Chem Catalysis

Targeted Synthesis, Characterization,
and Electrochemical Analysis of
Transition Metal Oxide Catalysts for the
Oxygen Evolution Reaction

Darius Hayes,%? Shaun Alia,? Bryan Pivovar,?2and Ryan Richards*?
Department of Chemistry, Colorado School of Mines, Golden, CO 80401, USA
“National Renewable Energy Laboratory (NREL), Golden, CO 80401

*Correspondence: rrichard@mines.edu

SUMMARY

Hydrogen fuel can be produced through the electrochemical splitting of water,
an energy intensive process which requires the use of electrocatalysts to make
it more efficient. While current precious metal based electrocatalysts may be
costly on a larger scale, transition metal oxide catalysts are more earth
abundant and have shown promising activity. The development and
improvement of highly active transition metal oxide electrocatalysts is thus an
important area of study where different catalyst enhancement strategies are
used to drive the field forward. Additionally, transition metal oxide catalyst
come in various different structures with their own advantages; thus, this
review is focused on investigating the continuing field of transition metal oxide
electrocatalysts of different structures and innovative methods towards
improving activity. Finally, new and promising paths forward in this field will be
highlighted, particularly in the development of rock salt oxides for the water
splitting system.

INTRODUCTION

As the damaging effects of climate change continue to impact the planet, the need for more
efficient renewable energy sources has grown larger than ever. Hydrogen fuel is projected
to be a valuable solution to the quest for renewable energy due to its power efficiency and
reproducibility. 95% of current hydrogen is produced from fossil fuels via steam methane
reforming and coal gasification processes — this product is referred to as “grey hydrogen”[1l,
Due to its fossil fuel origins, the carbon emissions from grey hydrogen make it a non-ideal
energy replacement. In contrast, “green hydrogen” is produced through water electrolysis,
or electrochemically splitting water into hydrogen using energy from other renewable
sources such as wind and solar energy. While this is a more ideal candidate for renewable
energy, water electrolysis is a prohibitively high-cost technique that limits its practicality on
a widespread scale. Water electrolysis is defined by two electrochemical reactions: the
oxygen evolution reaction (OER) which occurs at the anode in an electrochemical cell, and
the hydrogen evolution reaction (HER) which occurs at the cathode. According to figure 1A,
the OER is a four-electron process in contrast to the HER’s two electron process, making it
slower and thus the main kinetic barrier that must be overcome to make electrolysis more
efficientl?l. In this stead, electrocatalysts are used to catalyze both reactions.

The efficiency of electrocatalysts is measured through several key electrochemical
parameters: overpotential, Tafel slope, turnover frequency (TOF), specific and mass
activities, and stability3l. Overpotential is the most commonly used parameter, defined as
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THE BIGGER PICTURE

By gaining increased
understanding of the oxygen
evolution reaction, current
electrocatalyst design, and the
structures of electrocatalysts
used, more energy and cost
efficient electrocatalysts will be
developed for the water
splitting system. As more
idealized catalysts are
developed, the water
electrolysis method of
developing hydrogen fuel will
become a more tenable
solution towards producing
sustainable and renewable
energy. The pursuit of
sustainable energy sources has
become more important than
ever due to the growing
impacts of climate change,
thus a promising energy
alternative to greenhouse gas
emitting fossil fuels in the form
of transition metal oxide based
electrocatalysts is a valuable
goal to investigate.



Chem Catalysis & CelPress

A HER: 2H,0 + 2e > H,+ 20H- OER: 40H- - O, + 2H,0 + 4e-
c oo Q& (@
[&]
< ; [(¢ ) PE——
£ 0
2 N1o E =/1/.23 Vv
2 N1o
[}
o
c -10
o
g < Eapp >

E versus RHE (V)

1=
=1
2

5 Aug,
E 0] i i
-
E = o 10° R 1
- = PR
S o E. 10°
5 04 . sp Go  atams ]
& £ 10’ mg M 1
£ 06 > T
g 10° In *Mn AL
8 "
& o8 18 «Fo ||
08 1§G 11366 2.0 24 10410°10%10" 10° 10" 10% 10* 10* 10° 10°
o AGou [eV] Rel. abundance / ppm
Proton Bxchangs Membrane (PEM) Anion Bxchangs Membrans (ABM) Sold Ouide Bectrolyss Gl (306) 1@ Nio(l11)
- , @ NiO(100) Su0-g®. P, RhO,
I —0.5 - A Nio(y 00 N Y
A Nio(11yo0y PO: v 0
@ rfNi0 Mn,0,%/"
—-1.01
=
=
=154
-20
25 1 . . . . :
1 0 1 2 3 rl
Ehciroye AGY. ~AGy, - (eV)

Figure 1: Current progress on green hydrogen production technology

(A) Polarization curves of the Oxygen Evolution Reaction (OER) and the Hydrogen Evolution Reaction (HER). Reprinted with
permission from Yu et al.3 Copyright 2021 John Wiley and Sons.

(B) Volcano plot of high performing OER catalysts and plot of earth abundance vs price for d-group metals. Reprinted with permission
from Seh et al.22and Dresp and Stresser®. Copyright 2017 American Association for the Advancement of Science and 2018 John
Wiley and Sons.

(C) Different types of electrolyzers. Reprinted with permission from Li et al®and Ebbesen et al.” Copyright 2020 Springer Nature and
2014 American Chemical Society.

(D) Different facets for rock salt metal oxide systems and catalytic activity of different nickel oxide facets. Reprinted with permission
from Cadigan et al'* and Sun et al'2. Copyright 2011 Royal Society of Chemistry and 2019 PNAS.

the difference between the thermodynamic potential of the OER/HER and the experimental
potential observed. Due to the nature of the difference, a smaller overpotential indicates
less energy required for the reaction to occur and a better catalyst. The thermodynamic
potential of the OER is commonly cited as 1.23V, thus catalysts with an overpotential
around 400 mV or less are considered efficient candidates for electrolysis. Ideal
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Figure 2: (Top) MO diagram of octahedral d orbitals (perovskite) and oxygen 2p orbitals.
(Bottom) Difference in orbital energy levels due to electronic state splitting. Reprinted
with permission from Li et al.1® Copyright 2021 John Wiley and Sons.

electrocatalysts achieve higher current densities with lower overpotentials; the important
parameter for OER catalysts is achieving a 10 mA cm2 current density with the lowest
overpotential possiblel?. The relationship between overpotential and current density is
commonly depicted via Tafel plots, from which one may obtain the Tafel slope, another
important electrochemical parameter. Tafel slopes describe how fast current increases
versus the overpotential. Thus, a lower Tafel slope means a high current density is achieved
through a lower overpotential, indicating better reaction kinetics[?l. Long-term stability is an
additional important parameter for electrocatalysts. Different electrochemical tests are
performed to monitor a catalyst’s stability over several hours and continuous
electrochemical cycles, such as chronopotentiometry and accelerated cyclic voltammetry
(CV) respectivelyt!,

The current standard of electrocatalysts for water electrolyzers reaction are platinum group-
based catalysts: examples include iridium oxide (IrO,), the best performing catalyst for the
OER, and ruthenium oxide (RuO,), the best performing catalyst for the HER! . These
precious metal catalysts are specifically used in the acidic environments of proton exchange
membrane (PEM) electrolyzers. IrO, displays an overpotential below 275 mV!2, thus
providing an optimal balance of OER activity and stability for PEM systems. Once the focus
shifts towards lower cost applications, however, the durability and lifetime of IrO, systems
becomes a concern. Additionally, as shown in figure 1B, the high cost and low availability of
these precious metals increases the overall cost of the system, thus creating concerns on
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Figure 3: Crystal structures of different transition metal oxide families. Reprinted with permission from Suen et al.2 and Weller.4>
Copyright 2017 Royal Society of Chemistry and 2018 Oxford Publishing Limited.
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whether IrO, systems can be implemented on a grid scalel*3]. In order to lower the system
costs for water electrolyzers, transition metal oxide electrocatalysts, such as manganese
oxide, nickel oxide, and iron oxide, have been proposed as alternatives due to their earth
abundance. These catalysts would be utilized in anion exchange membrane (AEM)
electrolyzers, which operate in an alkaline environment instead of the acidic environment of
PEM systemsl®l. These different electrolyzer systems, as well as solid oxide electrolysis
cells”, are displayed in figure 1C.

The activity of a catalyst may be improved through two (non-mutually exclusive)means:
increasing the number of active sites and increasing intrinsic activity. Improving surface
area and activity impacts the specific and mass activities, two vital parameters to catalyst
activity. Normalization of the catalyst’s current density to either the electrochemical surface
area (ECSA) or the Brunauer-Emmett-Teller (BET) surface area provides the specific activity
of a catalyst, specifically providing an idea of the intrinsic activity of the catalyst’s active
sites. Additionally, normalizing the current to the catalyst’s loading mass provides mass
activity 8, which is affected by the catalyst’s active surface area.
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In the process of designing efficient catalysts, characterization of the catalysts is vital for
understanding how to improve their activity. The most commonly used techniques for OER
catalyst characterization are transmission electron microscopy (TEM), X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS). TEM is usually used in high resolution
(HRTEM) to provide information on catalyst shape, morphology, and surface faceting.
Additionally, energy-dispersive x-ray spectroscopy (EDS) is used to determine the location of
each chemical element in the catalyst system; this is useful for compositional analysis. XRD
is commonly used to determine the crystalline structure and identity of the catalyst,
alongside learning which crystallographic phases are present. XPS is a powerful tool for
observing the chemical species and oxidation states present in the system; this is useful for
learning which elements and ions are most beneficial for the OER. Other characterization
techniques can be used for further characterization knowledge, such as physisorption and
chemisorption analysis. Physisorption analysis in particular is useful for determining the
catalyst surface area which is vital for understanding mass activity.

