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Rational design of metal oxide catalysts for
electrocatalytic water splitting
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Electrocatalytic energy conversion between electricity and chemical bonding energy is realized through
redox reactions with multiple charge transfer steps at the electrode—electrolyte interface. The surface
atomic structure of the electrode materials, if appropriately designed, will provide an energetically afford-
able pathway with individual reaction intermediates that not only reduce the thermodynamic energy
barrier but also allow an acceptably fast kinetic rate of the overall redox reaction. As one of the most
abundant and stable forms, oxides of transitional metals demonstrated promising electrocatalytic activities
towards multiple important chemical reactions. In this topical review, we attempt to discuss the possible
avenues to construct the electrocatalytic active surface for this important class of materials for two essen-
tial chemical reactions for water splitting. A general introduction of the electrochemical water splitting
process on the electrocatalyst surface with applied potential will be provided, followed by a discussion on
the fundamental charge transfers and the mechanism. As the generally perceived active sites are chemical
reaction dependent, we offer a general overview of the possible approaches to construct or create elec-
trocatalytically active sites in the context of surface atomic structure engineering. The review concludes
with perspectives that summarize challenges and opportunities in electrocatalysis and how these can be
addressed to unlock the electrocatalytic potentials of the metal oxide materials.
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1. Introduction

With the increase of global demand for energy, rapid depletion
of fossil fuels and intensification of environmental concerns,
exploitation of clean and sustainable energy carrier alterna-
tives to fossil fuel with industrial-scale has significantly
attracted universal interests."”> Among the various alternatives,
hydrogen has emerged as a promising energy carrier to fulfil
the increasing energy demand due to its large energy density
per unit mass and eco-friendly production possibilities.’
However, hydrogen does not exist in molecular structures in
nature; thus, efficient and sustainable H, production, conver-
sion technologies and storage technologies are indispensable
for the clean hydrogen cycle. Unlike fossil fuels, hydrogen in
molecular or ionic forms needs to be generated for further
usage/storage. Currently, large-scale H, production involves
steam reforming of fossil fuels with CO, as a by-product.” One
promising approach to accomplish clean and sustainable
hydrogen production is splitting water molecules into hydro-
gen and oxygen molecules driven by renewable energy, such as
wind power and solar energy.* However, the practical appli-
cations of water electrolysis are partly hindered by the large
overpotential and unsatisfactory cost-effectiveness of electrode
materials for anodic oxygen evolution reaction (OER) and
cathodic hydrogen evolution reaction (HER). Implementation
of efficient electrocatalysts is an effective strategy to lower the
large HER, OER overpotentials. Ideal water splitting electroca-
talysts are featured with high activities with low overpotential
to achieve sizeable current density, remarkable robustness and
long-term stability. Nowadays, electrocatalysts based on plati-
num (Pt), ruthenium (Ru) or iridium (Ir) have been the bench-
mark materials for HER and OER in electrolyzers.* However,
the scarcity and high cost of these noble metals greatly limit
their large scale applications in water electrolysis. Thus,
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rational design and scalable preparation of highly active and
stable noble-metal-free electrocatalysts for efficient hydrogen
production have been one of the keys to an industry-scale and
rapid deployment of hydrogen technology for sustainable
clean energy consumption.

Transition metal oxides are a group of materials abundantly
available in Earth’s crust. Several features such as mechanical
and chemical stability, relatively high charge transfer property
even in the amorphous state, and particularly tuneable elec-
tronic structure, make metal oxides one of the most promising
candidatures for water splitting.> Moreover, even though metal
phosphides, sulfides, carbides, nitrides are more active
materials towards HER, when considering overall water split-
ting, metal oxides are generally more stable, especially under
OER conditions.® Also, the fabrication approaches toward
metal oxides can be facile and free from harmful chemicals or
harsh reaction conditions. Based on these unique properties,
metal oxides have been identified as crucial candidates in
practical applications, such as thin-film transistors, solar cells,
catalysis, energy storage. It is expected that the versatility and
functionality of the metal oxides could provide unique oppor-
tunities for water splitting. The unexplored potentials of metal
oxide as catalysts have inspired and driven many recently pub-
lished research articles on these fundamentally essential
groups of materials as electrocatalysts. Part of the key findings
has been summarized in a number of insightful reviews on
HER,”® OER'™ and overall water splitting.">” A compre-
hensive review summarizing the active sites, in situ characteriz-
ation techniques, and material engineering strategies for
earth-abundant metal oxides for the application of water split-
ting (HER and OER) has not been published to date. The infor-
mation provided in the proposed review will allow a timely
overview of the useful approaches and also inspirations
towards the design of high-performance electrocatalysts for
water splitting applications.

