp (equal to OER onset poten-
tial), a positive energy shift of Co K-edge under in situ XAS
appeared, becoming higher with the subsequent potential
rise to 1.55 Vyye. Descend of the potential from 1.55 to 1.2 V
did not lead to a reversed shift of Co, indicating an irrevers-
ible oxidation. Higher intensity at 2.6 and 3 A in FT-EXAFS
spectra further suggested CoO(OH) and FeO(OH) formation
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respectively, accompanied by the dissolution of Ba and Sr
observed in XAS. Similarly, leaching of St** of SrCoq95P0.0503_s
(SCP) led to the formation of a deficient protective layer and
a larger exposure of surface area.®”] Subsequently it facilitated
the partial oxidation of Co** into Co*" which served as active
sites together with surface vacancies. Incorporation of Fe in
Lay,SrggCo;_ Fe, O3 s enhanced surface oxy(hydroxide) forma-
tion without changing its oxidation state.®®l

Here, it is concluded that the dynamically formed oxyhy-
droxide is identified as a crucial intermediate during OER. In
most cases, the critical phase transition during reconstruction
is reversible during testing.””82 But this does not mean that the
initial surface structure is completely maintained after oxygen
catalysis. A special structure may reconstruct on the surface as
the stable state like CoO. Such phenomenon is not observed in
some other metal (hydro)oxides, involving the active role of O
vacancies and B site ions in perovskite and spinel oxides.[®’!

8. Conclusions and Outlook

Surface of catalyst is where the catalytic reaction occurs. It plays
a crucial role for efficient electrocatalysis. To date, the structural
evolution at high anodic potential has attracted enormous atten-
tions in order to unravel the effective active sites for oxygen
catalysis. Although progresses have been achieved with the
development and application of in situ characterization tech-
niques, there is still a long way to totally lift the veil of catalytic
centers of various inorganic nanomaterials. To general sulfide,
pnictide, carbide, boride, and part oxide/hydroxide, continuous
researches gradually observe and identify the surface structural
features during OER. It is sure that the derived amorphous/
crystalline species from the inevitable oxidation procedure
contribute to oxygen evolution with tuned energy barriers and
conductivity. However, the surfaces in some reports are also
observed maintaining the original states of the composites after
catalysis. This may be the specific effect of interface structure
and insufficient electrolysis time.

In this review, we highlight the critical role of electrochem-
ical tuning surface on achieving a high catalytic efficiency. The
self-converted structure not only exhibits better hydrophilicity
but also accelerates water adsorption and dissociation. What is
more, the reconstructed surface structure usually exhibits amor-
phous phase or defect-rich state, which possesses highly active
catalytic sites with unsaturated metal atom coordination. On
another hand, the self-doping effect occurring during the sur-
face oxidation could change the electron density of states around
the doping sites, which directly tunes the adsorptivity toward
reaction intermediates. But it is always ignored due to some rea-
sons like lack of exact detection. Additionally, conductivity also
shows significant influence on catalytic performance. It is note-
worthy that chalcogenide, phosphide, nitride, and carbide have
metallic property in most cases. After surface reconstruction,
the synergetic effect between external active layer and internal
conductive supporter facilitates the multistep catalytic reactions
via better charge transfer and distorted top crystal structure.

Surface reconstruction is an efficient way for TM-Xides
to adapt to the harsh electrolytic environment and improve
activity. It usually begins when the OER reaction starts and
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reaches a balance under long time electrolysis. But refer-
ring to certain material, the oxidative degree depends on the
nature of the material. Thus oxidation accompanies with the
stability. Here, it is worth noting that in most reported OER
stability measurements, the post-OER samples exhibit external
oxidation layer. In the meanwhile, the electrochemical stability
shows very stable current or potential curves. As a result, it is
concluded that reconstructed surface structure maintains or
results in the stability. Different materials, local structures, and
electrochemical conditions lead to changeable compositions of
reconstruction products. Special structure designs of precata-
lysts like surface activation, interface engineering, defect fab-
rication and selective surface etching were adopted by some
groups to reduce the energy barrier for reconstruction. Surface
reconstruction regulation via structure design is a potential way
to improve OER performance of TM-Xides.

As the role of oxidation and dissolution of by-products such
as SeO, and MoO,?~ remains unclear on catalytic process, a lot
of questions still exist, for example, whether the adsorption of
these by-products on the surface could facilitate the reactions.
Could the easier oxidation and dissolution of X element facili-
tate the formation of hydroxide? Whether there are different
reconstruction phenomena in different electrolytes. To unravel
these questions, more systematical works deserve to be done.
Additionally, the reversibility of oxy/hydroxide formation in dif-
ferent cases also deserves further researches. Diverse behaviors
of reconstruction even among congeneric materials still lack
rational explanations at atomic scale. Systematic characteriza-
tion methods and analytic theories are needed to be established
in order to accelerate the understanding and development of
oxygen catalysis.

Although various operando characterization methods
have been adopted to investigate the catalytic features during
reactions, the activity discription is still insufficient. Most char-
acterizations base on single species identification, thus the
difficulty on identification of real active structure at atomic level
limits the deep understanding of catalytic process. For example,
the in situ soft XAS analyses demonstrate the existence of Ni**
species located at 875.1 eV when the applied potential rising
to above 1.6 V, but it is also hard to identify the detailed states
of surface structure, including the stress, crystalline degree
and thickness, which directly relate to the catalytic activity.*"!
Spectrum methods like Raman can identify the formed (oxy)
hydroxide active species, but it could not recognize the adsorp-
tivity of surface ligands. Considering the complex surface
environment and reversibility of active species, combination
of multi-technique to in situ characterize the OER process at
nano scale can provide powerful evidences for understanding
the catalytic mechanism.

Besides above discussions, we present the outlook on further
studies aiming to pave the development of OER catalysts. First,
a comprehensive understanding of reconstruction process
should be gained by monitoring the evolution of reaction inter-
face via in situ technique development, involving the influences
from the reconstructed by-products and electrolyte. Second,
theoretical analyses based on in situ characterizations should
be consummated to help determine the activity origin of OER
catalyst and specific correlation between local structure and
reconstruction. Third, based on the mature characterizations
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and systematical theories, in terms of thermodynamics, struc-
tural modulation or design of precatalyst will be an efficient
strategy for facilitating surface reconstruction and hence
achieving OER activity improvment.
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