Transition metal oxide catalysts may be synthesized into a breadth of different structures,
such as layered double hydroxides (LDH), spinels, and rock salts. Of these transition metal
electrocatalysts, nickel oxides have shown some of the highest catalytic activity, comparable
to that of IrO, catalysts!®.. Nickel oxide compounds of various structures, including layered
double hydroxides (LDHs) and spinels, have all shown promising overpotential values.
Further improvement in overpotentials can be achieved through doping nickel oxides with
additional transition metals; specifically, FeNiO LDHs, spinels, and rock salts are among the
best performing electrocatalysts[i%, Theoretical studies have shown that altering the surface
morphology of nickel oxide systems, primarily the surface facets, should improve their
catalytic activity to become on of the most ideal OER catalysts. As shown in figure 1D, NiO in
the (100) facet has among the highest theoretical catalytic activity in comparison to the
(111) facet, which is the more common and stable product of wet chemical NiO syntheses!!
12, With this prediction in mind, further research must be done to study the impact of
morphological effects on nickel oxide, and by extension electrocatalysts for the OER. Due to
their relative morphological flexibility, rock salt compounds are a good candidate to study
these effects on OER activity. This review will investigate the synthesis and characterization
of transition metal electrocatalysts with a focus on the different approaches to improve
their catalytic activity for the OER, and how these techniques and the knowledge gained
from them can be combined to further the understanding and development of this
technology for renewable energy.

Oxygen Evolution Reaction Mechanism and Electrochemical Characterization

The first step to successfully designing efficient electrocatalysts is understanding the oxygen
evolution reaction via deciphering the reaction mechanism. While much research has been
conducted on the OER, there is still much discussion and debate on the exact mechanism. As
such, there are three commonly discussed OER mechanisms that will be compared in this
section: the Adsorbent Evolution Mechanism (AEM), the Lattice Oxygen Mechanism (LOM),
and the Oxide Path Mechanism (OPM)[13],

While the proposed OER mechanisms have specific differences in their steps, one important
common factor is these steps all take place on the metal surface (M). After each reaction
step, a different intermediate is formed in the form of M-O*, M-OH*, and M-OOH*
intermediates!'¥. The overall reaction energy is then comprised of the adsorption energy
difference between the different intermediates, primarily the AG difference between M-O
and M-OH intermediates. Calculating the intermediate binding energy difference is one of
the main descriptors of catalytic activity, usually depicted in reaction free energy diagrams
referred to as “volcano plots”[1, The relationship between M-O and M-OH intermediates
affects the overall reaction rate depending on how strongly oxygen binds to the surface:
strong binding of oxygen to the catalyst’s surface prevents MOOH formation, in contrast to
weak oxygen binding preventing MO formation!!5l. Previous theoretical studies have
established that ideal catalytic activity correlates to a AGo.on close to zero so that oxygen
binds neither too strongly nor weakly; this concept is referred to as the Sabatier Principle(16],
The binding energy of intermediates can be further influenced through additional factors
such as different adsorbed species, solvent interactions, and surface vacancies. One major
factor that affects intermediate binding energy is the number of e, electrons present, where
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studies have shown egvalues closer to unity (one) improve OER activity significantlyl?’). As is
shown in Figure 2, this relationship is due to improved overlap between the metal d orbitals
(specifically in the octahedral configuration) and oxygen 2p orbitals along the z-axis!1819!
Studies done on transition metal perovskite oxide systems in question have shown that
when transition metal oxide ions have the eg! configuration, there is increased covalency
between the transition metal 3d orbitals and the oxygen 2p orbitals. This is shown in the
bottom part of figure 2, where electronic state splitting in the octahedral geometry leads to
better orbital overlap. The hydrogen bond in hydroxyl groups has also been shown to
stabilize M-OH and M-OOH intermediates in contrast to M-O intermediates.

The most common and established OER mechanism is the adsorbent evolution mechanism
(AEM), shown in Equation 1. The AEM consists of four consecutive proton-coupled electron
transfer steps on the M site that yield 0,19,

()M + OH™ > MOH + e~

(2) MOH + OH™ - MO + H,0 + e~
(3) MO + OH™ > MOOH + e~

(4) MOOH + OH - H,0 + 0, + e~

Equation 1: Adsorbent Evolution Mechanism

The electronic structure of the metal oxide band has a large impact on which mechanism
occurs. When the metal d-band atoms are located above the oxygen p-band atoms in the
metal oxide’s electronic structure, the metal atoms then play the role of adsorption center
and drive the process towards the AEM. In contrast, when the oxygen p-band atoms are
higher, electron transfer is observed from oxygen p-band to metal d-band. This electron
transfer leads to ligand holes and the release of oxygen forming oxygen vacancies('3, The
increased metal oxygen covalency thus pushes the process towards the lattice oxygen
mechanism (LOM) through the increased oxygen adsorption energy. The mechanism of the
LOM is less defined due to not being as extensively studied as the AEM; one proposed
mechanism for the LOM is given in Equation 2[13], where V, represents the oxygen vacancy.

(1) MO + H,0 > MOOH + H™ + e~
(2) MOOH -» MVy + 0, + H™ + e~

(3) MV, + H,0 -> MOH + H™ + e~
(4) MOH > MO + H™ + e~

Equation 2: Lattice Oxygen Mechanism

The lattice oxygen mechanism primarily relies on lattice oxygen activation and O-O coupling
in the OER, thus creating oxygen vacancies that can separate metal species and the catalyst
surface to cause catalyst degradation. To avoid this degradation, another mechanism
involving O-O coupling can be used: the oxide path mechanism (OPM), shown in Equation 2.
First cited in 1956, the oxide path mechanism involves only MO and MOH intermediates:




Chem Catalysis @ CelPress

()M + OH™ > MOH + e~
(2) 2M — OH - MO + H,0 + M
(3) 2MO - 2M + 0,

Equation 3: Oxide Path Mechanism

By using direct O-O coupling without oxygen vacancies degrading the catalyst, the OPM can
affect the scaling relationship between AEM and LOM. This is due to the OPM providing
more MO and MOH intermediates without an increase in MOOH intermediates; however,
stricter active site configurations are required for the OPM than the other two
mechanisms('3l, An example of this configuration is the CaCUsFe,O1, perovskite oxide
catalysts that was synthesized for OER, where the incorporation of Fe* and Cu?*lead to the
oxygen-oxygen bonds being bent and shortened lower than usual, thus allowing direct 0-O
bond formation7],

With an understanding of the OER mechanism, electrochemical characterization techniques
such as cyclic voltammetry (CV), linear sweep voltammetry (LSV), and electrochemical
impedance spectroscopy (EIS) can be used as a primary method of measuring electrocatalyst
activity for the OER. Cyclic voltammetry is one of the most commonly used electrochemical
techniques for investigating redox processes, studying chemical reactions involving electron
transfer, and measuring current between electrodes202l, CV experiments are typically
conducted with the three-electrode set-up of the working electrode (WE), counter electrode
(CE), and reference electrode (RE). In this set up, the WE serves as the redox site, the CE as
an electron source, and the RE as a stable potential source that is used to calculate the WE
potentiall?ll, These electrodes are placed in the electrolyte solution, an ionic conductive
solution made from a diluted dissolved inorganic salt (such as sodium or potassium
hydroxide). The electrode setup is connected to a potentiostat that controls the WE
potential which produces current-potential polarization curves known as voltammograms;
here the current is measured between the WE and CE versus the potential measured
between the WE and RE. Important parameters in the voltammograms are the peak
potentials, the potentials where the current maximum is reached during either the positive
(peak anodic potential E,,) or negative (peak cathodic potential E.), the current calculated
between the cathodic and anodic currents against the resting current (i,cand ip,), and the
scan rate of the electrochemical measurement. Similar to the CV technique is linear sweep
voltammetry (LSV), which involves the same set-up and parameters as CV but involving only
one sweep between the upper and lower potential limits instead of cycling in both
directions like the CV.

Electrochemical Impedance Spectroscopy (EIS) is another popular electrochemical technique
for finding physical properties of the electrode surface, particularly information about
resistances and charge transfer kinetics. The frequency at which EIS measurements are
taken ranges from 100 kHZ to 100 mHZ, and the information gained from the measurement
varies with frequency. In high frequency ranges, the faraday process is not observed so the
resistance is independent of applied potential and thus reflects the resistances of the
substrate and catalyst material; however, medium and low frequency ranges can be used to
infer information on the charge transport and charge transfer resistance (R.) respectively!3l.
Ret analysis is typically done with Nyquist plots that show impedance as a semi-circle.

Catalyst Activity Enhancement Strategies

In the pursuit of improving electrocatalyst activity, it is commonly understood that there are
two main approaches to accomplishing this goal: improving the number of active sites
present on the catalyst surface and improving the intrinsic activity of said active sites?2, The
number of catalyst active sites is known to correspond with catalyst surface area therefore
it is believed that increasing active sites can be achieved by similar means (ie. inducing
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* Oxygen and anion * Reconstruction * Increased number of
vacancies improve increases amount of active sites and
intermediate highly active sites intrinsic activity by
adsorption energy facet

Challenges: Challenges: Challenges:

* Techniques tend to * Reconstruction is * Thermodynamically
be destructive irreversible on some difficult to synthesize
and/or corrosive catalysts hinders some facets

cycling ability

Table 1: Comparison of different catalyst enhancement strategies.

porosity, forming thin films, etc.); however, the consensus among theoretical studies is that
increasing the intrinsic activity will have the most substantial effect on improving catalyst
OER activity!?l,

With these two enhancement pathways in mind, extensive work in both synthesis and
theoretical calculations has been done in the field of oxygen evolution catalysis to
determine multiple efficient strategies to achieve the targeted OER improvements.