In this topical review, we provide an overview of the con-
struction of electrocatalytic active sites (primarily for HER
and OER) on metal oxide surfaces. In section 1, we introduce
the nature of electrocatalytic active sites in general and their
expected features for heterogeneous electrocatalytic water
splitting. This is followed by a summary of the characteriz-
ation techniques for the metal oxides in section 2. The aim
of section 3 is to summarize current approaches that could
achieve the targeted features of metal oxides. The review is
concluded in section 4 with perspectives and outlooks on
the future development of high-performance metal oxide
electrocatalysts. The review aims to provide colleagues in
nanoscience and nanotechnology with a well-established
baseline by summarising recent knowledge advance on struc-
ture-activity relationship and developments in material
engineering strategies for high-performance metal oxide elec-
trocatalysts. We believe the included advancements from the-
ories, characterizations, and strategies surveyed in the review
will inspire ideas and innovations in real-world electrolysis.
The information included herein has broader implications
for the fundamental researches on nanoscale functional
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material, surface chemistry, electrochemistry that extendable
to the aforementioned widespread applications of metal
oxides.

1.1 Water splitting mechanisms

Nowadays, more than 95% of the global hydrogen is produced
by steam reforming natural gas or other fossil fuels.'®
However, the industrial processes produce low purity hydrogen
with a large proportion of carbonaceous species such as
carbon monoxide. In contrast, water electrolysis is an effective
process to produce high-quality hydrogen through the electro-
chemical conversion of water to hydrogen and oxygen.'® The
electrochemical water splitting provides a clean and sustain-
able way to convert abundant and renewable water sources
into high purity hydrogen.”® Overall electrochemical water-
splitting are composed of two essential reactions, i.e., cathodic
HER and anodic OER.

Water splitting occur in two different pathways, in which
the reactions are expressed as:

In acidic solution:

Cathode : 2H™ +2e¢~ « H, (1)

Anode : H,O « 2H' +1/20, +2¢~ (2)

In neutral and alkaline solutions:

Cathode : 2H,0 + 2e~ <« H, + 20H™ (3)
Anode : 20H™ < H,0 + 1/20, + 2e~ (4)

The thermodynamic voltage of water splitting is 1.23 V at
25 °C, 1 atm regardless the water media yet it decreases
with increase of temperature. In practise, nevertheless, to
achieve the electrochemical water splitting, the applied vol-
tages are higher than the thermodynamic potential value.
The overpotential (1) is primarily applied to overcome the
intrinsic activation barriers on both anode (7,), cathode (1)
and some other resistances, e.g,, ohmic drop (foter).- The
practical operational voltage (Eop) for water splitting can be
described as:*

Eop = 1.23 V =+ 5ja + 7e + Nother (5)

7. and 7 can be optimized by applying highly active oxygen
evolution and hydrogen evolution -catalysts. 7omer can be
purposely reduced by the rationally designed electrolytic
cell. Thus, reduction of the overpotentials will make water
splitting reactions more energy-efficient and economically
viable.

1.1.1 HER mechanism. HER is a multi-step electro-
chemical process on the surface of an electrode.” The widely
accepted reaction mechanisms in acidic and alkaline solutions
are either Volmer-Heyrovsky or Volmer-Tafel process:

(1) Electrochemical adsorption (Volmer or discharge reaction)

H' + M* +e  « M-H* (acidic solution) (6)

H,0 + M* + e~ < M-H* + OH (alkaline solution) (7)
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followed by
(2) Electrochemical desorption (Heyrovsky or ion + atom
reaction)

M-H* + H" + e~ < M* + H, (acidic solution) (8)

M-H* + H,0 + e~ < M*+ OH™ + H, (alkaline solution)
(9)
or
(3) Chemical desorption (Tafel or combination reaction)

2M-H* < 2M* + H, (acid and alkaline solutions)  (10)

where M-H* stands for an H atom chemically adsorbed on a
single active site of electrode surface (M). The schematic
mechanism of hydrogen evolution is depicted in Fig. 1a.*!

Although the two mechanisms are applicable in both acid
and alkaline solutions, it should be noticed that reactants and
products are different in various pH values. For example, in
acid, only the reduction of a proton into an H* is involved in
the Volmer step. While in alkaline solution, besides the cre-
ation of the H*, water dissociation is also a critical step for the
entire HER process, which requires a breaking of the strong
H-O-H covalent bond.

1.1.2 OER mechanism. OER on electrocatalysts consists of
four consecutive proton and electron transfer steps. One of the
most widely accepted mechanism is the adsorbate evolution
mechanism (AEM). This reaction mechanism of OER on a
single metal site of metal oxide (M*) can be expressed as:**

In acidic solution:

H,O +M* < M-OH* +H" +e" (11)
M-OH* + M-O* +H' +e” (12)
M-O* + H,0 < M-OOH* +H' +e” (13)
M-OOH* < M+ O, +H" +e” (14)

In alkaline solution:

OH™ +M* < M-OH*+e” (15)
M-OH* + OH™ <~ M-O* + H,O + e~ (16)
M-O* + OH™ «» M-OOH* + e~ (17)
M-OOH* + OH™ <> M*+ O, + H,0 + e~ (18)

The single-site adsorption mechanism of OER is schemati-
cally shown in Fig. 1b.>* It is generally acknowledged that the
OER activity of an electrocatalyst depends strongly on the
bonding strength of the absorbents on the M active site (M-
OH*, M-O* and M-OOH*), of which the adsorption energies
are linearly correlated.

Moreover, another OER mechanism (lattice oxygen
mediated mechanism, LOM, Fig. 1b) that involves the for-
mation of O-O bonds on adjacent metal ions have also been
proven.>*** At first, two HO* on the two neighbouring metal
ions deprotonate and form two M-O*. Then, the two adjacent
O* couple directly with each other, resulting in the formation

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) The schematic of electrocatalytic turn-over of hydrogen evolution on the surface of an electrode.?! (b) The adsorbate evolution mecha-

nism (AEM) and lattice oxygen mediated mechanism (LOM) of oxygen evolution turnover on the surface of catalys

of O-O bond. O, is eventually released, and two vacant metal
sites are occupied by OH™. In contrast to AEM, intermediate
HOO* is not involved in LOM.

1.2 Kinetics and volcano plots

As the mechanisms shown above, a heterogeneous catalytic
reaction consists of a number of coupled reaction steps, ie.,
the adsorption of reactant, surface-mediated activation of the
adsorbed reactant, and surface-mediated recombination and
the eventual desorption of the products from the surface.
Based on the Brgnsted-Evans-Polanyi relationship, the reac-
tion kinetics of two consecutive dissociative chemisorption
steps, the activation energies for each step are estimated to be
linear to the dissociative chemisorption energy:*

Ey =1 AE+ 4 (19)

Eaz = AE +/}2 (20)

As the perfectors «, is positive and a, is negative, one can
see the plots of the curves for overall reaction rate (by convert-
ing the E, and reaction rate r with Arrhenius equation) exhibits
a Sabatier volcano shape, i.e., with a maximal rate curve at the
top of the full solution to the microkinetic model.