Cation and Anion Vacancy Engineering

Utilizing defects in both anions (oxygen vacancies) and cations (metal vacancies) is an
established method of improving activity by altering the electronic structure of said
catalysts. Oxygen vacancies are the main representative of anion defects (usually depicted
as V,) and are known to improve reaction kinetics by promoting intermediate adsorption via
lowering the surface activation energy. The effect of oxygen vacancies has been studied in a
myriad of different transition metal catalysts. One example is the reduced spinel Co;04
nanowires!24 shown in figure 4A, where the oxygen vacancy filled nanowires showed over
seven times the performance of pristine Co30,and slightly higher performance than IrO,,
the standard OER catalyst. DFT calculations were done on these reduced nanowires to
determine that the oxygen vacancies caused electron delocalization and increased Co30,4
conductivity, thus inciting increased performance. Oxygen vacancy tuning can be done on
further transition metal catalysts; ultra-small (2.1 nm) NiO nanoparticles with rich oxygen
vacancies were produced through laser synthesis that showed an overpotential above bulk
NiO and similar to RuO. This increased performance was attributed to faster reaction
kinetics through oxygen vacancies and increased active sites exposed due to the small size.

On the other end of defect engineering are cation defects, which commonly come in the
form of metal vacancies. Cation vacancies have been shown to be a useful method of OER
development due to their ability to increase catalyst stability and improve intermediate
binding energy as demonstrated in the synthesis of cation vacancy engineered NiFe-LDHs[26],
NiFe-LDHs are some of the most promising alkaline OER candidates, however they are
regularly plagued by poor stability; controlled synthesis was used to produce M*/3vacancies
in the NiFe-LDH basal plane to improve catalyst stability through strengthening M-O
bonding and preventing metal dissolution through lattice distortion. Additionally, metal
vacancies were shown to further improve the OER activity of NiFe-LDHs by pushing y-
(NiFe)OOH active sites to evolution and thus improving OER intermediate binding energy.

Positive:

* Improve surface
area, charge transfer,
and electronic
structure modulation

Challenges:
* Long, energy

intensive synthetic
routes
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Figure 4: Examples of the highlighted catalyst enhancement strategies.

(A) Introduction of oxygen vacancies into Co304 spinel nanowires. Reprinted with permission from Zheng et al.2* Copyright 2014
John Wiley and Sons.

(B) Electrochemical incorporation of F anions into Ni(OH), structures to induce surface reconstruction. Reprinted with permission
from Kang et al.2? Copyright 2021 Springer Nature.

(C) Fe,03materials synthesized in different phases (o and y). Reprinted with permission from Xu et al.3° Copyright 2020 Elsevier.

(D) Mott-Schottky effect used to induce increased electron transfer on NixFesx04/Ni semi-conductor/metal interface. Reprinted with
permission from Huang et al.#! Copyright 2018 American Chemical Society.

Vacancy engineering has been shown to be effective at improving OER catalytic activity
through increasing the number of active sites on catalyst as was seen with improved peak
current density of the reduced mesoporous Cos04nanowires!?4l, By using vacancies to
provide additional active sites, one of the main pathways towards improving electrocatalyst
activity is achieved.

Altering Surface Reconstruction Rates

Presently, one of the most important strategies for improving catalyst OER performance is
the usage of surface reconstruction to provide more ideal active species for the reaction. It
has been discovered through multiple mechanistic studies that structural reconstruction will
occur on the catalyst surface during the electro-oxidation process, thus forming a new
active species. In particular, transition metal oxyhydroxides (such as FeOOH, NiOOH, and
CoOOH) have been shown to be the most common active species post surface oxidation.
With this in mind, it is important to elucidate a way to practically control surface
reconstruction during the OER. One such way to achieve this goal is through the use of
highly electronegative anions into the catalyst structure. F anions were incorporated into
Ni(OH); structures as a method to improve targeted regulation of surface structure!?’l. In
this study, F-Ni(OH), materials were synthesized on nickel foam using a hydrothermal
method, then put the materials through cyclic voltammetry treatments (in intervals of 50,
100, 150, 200, and 250 cycles) to observe the difference in activity through further surface
reconstructions post-oxidation (figure 4B). They discovered that F-Ni(OH), after 200 cycles
(F-Ni(OH),-SR-200) showed substantial OER activity at an overpotential of 287 mV at 10
mA-cm-2, which was attributed to the strongly electronegative F anions leaching onto the
surface layer during the cycling reactions. This led to multiple effects such as a space-charge
effect that affects electron charge densities, and improved ion adsorption and charge-
transfer on the catalyst.
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The impact of heteroatom doping is also transparent in other TM catalyst structures, as is
shown by doping S into NiFe LDHs[28! with a shown overpotential of 259 mV at 100 mA-cm2,
Computational studies done in this paper suggest that S-NisFe,OOH formed as a result of
reconstruction optimizes the adsorption energy of intermediates and improves activity;
further characterization such as XRD and XANES was used to determine that S substituted
lattice O to dissuade belief that SO ligands were formed instead. From these studies, it is
evident that element doping will prove to be a powerful tool in the effort of improving
catalyst activity.

Additional ways to impart fast surface reconstruction is strict control of initial structure and
morphology of the transition metal catalyst. This was displayed via the difference between
amorphous NiFeMoO catalysts with its crystalline counterpart to highlight this strategy!2°l.
The amorphous NiFeMoO catalysts recorded an overpotential of 280 mV at 10 mA-cm?,
which is a marked improvement to crystalline NiFeMoO at 358 mV, Ir/C at 440 mV, and
RuO, at 480 mV. This efficient overpotential was attributed to the amorphous features
granting the catalyst greater cation diffusion capability than its cation counterpart, thus
lowering the formation energy for oxygen vacancies (which were established as a boon for
OER activity in the previous section).

Surface reconstruction is a powerful tool for improving the number of active sites on a
catalyst surface. This was shown with the F-Ni(OH), catalysts[?’], where surface
reconstruction lead to more NiOOH, the true active site, present on the surface. Being a
consistent way t0 increase active sites on the electrocatalyst surface makes surface
reconstruction a valuable strategy for OER studies.

Effects of Crystal Phases and Facets

One approach to affect catalyst activity common amongst the different structures of
transition metal catalysts is through crystal engineering. In this world of crystal engineering,
the two main pathways toward activity improvement come in the form of crystal phase
engineering and crystal facet engineering.

Crystal phase engineering is most promisingly displayed in the studies of the different
phases of Fe;03;, commonly agreed to be one of the most promising OER candidates. Fe,03
are known to come in the natural forms of a-Fe,0s and y-Fe,03 (as shown in figure 4C),
where the difference in OER activity was investigated in a study involving yolk-shell
microspheres!3%l, Here, it was demonstrated that a-Fe,03 (275 mV) showed an improved
overpotential at 10 mA-cm2compared to y-Fe,03 (340 mV), where XPS spectra survey was
used to attribute this stronger activity with the idea that a-Fe,03; has more easily exposed Fe
active sites than y-Fe,0s3; this supports previously findings that Fe cations regularly enhance
OER activity through Fe serving as one of the main active sitesB!. Interestingly, this study
was taken further by Hu et al. who investigated the impact of mixed-phase FeOOH
systemsB32. In the comparison between single phase (a, B, and §) and multi-phase (a/B, a/8,
and B/8) FeOOH systems, B/6-FeOOH proved the most efficient. To understand the
difference, the partial density states of this system was calculated and revealed that thanks
to tyg%,! electronic configuration of the Fe 3d orbitals, a Jahn-Teller effect was present to
induce lattice distortion. As such, it is once again displayed that the presence of oxygen
vacancies and electronic structure optimization plays a large role in OER activity. A similar
crystal phase study was completed by Meng et al. on MnO,, where it was displayed that a-
MnO; shows the best overpotential amongst different MnO; phases (albeit worse than Ni
and Fe counterparts at 490 mV at 10 mA-cm-2), which was attributed to the accessibility of
Up-0x0-O(H) active sites in its structurel33],

Controlled faceting has shown promise as a method towards affecting OER activity. It is
known that inorganic catalysts are made up of crystals that display anisotropic features that
will vary based on the facets present. Previous studies have then confirmed that certain
exposed facets possess more active sites that can improve reactivity thanks to improved
mass activity[?®l. As such, understanding how to control catalyst crystal morphology and
select the most highly active crystal plane is an ideal strategy for enhancing activity. One can
notice the effect of crystal plane selection through observing the higher surface energy of
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high-index facets (as a feature of their high density of low-coordinated atoms on their steps
and kinks) B4; this is further reflected in their enhanced catalytic activity as is displayed in
the study of high index Co304, where Cos04 in the [112] facet filled with oxygen vacancies
showed a favorable overpotential of 318 mV at 10 mA-cm2 331, Unfortunately, a regular
problem towards the use of high-index facets is their tendency to diminish in normal
synthetic conditions as high surface energy facets are associated with high supersaturation
solutions, which are known to be relatively less stable3¢l. One way to counter this
phenomenon is through the use of the selective etching strategy to target which planes will
be preserved and which will be dissolved. An unconventional version of this strategy was
displayed when acid was used to yield the unconventional [012] facet in a-Fe,0; for the OER
that displayed a low overpotential of 317 at 10 mA-cm2[37], DFT calculations were used to
contrast the [012] facets with the [104] facet (which showed excessively weak intermediate
adsorption energies] and the [110] facet (displaying excessively strong intermediate
adsorption energies on the other end). This work displays the promising efficiency of crystal
facet engineering in the pursuit of improved OER performance.

This strategy is used for transition metal catalysts of various structures such as LDHs, where
the layered structure is capable of providing more active sites. The difference between the
normally low activity [003] plane and more active [012] edge was probed in a display of
crystal facet engineering in LDHs[38l. Here, the [012] edge showed a far improved
overpotential of 250 mV at 100 mA-cm (with the current density nearly five times higher
than the [003] plane at the same overpotential); this was attributed to the improved oxygen
coordination at the Fe sites. Through these studies, the value of crystal facet engineering
becomes readily apparent, thus making it one of leading strategies for improving OER
performance.

Crystal engineering is an important strategy for improving catalyst activity due to its ability
to increase the number of active sites available through phase engineering, such as in the a-
Fe,03study!32], alongside improving the intrinsic activity of the catalyst through facet. The
improvement in catalyst intrinsic activity was noted with the substantially higher TOF value
shown in a-Fe,0sin the [012] facet®”). The bifunctional nature of crystal engineering makes
it a valuable toolset to consider for OER catalysis.