Based on the Sabatier principle, for an efficient HER cata-
lyst, its surface ought to allow an interaction strong enough to

t23

absorb H* for facilitating the proton-electron-transfer process,
while also weak enough to promote the bond breakage and
gaseous H, release.”® Nevertheless, it is difficult to establish
the quantitative relationship between the energetics of the H*
intermediate and the reaction rate. From the perspectives of
physical chemistry, the Gibbs free energy change for H*
adsorption on a catalyst surface (AGy-) is a widely accepted
descriptor for the catalysts. According to the Sabatier principle
(a full microkinetic solution for a simple generalized hetero-
geneous catalytic reaction®), if AGy- is zero, the overall reac-
tion has the maximum rate. Furthermore, the relationship
between the experimentally measured exchange current
density (j,) and the quantum chemistry-derived AGy- form a
volcano curve for a wide range of electrode surfaces.””
Following this trend, the relationship between the intrinsic
electrochemical nature and HER kinetics could be built. Pt-
based metals are at the summit of the volcano, as shown in
Fig. 2a,>” which means they have the best activities, and the
hydrogen adsorption energy is close to zero. Furthermore, the
metals to the left of Pt have strong adsorption to the hydrogen
atoms, which blocks the active site and hinders hydrogen
generation. While metals to the right of Pt adsorb the hydro-
gen too weakly, which will not effectively stabilize the inter-
mediate state, thus hindering the occurrence of following
hydrogen generation.>>?’

a 0 b L. 4H'wde
" Pd overlayers (&) 3H 43¢+ +0, o
1 OOH*_|
POPIRY - aF -
-2 Polycrystallline RS g A ox —— Orguen rodiation
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g LT S N o
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Fig. 2 (a) A volcano plot of experimentally measured exchange current density as a function of the calculated AGy.?” (b) The free energy diagram
for OER steps (from left to right) at different applied potentials (U). Due to the scaling relation between the free energy of the intermediates (OH*,
O*, OOH?*), they are correlated and thus moved in a concerted manner. At U = 2.55 V, all the OER steps are exothermic (downhill from left to
right).>* (c) Activity trends of the perovskite OER electrocatalysts. The negative theoretical overpotential was plotted against the difference of stan-

dard free energy of the (AGg. — AGjo. ) step.?
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Even though the trends in activity for the HER in alkaline
media have never been established independently from those
results for the HER in acidic media, differences between the
descriptors for alkaline and acid HER have been identified. In
acid solutions, the reaction is mainly controlled by the hydro-
gen recombination (the Tafel step), indicating the strong
relationship between the activity and the AGy-. However, for
HER that occurs in alkaline solutions, the kinetics are deter-
mined by the balance between the water dissociation (Volmer
step) and the accompanying interaction of the water dis-
sociation product (OH*) on the catalysts.>®* > In this regard,
the optimal AGy- as the sole descriptor is insufficient to
describe the HER activity (exchange current in alkaline media
is 2-3 orders of magnitude smaller). Thus, other parameters
should be further involved and optimized to explore the highly
active catalysts. Gong et al. suggested that the water adsorption
energy and the hydroxide anion adsorption energy can also
influence the activity.* Low water adsorption decreases the
number of reactants, and high hydroxide adsorption energy
may result in active site poisoning. Alonso-Vante and co-
workers suggested that the kinetics of HER in alkaline is deter-
mined by OH adsorption.*” Thereby, modification of Pt by
inducing oxophilic metal centres or sp> carbon sites favours
the adsorption of OH at low potentials, removes H,qs inter-
mediate produced in Volmer step, and thus improves the HER
kinetics. Markovic et al., established the relationship overall
catalytic activities for HER in alkaline media as a function of
OH-M>" bond strength using 3d-M hydro(oxy)oxides and
determined that the activity for the established systems follows
the order Ni > Co > Fe > Mn.? Moreover, Markovic's group
identified three parameters based on recent researches, (i) the
proton donor, (ii) the energy of formation of the activated
complex from proton donor, (iii) the availability of active
sites.’® They believed these parameters could be applied in any
aqueous system. These results provided a foundation for the
rational design of catalysts for practical HER in alkaline
electrolytes.

In contrast, for the AEM of OER, free energy (AG) diagrams
have been used to investigate the rate-determining steps based
on Density-functional theory (DFT) calculations (Fig. 2b).**
The AG values of the intermediates at different steps have a
scaling relation and thus change correlatedly.*® In other
words, one free parameter can determine both the free energy
diagram and the activity. Later, the scaling relation between
the adsorption energies of OOH* and OH* was found to be
universal for most of the investigated metal oxide electrocata-
lysts (Fig. 2c).”> When the theoretical thermodynamic overpo-
tentials were plotted against the difference of standard free
energy of the O* and OH* (AG,,. — AGyo. ), a volcano relation
has been obtained. In line with the Sabatier principle, adsor-
bate binds to the electrocatalysts on the left branch of the plot
too strongly and binds to the counterparts on the right branch
too weakly. Also, the (AGg. — AGyy,. ) values of all the good
OER catalysts are constantly about 3.2 eV, compared to the
perfect value of 2.46 eV, indicating a minimum overpotential
of 0.4-0.2 V. This explains the relatively large overpotential of

20328 | Nanoscale, 2021,13, 20324-20353

View Article Online

Nanoscale

OER compared to the HER. To tune the AG,. and AGj.
values through varying the oxide surface or electrochemical
interface may help to improve the OER activities.

On the other hand, in OER pathway following LOM, the
intermediate HOO* is not involved (Fig. 1b).>* Instead, the
direct coupling of the lattice oxygen occurs. It is generally
believed that oxygen vacancy participation plays an important
role in activating the LOM mechanism.>> Thereby, OER follow-
ing LOM breaks the scaling relation of HOO* and HO*, and
surpassing the maximal activities predicted in the volcano plot
in AEM become possible. However, there are still some limit-
ations in the LOM. The process of OER following LOM still
involves oxygen intermediates, HO* and O*. Thereby the
activity in the LOM is affected by the binding energy between
oxygen intermediates and active sites,*® which means the
optimization of adsorption energies of intermediates is impor-
tant for LOM. For example, Shao-Horn’s group performed DFT
calculations and galvanostatic oxidation test and proposed
that the deprotonation of the surface OH* group was the rate-
limiting step.’” Therefore, a rational-designed OER catalyst fol-
lowing LOM with optimal activities requires both breaking the
scaling relation between HOO* and HO* and optimizing the
adsorption energies of intermediates.

1.3 Activity descriptors

With the established Sabatier volcano plot and surface scaling
relation, one could quantitatively compare the catalytic activity
of different surfaces by assessing the bonding strength
between the active site and the H adsorbate in HER with DFT
calculations. To allow rational design of efficient catalyst,
identification of few microscopic surface properties (descrip-
tors) that could link directly with the bonding strength with
accuracy is essential. As the d-band model is useful for the
understanding of bond formation and prediction of reactivity
among transition metals,>® DFT calculation of the d band
centre (relative to the Fermi level) of the transition state has
been used as one of the useful descriptors for HER. The
higher the d band centre, the more active the metal is (the
lower the transition state energy and strong absorption).*®
Also, it is note that other relevant properties such as the filling
of the d bands and the width of d bands are strongly coupled
and could be used as well. Based on a high-throughput DFT
screening scheme, more than 700 binary surface alloys have
been assessed theoretically. BiPt has been identified to have
high HER activity and this has been experimentally verified.>”
A number of reaction descriptors have been proposed for
the oxygen catalysis (OER and oxygen reduction reaction,
ORR), such as the energy of the metal-OH bond (metals),"®
enthalpy of transition from lower oxide to nominal oxide tran-
sition AH; (metal oxides),"" the delocalization and filling
(occupancy) of the antibonding o* (e,) states (metal
oxides),*>*® the metal-oxygen covalency (metal oxides),*>*
(AGY. — AGyo. ) (DFT, metal oxides),® the number of outer
electrons (DFT, metals and oxides).*” For metal oxide catalyst
in solid oxide fuel cell, the descriptor of O p-band centre rela-
tive to the Fermi level (DFT)*® and oxygen and hydroxyl adsorp-
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tion energies®® have been proposed. A statistical machine
learning and analysis of the descriptors has done by Shao-
Horn et al., who found the number of d electrons, charge-
transfer energy and optimality of e, are important in correlat-
ing the OER activity.*® It should be noted that the utilization
of the above descriptors is limited by the structural type of cat-
alysts, and it is vital to find the appropriate descriptor to
predict and explain the OER activity. For example, the e,
orbital filling and number of d electrons can be the effective
descriptors for perovskite materials, while the e, occupancy of
the cations at octahedral sites can be used for spinel
materials.”**>°