Interface Engineering/Dopant and Compositional Effects

Engineering the heterogeneous interface of transition metal catalysts is another approach
to improving the intrinsic activity of the active site and thus improving OER kinetics. Through
interface engineering, one is able to improve the active site density and further regulate the
catalyst’s electronic structure. Examples of interface engineering include optimization at the
interface between the metal oxide catalyst and support, interaction between the catalyst
and additional metals doped into its structure, and between two metal oxides within the
catalyst system.

The core principle that drives interface engineering is the synergistic effect, where it is
observed that a multi-component material, in this case a metal oxide catalyst on a support,
will provide more opportunities for ideal reactant or intermediate binding. This effect
subsequently leads to better OER activity than non-surface engineered catalysts. Previous
studies have shown that the heterogeneous interface in particular can be largely improved
through synergistic effects that increase the catalyst’s electron transfer ability. One example
is the Mott-Schottky effect that occurs at the interface between a metal and semiconductor.
This interface effect is efficient at directing electron densities towards better reaction
kinetics due to electrons being able to flow from the component with a lower work function
(the minimum energy required to remove an electron from inside a metal to a position just
outside of its surface %) to the higher work function component until equilibrium is
achieved9,

This effect can be seen in transition metal electrocatalysis in the study of Ni,Fe;4O4/Ni metal
nanocomposites!®ll. Spinel oxides, such as NiFes 40, are known to have very limited

electrical conductivity due to their semi-conductor nature, thus Huang et al investigated the
impacts of metal and oxide interaction through coupling with Ni metal nanoparticles to form
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hybrid nanostructures via solvothermal synthesis, displayed in figure 4D. These
nanostructures showed excellent OER performance with an overpotential of 225 mV at 10
mA-cm-2, some of the highest activity for spinel oxide electrocatalysts. This study also
reiterates the impact of Fe in Ni compounds by probing structures with varying levels of Fe
incorporation through a calculated y-value equal to Fe/(Fe + Ni); from this equation, they
tested a range of values from y= 0 to y=1.0, where they found that the ideal Fe ratio to be at
y=0.15. This is similar to previous Fe incorporation studies that have shown that adding too
little or too much Fe provides suboptimal OER activity!!8l. The overall improved
electrocatalysis of this semiconductor system was explained by observing the lower work
function of Ni metal compared to NisFes 40,4 (4.60 eV to 5.9 eV), which in turn allows
electrons to more easily travel from through the catalyst interface until equilibrium between
the work functions are achieved. The Mott Schottky effect can be observed amongst other
transition metal electrocatalysts such as the Co/Co30, nanoparticles encapsulated by N-
doped carbon nanotubes for OER applications in zinc-air batteries*?. The produced hetero-
nanoparticle samples displayed an impressive overpotential of 275 mV at 10 mA-cm-2;
similar to the previously mentioned iron and nickel-based samples, these difference in work
function between the metallic Co and semi-conductor Cos04induced electron transfer
across the heterointerface and thus lowering the reaction energy barriers. Here, one can
also observe the usage of supports in interface engineering where the N-doped carbon
nanotubes support improved mass diffusion and electron transfer as well as improving
structural and electrochemical stability.

In addition to the impacts of synergistic effects, interface engineering can be used to
modulate the electronic surfaces present at catalyst interfaces; in conjunction with the
previously discussed defect engineering, altering the catalyst electronic structure is a
reliable strategy to improve electron-transfer kinetics and active site density. A high
performance Coz04and NiFe-LDH core-shell catalyst with a nickel foam (NF) support was
synthesized to investigate the effects of hetero-interface engineering!*3l. OER overpotentials
were tested over a current density range of 10 to 500 mA-cm-2, where NiFe-60/Co3;0,@NF,
the sample in which NiFe was electrodeposited onto Coz04,@NF for 60 seconds, displayed an
overpotential of 190 mV at 10 mA-cm2 alongside impressive long-term stability. The NiFe-
LDH forms a hetero-interface composed of an amorphous area rich with uncoordinated
metal sites and a high stability crystalline area. The interaction between the different metal
species through the heterointerface optimizes the catalyst’s electronic structure, thus
leading to improved catalytic activity.

Similar to the defect engineering strategy on the catalyst, defects may also be introduced
into catalyst interfaces to introduce oxygen vacancies, induce the synergistic effect, and
thus improve electrocatalytic activity. A defect incorporated heterointerface was
synthesized into Co304/Co0 spinel/rock salt nanosheets to explore this effect, where a 302
mV overpotential was observed at 10 mA-cm-2144, DFT calculations were done to confirm
multiple positive effects including improved phase transfer, the rearrangement of the
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Figure 5: Perovskite Oxides for Oxygen Evolution Reaction
(A)  Crystal structures for perovskite oxides. Reprinted with permission from Weller.4> Copyright 2018 Oxford Publishing
Limited.
(8) Crystal structures of LaMnO nanosheets in different crystal phases. LSV, Tafel plot, and stability test of LaMnO catalysts.
Reprinted with permission from Li et al.?® Copyright 2021 John Wiley and Sons.

electronic environment at the interface, and the presence of more active sites that all lead
to the observed improvement in catalytic activity.

Interface engineering is known to be a valid strategy for improving catalyst activity thanks to
its ability to increase active sites and improve intrinsic activity. The usage of close contact
interfaces providing more active sites was shown in the nickel foam supported Co304and
NiFe-LDH coreshell catalyst study!*3, where the improved interface not only provided more
active sites for the OER but also showed increased intrinsic activity based on the ECSA of the
NiFe-60/Co304@NF. With this knowledge in mind, interface engineering joins the other
three previously mentioned strategies to create a robust tool set for designing better OER
catalysts.

Families of Transition Metal Oxide Catalysts

Transition metal based electrocatalysts have been shown to be present in many different
structures, each of which having their own unique properties and effects on their activity in
the OER[*3l, Examples of previously studied transition metal catalysts groups include
transition metal sulfides, chalcogenides, selenides, and morel!*; in this review, we will be
particularly focusing on the most common and efficient structural families of transition
metal oxides, as seen in figure 4.

Transition Metal-based Perovskite Oxides

One of the most commonly explored families of transition metal oxide OER catalysts are
perovskite structures. Perovskites are mixed metal oxides that consist of the general
formula ABOs (fig. 5A), where the A site is comprised of a rare/alkaline earth metal (such as
La, Sr, Ba, and Ca), while B sites are typically first row transition metals (Ni, Fe, Co, Mn, and
Cr)l4¢l, In the case of OER activity, the elements present at the A site mainly affect the
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oxygen adsorption ability of the catalyst and the B sites affect the reactivity of the adsorbed
oxygens. One of the primary strengths of perovskites is the significant tunability of their
structures owing to the ability of the A and B sites to be partially replaced by additional
elements of different valences and sizes. Through this variance in structure, one can see the
effect that unique 3D electronic structure has on OER activity.

There are many synthetic routes for producing transition metal perovskite oxides with
specific parameters and nanostructures. Among these routes are wet chemical syntheses
such as sol-gel, aero-gel and hydrothermal methods, solid-state synthesis, and
electrodeposition/electrospinning routes. In the past, solid-state synthesis has been the
most commonly employed method for producing perovskite oxides, however they have
encountered issues with low surface areas as a result of high temperature calcinations.
Some wet chemical routes may help remedy this problem, such as citric acid assisted sol-gel
synthesis. In this route, citric acid is used as a complexation agent that will lower the
temperatures required for the oxide synthesis, thus providing increasing the surface area of
the final product alongside porous nanostructures!*7l.,

While transition metal perovskite oxides have shown promising OER activity in their initial
state, much work has been done to show the effectiveness of the different regulation
strategies in improving perovskite OER activities. The phase engineering strategy in
perovskite synthesis was exemplified through the wet chemical synthesis of LaMnO3
nanosheets in orthorhombic, tetragonal, and hexagonal structures!'®l. Here, LaMnO3
nanosheets were produced through a salt-templated synthesis where the powder
intermediates were annealed at 20-, 30-, and 50-minute intervals to produce the
orthorhombic, tetragonal, and hexagonal structures respectively (crystal structures shown
in fig. 5B). The OER activities of these different phase nanosheets were observed to confirm
the dominance of the orthorhombic nanosheets above the other phases with a low
overpotential of 324 mV at 10 mA-cm2. The higher activity of the orthorhombic structures
was attributed to egelectron fillings closer to the ideal value of unity, increased oxygen
vacancies, and improved hybridization of Mn-O covalent bonds. The impact of architecture
in perovskite oxide structure was shown through a colloidal crystal template synthesis of 3D
ordered microporous LaFeOs!8l, This unique three-dimensional structure (3DOM) showed
better OER and HER activity at 420 mV mA-cm2than the base LaFeO3 perovskite, with the
indication that the cubic structure of the 3DOM structure proved more effective than base
LaFeO3 orthorhombic structure as well. Additional OER improvements were displayed once a
small amount of Co was doped into the 3DOM lattice with a lower overpotential of 410 mV
mA-cm2and the lowest tafel slope 56 mV dec. Here, the microporous structure facilitated
better charge and mass transport as reactants had an easier pathway to active sites. Finally,
interface engineering is displayed as an effective strategy through the sol-gel synthesis of a
LaNiO3/NiO heterostructure for controlled cation exsolution(#], These heterostructures
show an overpotential of 334 mV (albeit at 10 pA-cm-2); through operando studies done on
the catalyst, it was confirmed that the boosted OER performance was a result of a promoted
NiOOH layer on the interface Ni sites.
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Figure 6: Layered Double Hydroxides for the Oxygen Evolution Reaction
(A) Crystal structures of Layered Double Hydroxides in different phases. Reprinted with permission from Weller.4>
Copyright 2018 Oxford Publishing Limited.
(B) Different LDH morphologies based on Ni and Fe stoichiometric ratios (left) and resulting catalytic activity
(right). Reprinted with permission from Jiang et al.>2 Copyright 2022 John Wiley and Sons.

Layered Double Hydroxides

Layered Double Hydroxides (LDHs) are among some of the most outstanding candidates for
OER catalysts owing to their small Tafel slopes and overpotentials. As one can see in figure
6A, LDHs are generally two-dimensional nanomaterials that are comprised of MOg
nanosheets with anions intercalated between the nanosheet layers. These nanostructures
follow the general formula of M";xM"y(OH),(A™)y/nyH,0: M" represents metal species in the
divalent state, M""' represents trivalent metals, and A™ represents the intercalated anions
that serve to neutralize the positive charge of the metals in the nanosheets!!4. Due to the
broad nature of the formula, various metals and species can be used in LDHs, thus providing
the class with a high degree of flexibility in composition and structure. A myriad of synthetic
routes have been demonstrated for producing LDH systems, including
hydrothermal/solvothermal processes, co-precipitation, electrodeposition, and ion-
exchange reactions.

By nature of being promising transition metal catalysts, extensive work has been done on
LDH systems comprised of Ni, Co, and Fe with strong emphasis on binary systems of metals
in the 2*/3*states. In particular, NiFe-LDH systems have been found to be some of the most
active OER electrocatalyst. Computational studies over the years have attributed the OER
activity of NiFe-LDHs to powerful synergy between Ni and Fe active sites present on the
catalyst surface. In addition to computational studies, many experimental studies have been
conducted to determine additional ways to improve LDH activity, largely through the same
regulation strategies that were highlighted in the Catalyst Activity Enhancement Strategies
section. For example, interface engineering was shown effective through the development
of NiCo-LDH nanosheet/NiCoS hybrid arrays through a metal organic framework (MOF)-
template surface sulfidation synthesis*?. The heterostructure system was produced
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through an initial in-situ growth process transforming commercial carbon cloth into a Co-
based MOF at room temperature, followed by the production of 2D NiCo LDHs via ion
exchange with nickel nitrate precursor, and finally a solvothermal process was used to
induce surface sulfurization into the 3D NiCo-LDH/NiCoS structure. These sheets displayed a
thickness of around 35 nm as confirmed by SEM/TEM and provided an overpotential of 207
mV at 10 mA-cm2and Tafel slope of 48 mV-dec™. Long term electrochemical studies assured
the stability of the catalyst over a 24hr period, while SEM images confirmed the system’s
morphology remained consistent after this time. The impressive activity of this sample is
attributed to electronic interactions at the interface assisting in optimizing the intermediate
binding energies on the surface.

Further for NiCo-LDHs, additional metallic doping was explored through the co-precipitation
synthesis of NiCoV-LDHs to show significant OER improvements(5, Here, the NiCo-LDHs
were initially prepared through co-precipitation of Ni and Co precursors, followed by
addition of VClz solution to the resulting powder to dope in the V. SAED and HR-TEM were
used to confirm the nanocrystalline nature of the aggregated sheetlike NiCoV-LDH
structures. Electrochemical analysis unveiled an overpotential of 280 mV at 10 mA-cm-2and
a Tafel slope of 67 mV-dec for the NiCoV-LDH materials alongside good long-term stability
and three times the TOF value of the closest performing catalyst (NiCo-LDH). XPS analysis on
the materials before and after electrochemical testing was used to support the conclusion
that vanadium doping increases the amount of Co?*and Ni?* present in the structure, thus
altering the electronic structure and improving electronic interactions in the material.

The strategy of surface reconstruction also pertains to LDH structures, as seen in the
synthesis of sulfur doped NiFe-LDH nanosheets through the hydrothermal method!28l,
Interestingly, DFT calculations before the synthesis and XPS analysis of the products
determined that the S anions substitute O inside the nanosheets rather than intercalating
between nanosheet layers. These nanosheets were activated by various CV cycles before
being measured for OER activity in order to induce the necessary surface reconstruction;
after electrochemical activity, the S-doped NiFe-LDH sample displayed an impressive
overpotential of 219 mV at 10 mA-cm2alongside an astonishing Tafel slope of 24.8 mV-dec!
and stability for 360 hours. This impressive result was backed by computational calculations
to confirm that the doped S changes the rate-determining step to the *OH intermediate
with a lower energy barrier, thus optimizing intermediate adsorption.

Perhaps most relevant here, LDHs have also shown great susceptibility to morphological
engineering, with large OER increases being reported as a result of changes to the catalyst
composition. A study on the difference in OER activity between NiFe-LDHs of different
compositions and crystallinities (NiFes, NisFe;, NisFe) produced by a precipitation method
was completed to illustrate the impact of morphology!52], as shown in figure 6B. In the
characterization of these nanomaterials, HRTEM was used to confirm the multilayer nature
of the NiFes samples displaying high levels of crystallinity and diffraction patterns
corresponding to (110) and (100) planes and lattice fringes translating to the <100> zone
axis. Additionally, XAS and XANES findings indicated an increase in Fe3* over Fe?* species
present in the NisFe samples in contrast to NizFe, and NiFes. Unsurprisingly, the
electrochemical data then confirmed the assumed superiority of the NiFe; over its
counterparts with the lowest overpotential of 287 mV (at 50 mA-cm2) and 24 mV-dec! Tafel
slope; however, all three of the catalysts showed slightly increased overpotentials after
1000 cycles/400 hours. With these results, in-situ Raman work was used to investigate the
different structural evolution processes occurring on the catalysts, where it was determined
that the more ordered and crystalline NizFe was able to reversibly transform to the self-
constructed Ni(Fe)OOH active species then back to its initial stage, while the active
transformation was an irreversible process for NisFe, and NiFes, thus furthering knowledge
of how crystallinity can affect the active phase in the OER mechanism.
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Figure 7: Spinel Oxides for the Oxygen Evolution Reaction
(A) Crystal structure of spinel oxides. Reprinted with permission from Weller.*> Copyright 2018 Oxford Publishing Limited.
(B) Electrochemical activity of FeCo,04@NiMn LDH nanosheets vs other observed catalysts. Reprinted with permission
from Gao et al.56 Copyright 2023 Elsevier.
(C) SEM and HRTEM of Co304nanomaterials synthesized in different facets. Reprinted with permission from Liu et al.®0
Copyright 2018 John Wiley and Sons.

Spinel Oxides

Among the most reliable OER catalysts are the spinel family, which consists of the general
formula AB,O, with alternating tetrahedral and octahedral sites as displayed in figure 7A.
The A%t species are typically metal cations located at the tetrahedral sites, while the metal
B3* species reside in the octahedral sites; however, the existence of “inverse spinels” where
the A%* species exist at the octahedral sites and B3*in the tetrahedral sites should be
noted(®3], The spinel family extends to a multitude of structures including thiospinels and
spinel selenides, however (in the spirit of this review) much interest has been shown in
spinel oxides for the OER in past due to their relative affordability and impressive activities.
Cobalt oxides such as Co304 have been extensively investigated for the OER and
demonstrated some of the most impressive results among transition metal electrocatalysts.
While spinel oxides have shown many advantages, important obstacles to overcome with
this class of materials include limited electrical conductivity in some structures and lower
stability in electrolytes. Common synthetic routes for spinel oxides include hydrothermal,
solvothermal, ion exchange, etching, and coprecipitation methods.

Like the other crystalline transition metal oxide families, spinel oxides can be improved
through the regulation strategies of defect engineering, morphological control, synergistic
effects from interfaces, and surface reconstruction effects. The impact of defect engineering
can be seen with the study of single crystalline Co304nanosheets with deliberately
introduced oxygen defects via solvothermal synthesis(>#. Here, a typical hydrothermal and
annealing synthesis was done to produce initially Co304 nanosheets which were then placed
into a solvothermal reaction with ethylene glycol as a reducing agent. The resulting defect-
rich Cos04nanosheets were confirmed to be dominated by the [111] facet by SAED while
XPS O 1s was used to confirm the increased O-vacancy. The O-rich Co304 sheets displayed an
overpotential of 220 mV at 10 mA-cm2 and a Tafel slope of 49.1 mV-dec, which is a
considerable improvement over the pristine Co304 nanosheets that they measured as
comparison (~¥300 mV overpotential and ~72.3 mV-dec Tafel slope). Finally, DFT
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calculations were used to probe the difference in OER pathway with the defect structure,
where it was seen that the increased oxygen vacancies further exposed Co as an active site
with lower surface activation energies and narrower bandgaps displayed as a result.
Another example of inducing defects can be seen in the laser ablation synthesis of V-doped
CuCo,04 nanoneedles on carbon fiber (CF) support (V-CuCo,04/CF)55], Rather than
formation of direct oxygen vacancies, the poorly crystalline V doped into the system also
introduced a partial amorphous phase into the lattice that proved a significant improvement
to the electrocatalytic activity, as shown with the 204 mV (at 100 mA-cm2), 40.7 mV-dec?
and TOF of 4.02 s™*. The unique laser ablation synthesis (LS) was achieved by dissolving Co,
Cu, and V precursors in solution with agitated stirring, placing the pretreated CF into
solution, and irradiating the solution with a KrF excimer laser; SEM, TEM, and XRD were all
then used to confirm the amorphous nature of the V-doped nanoneedles in contrast to the
more crystalline CuC0O,0,4-LS/CF control sample. DFT calculations confirmed the ability of V
to protect the Co sites from deactivating via over-binding the intermediates, alongside
improving surface charge distribution for surface Co close to oxygen vacancies.