These as-mentioned descriptors will always provide the
theoretical foundations to improve the electrocatalytic activity
towards a specific reaction. Important parameters have been
used to describe the performance of an electrocatalyst, such as
overpotential (i7), Tafel slope, areal activity, mass activity, fara-
daic efficiency (FE) etc.'> However, when comparing the
electrochemical activity, the overpotentials under the same
current density are always influenced by the mass loading.
Compared with other parameters, turnover frequency (TOF) is
the kinetic parameter indicating the intrinsic activity of each
active site. TOF is defined as the number of reactant molecules
that a catalyst can convert to the desired product per active site
in a unit of time. It can be calculated by the equation: TOF =
(J x Na)/(n x Fx T). j stands for the current density, N, is the
Avogadro number, n is the number of transferred electrons, F
is the Faraday constant, and /" represents the number of active
sites. From this equation, it can be deduced that at a given
TOF, the more active sites the catalyst own, the larger the
current density becomes, representing faster kinetics of the
specific reaction. Therefore, it is expected that efficient cata-
lysts possess well-exposed abundant active sites.

These analyses have shown the possibility of fine-tuning of
both intrinsic activity and the number of active sites on metal/
metal oxides. Thus, in the coming section, we will summarize
characterization techniques that have been used for such pur-
poses to allow better constructing the active catalytic sites.

2. In situ characterization methods

As exchange current provides useful yet limited information,
appropriate characterization methodologies should be
involved to study both the electrocatalytic activity and its
origin. Two metrics are usually applied to evaluate the electro-
catalytic performance of a catalyst. One is the apparent total
electrode activity and another is the intrinsic activity of each
active site. The relationship between the intrinsic activity and
the apparent total electrode activity is vital to the insight of the
faradaic charge transfer processes on the electrode surface.
Electrochemical approaches, such as voltammetry, electro-
chemical impedance spectroscopy (EIS) and electrochemical
active surface area (ECSA) are widely applied to investigate the
relationships and processes towards a specific electrochemical
reaction. Other characterizations, including optical spec-
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troscopy and microscopy techniques, are also employed to
investigate the composition and structure of electrocatalysts.
In addition to these experimental measurements, Density
Functional Theory (DFT) calculations are intensively applied to
identify the active sites and build the relationship between the
structure and the electrochemical activity of the electrocata-
lysts. Therefore, DFT studies could pave the way in guiding the
construction of the electrocatalyst with high activity and
stability.

Even though these conventional methods have been proved
to be adequate to gain details of the electrocatalyst, it is note-
worthy that these details are strongly influenced by environ-
mental conditions, such as atmosphere, temperature, and
pressure. Further information is still needed to detect the
actual active sites and reaction mechanism towards a specific
electrochemical reaction those may guide towards the activity
enhancement. Therefore, characterizations at specific voltages
are required, and in situ experiments are designed for this
purpose. Spectroscopic characterizations include Raman spec-
troscopy, X-ray absorption spectroscopy (XAS), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and UV/visible
spectroscopy are useful to in situ capture the structural trans-
formation of the electrode and oxidation state change of the
catalytic species during a specific electrochemical reaction.
While microscopic techniques such as atomic force micro-
scope (AFM) and scanning tunnelling microscope (STM)
provide direct morphological snap shoot of the evolving
electrocatalysts.

The selection of the characterization technique from the
tool box is also subject dependent. Currently, material scien-
tists mainly focus on two aspects to improve the performance
of electrocatalysts. One aspect is exposing or building more
active sites. In this regard, strategies including nanoscale con-
finement, phase engineering, and facet engineering are uti-
lized. Since some new active phases or facets may form during
the electrochemical test, in situ Raman spectroscopy, XRD,
AFM, and STM are effective tools to detect the newly formed
active part and investigate the underlying mechanism. The
other aspect is improving the intrinsic activity of each active
site. Commonly used methods involve heteroatom doping,
defect and strain engineering, etc. These methods often result
in the changes in electronic structure, such as metal d band
and oxygen p band. Therefore, in situ XAS, XPS, and UV/visible
spectroscopy can be useful techniques to study the properties
of metal oxides. The following part illustrates the specific
applications of the aforementioned in situ techniques.