As expected, powerful synergistic effects as a result of interface engineering have proven
effective for improving the activity of spinel oxides as well. A 2D/2D core/shell structure of
NiMn LDH nanosheets grown on FeCo,04spinel nanoflakes was synthesized through
hydrothermal synthesis to demonstrate the strength of these synergistic effects!®¢l. A low
overpotential of 232 mV at 10 mA-cm, Tafel slope of 31.85 mV-dec™ (fig. S1), and well-
maintained 24 hour stability all confirm this effectiveness and were attributed to the
increased ECSA, improved charge transport highways, and modified electronic structure of
the heterostructured material. Further emphasis on synergistic effects can be seen through
the hydrothermal synthesis of NiCoFeO spinel on B-Ni(OH), nanosheet-decorated Ni foam
(NF) substratel>”). Here, lattice disorder and mixed valence/spin states induces further
synergistic effects through an increased amount of metal ions in the spinel octahedral sites,
thus moving the egorbital electron occupancy closer to unity (which is commonly agreed to
be one of the most important parameters for ideal OER activity). The subsequent OER
activity improvement is confirmed with an overpotential of 272 mV at 10 mA-cm2and 54
mV-dec™.

In order to understand how to utilize surface reconstruction in spinel oxides, in-situ work
was done on spinel LiyCosxO4 in different stoichiometric ratios (x=0, 0.25, 0.5, 0.75, and 1)
synthesized via nitrate decomposition and heat treatment(*8l. The bulk of this study was
dedicated to investigating the M-O bond strength of the Mt-O-Mg backbone as the amount
of lithium increases in the structure; results showed that as lithium increases, the M+-0-Mg
bond strength decreases due to lithium cations replacing cobalt at the tetrahedral sites. This
subsequently increases the amount of Co,+-O covalency thus improving the OER activity as
confirmed by a comparative electrochemical study whereas the lithium stoichiometric ratio
increases, the OER overpotential decreases. As a result, it is inferred that the increase in
metal-oxygen covalency polarity between MO, and MOg (also known as the M1-0-M,
backbone) leads to stronger surface reconstruction, thus higher OER activity. A similar study
was done on ZnCo,0,where Ni was substituted into the lattice in increasing amounts
(ZnCo,4NixO4) where the OER activity scaled positively with the more Ni added (to a
minimum overpotential of 311 mV at 25 pA-cm?2and ~60 mV-dec Tafel slope)9. The larger
concentration of Nifurther induces surface reconstruction and increases the amount of Ni3*
to serve as the main active site.

The favored method of morphological control has been displayed prominently in spinel
oxide studies. An investigation on the impact of facet control was conducted on Co30,
nanocubes, nanosheets, and nanoplates with predominantly exposed [100], [110], and [111]
facets respectively®?. These differing nanomaterials were produced through facile
solvothermal and hydrothermal methods where aging and calcination times and
temperatures were varied based on the targeted product. HRTEM and SAED (fig. 7C) were
used to confirm sheet-like morphologies and exposed planes, where structural models were
then used to display the [110] surface containing both Co?* and Co3* species present in
contrast to [100] and [111] surfaces only containing Co?*. The constructive impact of surface
Co3* was confirmed by electrochemical evaluation, where the [110] nanosheets
outperformed the [100] nanocubes and [111] nanoplates for the OER. The increased
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amount of Co3* on the surface serve as additional active sites for Co3*to Co** transition, thus
driving the OER. Interestingly, the [100] nanocubes and [111] nanosheets show higher
activity for the oxygen reduction reaction (ORR), assumedly due to the lack of surface Co3*.
An investigation into the influence of tetrahedral and octahedral geometries was done on
CoAl,04, ZnC0,04, and Co30,4, where Co304outperformed the other two spinel oxides due to
its higher share of transition metal octahedral sitesl!. Octahedral-occupied Co corresponds
to a low spin Co electronic configuration (tx.°eg’) which has considerably larger covalent
overlap O p-orbitals than the high spin Co?* configuration (e*t,3). With the importance of
octahedral geometry in mind, geometrical engineering through occupation of open
octahedral interstices with foreign cations was done on inverse spinel MoFe,04 nanosheets
with Fe and Ni cations supported on iron foam (MNFO NS/IF)62l. The supported nanosheets
were synthesized through hydrothermal process and annealing alongside iron foam
supported NiFe,04nanocubes (NFO NC/IF) and MoFe,04nanosheets (MFO NS/IF) to act as
comparisons. The OER superiority of MNFO NS/IF at 250 mV at 10 mA-cm-2and 36.9 mV-dec
Lover NFO NC/IF (269 mV, 38.2 mV-dec) and MFO NS/IF (300 mV, 40.6 mV-dec) confirmed
the effectiveness of additional Fe active site exposure; additionally, Raman spectroscopy
was used to confirm the occupation of Fe and Ni in the inverse spinel octahedral sites.

Amorphous Oxides

Another promising family of transition metal oxide materials are high performing
amorphous oxides. While amorphous oxides may not have the uniform structures of other
materials, they have shown a surprisingly efficient robustness for the OER. Some advantages
of amorphous oxides include factors such as having a larger ECSA than crystalline materials,
more defect structures, and increased electrolyte diffusion through the amorphous bulk
matrix. Keeping in mind the importance of surface reconstruction for OER catalysts, one
particular important feature of amorphous oxides is their structural flexibility aiding in
reconstruction during the electrochemical process to improve catalytic activity; on the same
page, amorphous materials also retain the ability to reform into more crystalline structures
through reconstruction to gain further activity when required.

Similar to other transition metal oxide catalyst families reviewed, amorphous oxides can be
synthesized into mixed metal oxides (binary and ternary) to boost their catalytic activity,
especially when using the consistently active metal trio of Fe, Ni, and Col¢3. Fe-doped Ni and
Co-based materials in particular have been shown to have increased catalytic activity when
made to be amorphous, such as amorphous NiFeO,/C hybrids that were sonochemically
synthesized and favorably compared to crystalline FeNiO nanomaterials with OER values of
290 mV at 10 mA-cm2 overpotential/31 mV-dec Tafel slope for a-NisoFeso0,/C and 297 mV
at 10 mA-cm2 overpotential/37 mV-dec ! for Feg 1NigsO nanocrystals!®l. Further study of
amorphous FeCoNiO materials in a large range of stoichiometric ratios (a-Fe1oo.,-.Co,Ni,Oy)
provided some critical mechanistic information that Fe concentrations in appropriate
amounts (>40%) is crucial for lowering the Tafel slope in the amorphous system (from 73
mV-dectin Fe-free systems to 40-42 mV-dec'in Fe-containing systems), while Co or Ni
largely contribute to lowering the system’s overpotential (0.38 V at 0.5 mA-cm-2for Co/Ni-
free systems for 0.23-0.27 V for Co/Ni-containing systems); an interesting observation made
in this study, however, is that despite both Co and Ni being beneficial for OER activity, the a-
CoNiO, system showed a worse overpotential (0.27V) than both the binary a-FeCoOy and a-
FeNiOy systems (0.23-0.25V). This indicates that the degree of intermixing between Co and
Ni in amorphous systems is insignificant(6>8, further reflected in figure S2. Fe dependence
in Co systems was shown in a study of amorphous Co,Fe,O, nanoflakes through a large scale
NaBH, reduction synthesis at room temperaturel®’l. a-Co, sFeq 50, showed the best
performance of all the amorphous samples (and better than its crystalline counterpart) at




Chem Catalysis & CelPress

Na* Ni layer g
A Cr- /

120 nm
\ Ni,O, layer
& AETp
RUNB TN 500 nm domi
‘ ! *Ni
« NisPs — NIO@NF o
PDF#18-0883 (NisP.) P-NIOGNF el
3 3 Y
s s 1
z £ N
E | | i
o
4 2 3
D L “,“.I S —
0 20 B 4 50 68 70 0 20 3 4 % 6 7 8
20 degree 20 (degree)
o &
§ S i
E ——NF 406 1904 mV dec”! NO {111}
E 0 NiO {110} E 1542 mV dec”
= ——NiO {111} >
—_— E ]
g = /
2 o0 £
g 5os
g g NiO {110}
3 E 1425 mV dec '
0 "
12 14 16 e @ ao 15 20 25
Potential (V vs. RHE) log j (mA/cm’)

Figure 8: Rock Salt Oxides for the Oxygen Evolution Reaction

(A) Crystal structure of rock salt oxides. Reprinted with permission from Weller.4> Copyright 2018 Oxford Publishing Limited.

(B) Oxygen defects introduced through atmospheric pressure plasma jet technique with OER analysis. SEM and HRTEM used to
image different layers of sample. Reprinted with permission from Zhang et al.”® Copyright 2021 American Chemical Society.

(C) XRD used to characterize NisP4 precursor and NiO/P-NiO catalyst post-electrochemically induced surface reconstruction. OER
analysis comparing precursor, NiO, and P-NiO shown. Reprinted with permission from Dai et al.”> Copyright 2013 Royal Society
of Chemistry.

(D) Facet dependent OER activity of rock salt NiO nanomaterials. Surface reconstruction induced in situ phosphorus doping in
nickel oxides for an enhanced oxygen evolution reaction. Reprinted with permission from Wang et al.82 Copyright 2022 Royal
Society of Chemistry.

280 mV at 10 mA-cm2 and 39.9 mV-dec'’; DFT calculations showed higher electron density
for a-CoyFe,Oy at the Fermi level than a-CoO, alongside lowered Co site overpotential for the
Fe-containing sample. These findings indicate that Fe doping aids the OER activity by
optimizing the Co site electronic structure while acting as an adsorption site for the reaction
intermediates. Finally, a study on the effects of amorphous nature on interfaced structures
was conducted on amorphous/crystalline Ni-Fe oxide catalysts that were interfaced with Ni-
Fe alloys prepared through flame synthesis!®8l. Here, two catalysts were synthesized,
Nig.ssF€0.120-1 and NiggsFep.120-2, which were mostly amorphous and crystalline in nature
respectively. The main takeaway here was that not only did the amorphous catalyst perform
above the crystalline sample for the OER, but upon investigating the HER, the opposite was
found with the crystalline catalyst performing better instead. Computational study proposes
that this trend is due to the more ordered crystalline surface aiding in the proton study for
the HER, while the disordered amorphous surface once again aids in OOH intermediate
formation and thus lowers the OER activation barrier. With this observation in mind, one
can understand the appeal of amorphous crystalline hybrid structures such as core-shell
morphology structures comprised of an amorphous shell and crystalline corel®3l,

Rock Salt Metal Oxides
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The last classification of transition metal oxides to be discussed in this review is the rock salt
family. As shown in figure 8A, rock salt oxides are typically monometallic oxides (MO) where
the metal cation and oxygen anions alternate in the face-centered cubic (fcc) lattice
structure. Rock salt oxides are of particular interest in the field of OER catalysis due to their
relatively large degree of tunability in their morphology and composition. For transition
metal oxide rock salt electrocatalysts, Fe, Ni, and Co are commonly agreed to show the
highest potential for the OER with NiO receiving the most attention. Theoretical studies
have shown that NiO in different facets show varying levels of activity for the OER, with
NiO(100) showing some of the most ideal activity amongst all catalysts, including PtO,,
RhO,, and Ir0,[14. The problem remains that while the theoretically single crystalline
NiO(100) shows ideal activity, experimentally produced NiO compounds have more
complicated structures and thus show higher overpotentials than desired, thus driving the
search for strategies to improve NiO and other transition metal oxides to bring them to their
ideal potentials.

In contrast to the more conventional perovskite and spinel oxides, rock salt oxides have not
been studied as extensively for the OER, which makes them an exciting avenue to explore
for potential new electrocatalyst candidates. The work that does exist examining rock salt
oxide OER performance has displayed the same common improvement strategies as related
metal oxide families: defect engineering, surface reconstruction, interface engineering, and
most importantly for rock salt oxides, morphological control. In many of the existing studies,
two or more of these strategies were used in tandem to provide even further improvement
to the catalytic activity.

Defects and vacancies have been shown to play vital roles in the activity of transition metal
rock salts, similar to the other transition metal oxide families. Focusing on nickel oxide
systems, XPS and operando Raman spectroscopy studies were used to investigate NiOy thin
films before and after electrochemical study to investigate the effects nickel defects present
in the system!®], The NiO, thin films were prepared through deposition method using
reactive magnetron sputtering on a nickel target in argon/oxygen mixed gas, and gold disks
were used for the electrode substrate. The films samples were deposited at room
temperature and 600°C then had their overpotentials 10 mA-cm2measured initially, after
900s, and 4500s. XPS analysis of the as-prepared samples showed a sizeable peak attributed
to oxygen vacancies in the O 1s spectrum, with the same peak appearing much smaller in
the 600C sample. As such, the RT sample showed higher activity than its higher temperature
counterpart on all trials, with an overpotential decrease from 500 mV initial to 390 mV after
4500s. To explain this difference in activity, operando Raman spectroscopy was used to
display distinct differences in peaks between the two samples, where the RT sample showed
two sharp peaks attributed to Ni"-OOH and Ni"'-O that were not present in the
deconvoluted 600C sample. The presence of these peaks indicates the existence of some
Ni'" defects that provide an increase to OER activity, likely through the Ni"-OH to Ni"-OH
transformation that occurs around 1.4V. This find was reiterated in the XPS of both samples
after electrochemical analysis, where a small peak for Ni"'-O is present in the O 1s spectrum
for the RT sample but is absent in the 600C sample. From these findings, it is concluded that
the presence of nickel defects and oxygen vacancies provides benefit to OER activity. As
displayed in figure 8B, a novel method for producing transition metal oxides on nickel foam
(NF) support was introduced via atmospheric-pressure non-equilibrium plasma jet (APP)J)
technology to prepare a nonstoichiometric nickel oxide layer directly on the NF surface in-
situ at maximum thickness in as little as five minutes!”°l. Samples were produced at different
time intervals from one to seven minutes of plasma jet treatment, where the five minute
sample (APPJ-NiO,/NF-5) showed the best catalytic activity at an overpotential of 355 mV at
10 mA-cm2 and Tafel slope of 88 mV-dect. SEM imaging shows APPJ-Ni,O,/NF-5 as a rough
surface with stacks of sheetlike materials with a layer of ~120 nm on the NF support. HRTEM
confirmed the presence of amorphous and crystalline layers, where the crystalline section
domain was consistent with (200) plane of cubic-phase NiO (d-spacing = 0.209 nm); the XRD
patterns taken also confirm the cubic NiO structure of the crystalline domain. Finally, XPS
analysis of APPJ-NiO,/NF-5 shows plentiful Ni3*and Ni?* peaks in the Ni 2p spectrum, and
large oxygen peaks that were attributed to Ni-O and surface oxygen defects. From this
information, it is inferred that the amorphous domain of the sample contains large amounts
of Ni3* species and oxygen defects present that then go on to enhance the OER activity.
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In the first of many examples of interface engineering, rock salt NiO nanocylinders were
used to form a heterostructure with spinel Co304nanosheets in a hydrothermal synthesis
that also yielded significant oxygen vacancies!”Y, HRTEM confirmed the cubic crystalline
nature of the NiO domains of the heterostructure with a d-spacing value of 0.208 nm
corresponding to NiO (200) and a d-spacing value of 0.24 nm to confirm the Co30, spinel
domains; these findings were supported by the XRD patterns for the two crystalline species
being present in the heterostructure pattern. More importantly, the HRTEM image
confirmed the presence of lattice distortions in the sample that is responsible for producing
rich oxygen vacancies in the heterostructure. The presence of said oxygen vacancies was
confirmed by via the O 1s spectrum in XPS, where three peaks corresponding to lattice
oxygen, adsorbed surface oxygen, and oxygen vacancies were present. The oxygen vacancy
peak for the heterostructure sample was higher than NiO and Co30,. The superiority of the
vacancy rich heterostructure was confirmed via electrochemical analysis, where the
nanostructured hybrid showed the lowest overpotential and Tafel slope at 330 mV at 10
mA-cm2 and 62.64 mV-dec™ alongside 90% current retention over 10 hrs. Another study
was done on Co30,/NiO heterostructures, this time using heteroatom doping with P
introducing additional defects into the system(72, This heterostructure system was initially
produced from synthesizing CoNi-glycerate solid spheres through simple hydrothermal
synthesis followed by phosphating them with NaH,PO,in a tube furnace at 400C for 2 h.
Similar characterization results in XRD, TEM, and XPS to the previous Co304/NiO study were
observed, indicating that the spinel and rock salt crystal structures are able to coexist and
large amounts of defective oxygen reside in the system. The most impressive development
here is the BET surface area of the P-containing sample compared to the bare Co304/NiO,
where the P-sample has 103.70 m?/g in surface area over the bare sample’s 79.12 m?/g.
Both catalysts show a type IV isotherm, indicating a mesoporous nature that can aid in
electron transport. Finally, electrochemical analysis of the catalyst displays an impressive
overpotential of 283 mV at 10 mA-cm-2 and Tafel slope of 77 mV-dec™. This compares nicely
to RuO,, which is reported to have an overpotential of 297 mV at the same current density.

One of the main difficulties that NiO faces is unfavorable adsorption properties for OH-
intermediates, thus hindering the OER mechanism. One attempt to conquer this problem
was decorating NiO nanoparticles with CeO,and N dopants (Ce/N-NiO) to further advance
electron coupling, which lead to surface electron reconfiguration(’3l. The doped
nanoparticles were produced through hydrothermal synthesis starting with Ni foam washed
and dried with water and ethanol, followed by using Ni and Ce nitrate precursors with
hexamethylenetetramine (HMT) in water to form NiO/CeO,, then concluded with ammonia
treatment to produce the Ce/N-NiO product. TEM and XRD were used to confirm a
polycrystalline NiO structure present with the 0.208 nm d-spacing of the NiO (200) plane,
alongside a CeO; crystal plane. XPS studies were done on the Ce/N-NiO sample alongside
NiO, Ce-NiO, and N-NiO, where it was observed that the Ni3* peak was highest in the Ce/N-
NiO sample. This implied that strong electron interaction between the N-NiO and CeO,
interface helps form more Ni3*and thus improves electron transfer. Electrochemically, the
Ce/N-NiO sample showed an optimal overpotential of 250 mV, which is comparable to
benchmark RuO, at 248 mV, and favorable Tafel slope kinetics at 78 mV-dec. DFT analysis
suggested that not only does Ce/N-NiO have more suitable AG values than its counterparts,
but that electrochemical adsorption of OH-are further optimized due to surface electronic
reconstruction. A similar study involving a NiO/CeO; heterostructure involved synthesizing
the hybrid nanowires on carbon cloth supports through hydrothermal method!”4. Here, XRD
and TEM results confirmed that while NiO and CeO, structures were present, elements of
distortion such as slightly lower d-spacing values (0.207 nm instead of 0.209) indicated a
degree of lattice coupling between the two structures. Additionally, XPS study confirmed
large oxygen vacancies present. Electrochemical studies at 50 mA-cm2gave the
heterostructure an overpotential of 330 mV, making it comparable to commercial IrO,@CC
at 332 mV. Most notably, post electrochemical characterizations were done with XRD to
confirm the presence of a-NiOOH, which was further confirmed through in-situ Raman
spectroscopy showing an increase in NIOOH peaks when the voltage increased beyond
1.326 V. These findings indicated that CeO; influences the surface reconstruction of NiO to
NiOOH, which then positively impacts OER activity. One unique and very interesting avenue
of utilizing transition metal oxides comes from using transition metal catalysts outside of the
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oxide family initially. Due to the inherent transformation of Ni species into oxides and
oxyhydroxides in the oxygen evolution reactions, some studies have used non-oxide nickels
as pre-catalysts to be reconstructed in-situ instead, such as NisP4 that also provided P doping
into the resulting NiO system shown in figure 8Cl73l. NisP,4 pre-catalyst was first produced
through ball milling method, followed by the electrode being prepared through
hydrothermal synthesis. Initial XRD and TEM analyses confirmed the peak patterns of NisP,
powder for the pre-catalyst before electrochemical study. Initial voltammetry
measurements for the NisP, at 10 mA-cm2showed impressive overpotentials and Tafel
slopes of 269 mV and 79.2 mV-dec™, which are respectable numbers themselves; however,
CV results after 20 h of continuous OER performance demonstrated improved values of 240
mV and 53.2 mV-dec™. Post-electrochemical characterization via HRTEM confirmed the
presence of NiO nanosheets, while XPS confirmed the presence of both P in the NiO
nanosheets and vacancies/lattice distortions that are typically indicative of heteroatom
doping. A similar study of NiO nanosheets with plentiful Ni vacancies through a non-oxide
pre-catalyst was done with NiSe produced on nickel foam (NiSe@NF) formed from
hydrothermal synthesis initially!”¢l. Similar trends in characterization were observed with the
NiSe@NF electrodes before and after electrochemical analysis, however the overpotential
(reported at 20 mA-cm-2) was observed to be 372 mV for the initial NiSe@NF and 325 mV for
Ni,O/NiSe@NF. To further improve upon this promising technique, the proven method of
iron incorporation was utilized by using 0.04M FeCl; aqueous solution as the electrolye to in-
situ produce (FeNi)O/NiSe@NF. This produced an impressive overpotential of 268 mV with a
70.6 mV-dec. XPS analyses of the samples showed that the Ni?* peak in the Ni 2ps/, spectra
had a positive shift of around 0.74 eV after the incorporation of Fe, which indicates that Fe
heteroatom doping does lead to structure reconstruction in Ni,O.