2.1 In situ Raman spectroscopy

Raman spectroscopy is one of the routinely used spectroscopic
techniques to observe the vibration, rotation, and other low-
frequency modes. Since M-OH, M-OH,, and M=0 vibrations
appear in low-frequency range, Raman spectroscopy is a
powerful tool to provide information about structure of metal
oxides and adsorbates on the surface of metal oxides. This
feature endorses it as a useful in situ method for the direct
investigation of structural changes and intermediates under

Nanoscale, 2021,13, 20324-20353 | 20329


https://doi.org/10.1039/d1nr06285a

Published on 23 2564. Downloaded on 19/10/2568 14:11:34.

Review

a N no bias
140 Ni-H —_—OmV
: ——-100 mV
2 FeOOH 1066 150 MV
5 S —-200my,
- N —-300 mV/
]
‘0
o
£
£
500 1000 1500 _ 2000 2500
Raman shift (cm™)
b C H,0

3 »® ‘ Ce

[}

= 20H- - H,

z die

[}

1

3

£

400 500 600
Raman shift (cm™)

Hydrogen Evolution Reaction

View Article Online

Nanoscale

no bias
—0 mV

——100 mV

—200 mV

1637 =250 mV

H ===2300,mV

=B

Intensity / a.u.

500 1000 1500 2000 2500
Raman shift (cm™)

f

()

20H-

Intensity / a.u.

400 500 600
Raman shift cm™) Oxygen Evolution Reaction

Fig. 3 (a) In situ Raman spectra collected in a large wavenumber region from NiFe LDH during HER process in 1 M KOH at various overpotentials vs.
RHE. (b) Magnification of the corresponding orange wavelength region of (a). (c) Schematic illustration. (d—f) In situ Raman spectra of NiFe LDH with
532 nm excitation under OER condition. (d) /n situ Raman spectra collected in a large wavenumber region from NiFe LDH during OER process in 1 M
KOH at various overpotentials vs. RHE. (e) Magnification of the corresponding green wavelength region of (d). (f) Schematic picture.>*

electrochemical reaction conditions. Edvinsson’s group syn-
thesized NiFe-layered double hydroxides as the efficient elec-
trocatalyst towards alkaline water splitting.>" For HER, combin-
ing in situ Raman spectroscopy data and other ex situ charac-
terization results, the author proposed that Ni** centre
adsorbed H,q intermediate (H,q-NiO) and Fe®" centre
adsorbed OH,q intermediate (OH.q-FeO) (Fig. 3a-c).”' A
second H,O would associate with NiO and produce another
adsorbed H atom. The two adsorbed H combined to form H,.
The presence of FeOOH facilitated the formation of the second
hydrogen with optimal bonding energy and improved the
electrocatalytic activity towards HER. For OER, the active phase
was identified as y-NiOOH. The existence of Fe*" introduced
high-valent Ni into y-NiOOH, which was believed to be the
reason for the improvement in OER activity (Fig. 3d-f).>!
Wang’s group developed Pt-WO; as an efficient electrocatalyst
towards HER and utilized in situ Raman spectroscopy to
confirm the real active sites in Pt-WO;.%? The characteristic
peaks of WOj; at 268, 710, and 806 cm™" disappeared and re-
appeared during CV cycles, which proved the phase transition
from WO; to H,WO;. EIS studies further illustrated that the
H,WO; phase facilitated fast electron and hydrogen transfer
and thus acted as the actual active sites towards HER.

Yeo prepared different OER electrochemical catalysts by
depositing Co;0, on various metals and found that substrate
metal with larger electronegativity owned better performance
towards OER.>® In situ Raman spectroscopy results indicated
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that at an OER active anodic potential, Co species were oxi-
dized to the valence which was higher than 3 and acted as the
active species for OER. By performing the in situ surface-
enhanced Raman spectroscopy, Smith’s group studied 