Among the most common ways to improve the OER activity of rock salt metal oxides is
through doping in additional transition metals into the relatively simple structure. One initial
example is highly porous 3D Co-NiO nanorods produced through hydrothermal synthesis!”7.,
This synthesis was achieved through first using Co-doped NiC,04 nanorods formed through
the hydrothermal process with oxalic acid, glycerol, water, nickel, and cobalt precursors,
then performing an annealing process to produce the porous NiO nanorods. Nanorods in Co
concentrations from 0% to 7% were produced and characterized, where SEM imaging
displayed increasing smooth, rodlike nature of the nanomaterials up to 5% Co doping, but
the samples became broken and agglomerated at 6-7%. Expectedly, the electrochemical
results follow the trend of increasing activity up to the optimal 5%, which showed the
lowest on-set overpotential at 1.55 V versus RHE (320 mV) and an overpotential of 450 mV
at 10 mA-cm2. The 5% sample also displayed the best Tafel slope kinetics at 89 mV-dec.
The decrease in activity beyond 5% indicated Co-doping is beneficial as Co incorporates into
the NiO system to a certain amount without becoming destructive to the lattice. Additional
transition metal doping can be taken a step further into ternary rock salt oxides, such as
with FeNiCoO hollow nanospheres that were constructed alongside Ag decorations outside
their shells (Ag/FNCO-HS)!78.. These samples, produced through two-step precipitation
methods, were used for bifunctional OER and ORR studies, where initially a binary Ag/NCO-
HS showed 310 mV overpotential. Fe was added into the first step of the precipitation
process to test the effectiveness of Fe incorporation in this system, where it was found that
the OER performance is higher than benchmark RuO,. Alongside the previous consensus on
Ni, Fe, and Co, for the OER, it is inferred that the Ag decorations are useful in altering
heterojunction electronic structure to aid catalyst activity. Doping for rock salt oxides can
extend beyond additional transition metals with heteroatom doping. A microporous N and P
co-doped NiO (NP/NiO) was synthesized using non-templated hydrothermal synthesis
alongside a N and O co-doped nickel phosphide (NO/NiP) for comparison’?l. Here, the
NP/NiO material showed better activity with a 332 mV overpotential at 10 mA-cm2, which
corresponded to the N adsorbing onto the NiO surface and creating a beneficial synergistic
effect alongside increased electron transport by the P atom. The strength of synergistic
effects can additionally be observed in the study in figure S3 of NiO,film grown on spinel
Co304 nanowire arrays also grown on carbon cloth support (NiO,@Co030,/CC)®8., This sample
was produced through plasma enhanced atomic layer deposition (PE-ALD). At 10 mA-cm??,
the heterostructured system shows an overpotential of 360 mV and 107 mV-dec! Tafel
slope, alongside impressive stability over an 11 h stability test.
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One of the largest benefits to transition metal oxides is their geometrical and morphological
tunability as a result of their relatively simple structure, allowing one to produce rock salt
oxides possessing different facets, crystal phases, amorphous structures, and more. To start
with, one can see the influence of combined crystallinities in the structure being used to
increase activity through a study on cellulose-partially-reduced NiO (CL-prNiO)#, Produced
through hydrothermal method, TEM and XRD characterizations confirms the crystalline
structures of (200) for NiO and (111) fcc Ni in a hybrid alongside a disordered interface in
between the two that implies the presence of defects. The defect rich CL-prNiO shows the
best activity at 286 mV at 10 mA-cm=2 overpotential and 43 mV-dec! Tafel slope. An
investigation into the structural morphology of pristine NiO in the OER was done by
comparing 1D NiO nanofibers (NiO-NFBS) against more conventional 3D NiO nanoparticles
(NiO-NPTs)l, The conventional nanoparticles were synthesized through a conventional
hydrothermal method using citric acid, while the 1D nanofibers were synthesized by
solution blow spinning to provide them with a hollow nature. XRD confirmed both samples
contained the cubic nature of NiO, while XPS indicated a higher amount of Ni3* present in
the NiO-NFBs. SEM was also used to confirm the hollow nature of the nanofibers.
Electrochemical analysis then favored the NiO-NFBs, which was 133 mV better than the NiO-
NPTs sample at 10 mA-cm2(322 mV vs 455 mV). This improved activity is credited to the
increased ECSA, increased mass transport, and stability of the hollow nanofiber structures.

Theoretical studies have shown that NiO in different predominant crystal planes than its
most stable (111) plane have ideally higher OER activity. An investigation of this idea was
done with the synthesis on NiO nanobelts with predominantly exposed (110) crystal planes
produced from nickel sulfate precursor compared to traditional (111) faceted nanoplates
produced with nickel nitrate precursors, shown in figure 8E82, HRTEM was used to
compare the lattice fringes between the sample where the nanoplates showed d-spacing =
0.24 nm that is typical of (111) faceted NiO, in contrast to the fringes in the nanoplates
samples 0.15 nm spacings. Increased peak height in the XPS analysis indicates that the
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Overpotential Tafel Slope

P (mv-dec?) Classification
Orthogonal LaMnO,*? 324 74 Perovskite
3DOM LaFeygCo,,0,481 410 56 Perovskite
NiCo LDH/NiCoS!48l 207 48 LDH
S-NiFe LDHI2¢! 219 24.8 LDH
NiFe, LDHEO! 287 24 LDH
O-rich Co;0,5% 220 49.1 Spinel
FeCo,0,@NiMn 232 31.85 Spinel/LDH
LDH/NF(54]
C0;0, (110)5#] ~300 70 Spinel
NigFec,0,/C(®3 290 41 Amorphous
APPJ-NiO/NF-5[¢8] 355 88 Rock Salt
(FeNi)O/NiSe@NF74! 268 70.6 Rock Salt
NiO,@Co0,0,/CCl78 360 107 Rock Salt
NiO(110)!80 382 142.5 Rock Salt

Table 2: Comparison of catalyst OER performance in different classifications and enhancement strategies.

nanobelts structure has more surface Ni and O defect sites present to aid in OER activity. As
such, the nanobelt showed an improved overpotential of 382 mV at 50 mA-cm-2in contrast
to 462 mV for the nanoplates. The advantages of NiO(110) seen here were further
reiterated in a study of NiO thin films synthesized in (111), (100), and (110) orientations via
direct current sputtering on Pt films(83l. Here upon electrochemical analysis, (110) showed
most favorable Tafel slope values from low overpotentials to high overpotentials at 1.55V,
which was attributed to its ability to stabilize B-Ni(OH) on its surface.

Conclusion

The debilitating effects of climate change have made it important to find sustainable energy
sources for the future, with water electrolysis for hydrogen storage being one of the most
promising options. While the electrocatalysts that were necessary components of water
electrolyzers in the past were prohibitively expensive, transition metal based
electrocatalysts that can be used in alkaline systems will allow these systems to be used on
a larger scale once they reach their potential.

In order to improve the catalytic activity of transition metal based electrocatalysts, several
different enhancement strategies have been developed: defect and vacancy engineering,
surface reconstruction, crystal phase and facet engineering, and dopant and compositional
engineering at the heterogenous interface. Each of these routes have shown positive effects
and promise for improving the OER activity of the tested transition metal electrocatalysts,
however each strategy also displays challenges ranging from destructive nature of the
techniques involves, irreversibility, challenging thermodynamics, and energy intensive
synthetic routes. For this reason, it is imperative to continue exploring ways to improve and
innovate the synthetic routes used to produce highly OER active transition metal
electrocatalysts.
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Much work has been done exploring transition metal oxide catalysts in various structures
including perovskite oxides, spinel oxides, layered double hydroxides, and amorphous
oxides. Each of these extensively studied systems have shown their advantages in providing
high OER activity: perovskites provide a large degree of tunability in their composition; LDHs
show some of the most ideal OER activity thanks to crystallinity and layered structure; the
complex structure of spinel oxides in the normal and inverse structure provides opportunity
for deeper mechanism studies; and the amorphous nature of amorphous oxides improves
ECSA and number of defects. In contrast, rock salt structured oxides have not received as
much focus. Rock salt oxides have the potential to be useful OER catalysts due to their high
variability and simplistic nature, with nickel oxide having received much attention in the
past. Future work is needed in designing new nickel oxide catalysts for the OER reaction,
particularly through the use of strategies such as surface reconstruction, defect engineering,
interface engineering, and in the case of the potentially highly active NiO(100),
morphological control.

SUPPLEMENTAL INFORMATION
Document S1. Supplemental figures from reviewed literature articles.

Figure S2. Cyclic voltammograms and contour plots of amorphous oxide systems
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