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1 Introduction

The release of anthropogenic greenhouse gases into the atmosphere,
primarily from the heavy reliance on fossil fuels to drive the world econ-
omy, has resulted in the imminent threats of global warming and climate
change, rising sea levels, ocean acidification, melting of glaciers and
permafrost, and more frequent and severe weather patterns [1, 2].
Atmospheric CO2 levels reached 419ppm in 2021—a historic high—and
the trend for increasing levels shows little sign of slowing. In response,
the search for clean and renewable energy has become one of the greatest
challenges for the transition to a more sustainable society.

Electrochemical energy conversion processes driven by renewables, such
as wind, hydro, and solar energies, will inevitably be an integral part of any
transition away from economies based on fossil fuels [3]. Electrochemical-
based renewable energy technologies, such aswater splitting andCO2 reduc-
tion,will play a key role in the future range of sustainable energy sources and
the growing move toward decarbonization of world economies. Electro-
chemical splitting of water offers a “green” route to generate hydrogen, as
opposed to traditional “brown” hydrogen derived from fossil fuels, which
involves an energy-intensive gasification process and results in significant
CO2 emission. The hydrogen evolved can be used to drive fuel cells—
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FIG. 1 The role of Earth-abundant catalysts employed in the electrochemical water split-
ting and CO2 reduction technologies for sustainable energy production and utilization.
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reversing the electrolysis reaction and harnessing the free energy released—
providing energy for a myriad of potential transportation and industrial
applicationswithout carbon emissions. Similarly, CO2 electrolysis can simul-
taneouslymitigate the elevated levels of this greenhouse gas and can provide
a route to valuable carbon feedstocks in place of fossil fuels [4, 5]. The central
role of water and CO2 electrolyses, when driven by renewable energy
sources, in such approaches is illustrated in Fig. 1.

Widespread implementation of the previously mentioned technologies
will require catalysts that will allow these processes to proceed with high
yields and at reaction rates that make them economically viable. While
some catalysts with the necessary selectivity and rate enhancements exist,
they are typically too expensive or rare for large-scale implementation. In
contrast, what will be necessary are so-called Earth-abundant catalysts,
that is, those that are either carbon-based or composed of relatively com-
mon metals, such as iron, nickel, cobalt, or copper, instead of much rarer
metals, such as platinum, ruthenium, or gold. The development of Earth-
abundant electrocatalysts is therefore critical in any sustainable energy
conversion at the scale necessary to address climate change and related
issues.

In this chapter, we discuss the syntheses and performance characteris-
tics of scalable Earth-abundant electrocatalysts in the context of
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sustainable energy conversions, such as electrochemical water splitting
and CO2 reduction. Research in this area involves chemical, physical,
and theoretical approaches to catalyst performance; these include tuning
the electronic structures of catalysts by altering their composition,
employing surface engineering techniques such as nanostructuring to
optimize interactions with substrates, and computer-assisted catalyst
design to inform the synthetic strategies for high-performance electroca-
talysts. We also discuss important ongoing challenges of electrochemical
conversion technology, particularly catalyst stability. Finally, we address
the overall sustainability of electrocatalytic technologies in the context of
the life-cycle analysis and end-of-life, emphasizing sustainable
approaches to catalyst use, such as the use of recycled materials and
renewable resources in catalyst production.
2 Fundamentals and principles of electrocatalysis

Electrocatalysts enhance the rate of reactions that occur at electrochem-
ical interfaces, sometimes by many orders of magnitude. As is true for all
catalysts, they alter the mechanistic pathways of chemical reactions, low-
ering the activation energy.While catalysts may bemodified to form inter-
mediates during a reaction cycle, these are subsequently transformed in
such a way that the original catalyst is regenerated, that is, no net con-
sumption of catalysts occurs. The clean energy innovations described in
the introduction will only be realized if suitable catalysts can be engi-
neered to effectively use renewable energy sources to drive key electro-
chemical processes, such as water splitting and carbon dioxide
reduction. We provide in this section a brief overview of the mechanistic
details of these important processes.
2.1 Mechanism of oxygen and hydrogen evolution reactions

The electrolysis of water involves two half-cell reactions: an oxidation
that generates O2, known as oxygen evolution reaction (OER), and a
reduction that generates H2, known as hydrogen evolution reaction
(HER). Regardless of the pH of the employed media, the overall reaction
is described by Eq. (1).

2H2O! 2H2 +O2 (1)

The minimal theoretical voltage to drive the reaction is 1.23V (vs SHE)

under standard conditions. Unfortunately, the reaction is typically very
sluggish at this potential, so higher voltages, called overpotentials (η),
are employed to accelerate the rate. The overpotential in an electrolysis
is the additional voltage that must be applied to obtain a given current
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density. Electrocatalysts can significantly lower overpotentials and
thereby achieve a given reaction rate at a lower energy input, making
the process cheaper to operate. Reaction rates can be measured using
either current density or the rate of product generation. The fraction of
current associated with the conversion to a particular product is referred
to as the Faradaic conversion efficiency (FE). Since OER and HER in water
(without electroactive solutes) produces only a single product, FE is usu-
ally not reported (but nevertheless recommended when characterizing
catalyst performance). For processes that can result in multiple products,
such as carbon dioxide reduction, it is much more commonly reported
characteristic of catalyst performance.

Themechanisms of the two half-reactions involved inwater electrolysis
are both multistep processes. OER proceeds via a kinetically slow, multi-
step transfer process involving four electrons overall. In acidic media,
water is oxidized into oxygen and protons (Eq. 2), whereas in the alkaline
media, the hydroxide ion is oxidized into water and oxygen (Eq. 3).

2H2O!O2 + 4H+ + 4e� (2)

4OH� !O2 + 2H2O+ 4e� (3)

The specific mechanism of the oxidation processes involves the gener-

ation of hydroxyl radicals, as described later in this chapter. In acidic
media, a one-electron oxidation of water results in dissociation and the
generation of a hydroxyl radical adsorbed onto the electrode surface,
OHad (Eq. 4); this transient species is then oxidized further to make atomic
oxygen (Eq. 5).

H2O!OHad +H+ + e� (4)

OHad !Oad +H+ + e� (5)

2Oad !O2 (6)

Oad +H2O!OOHad +H+ + e� (7)

OOHad !O2 +H+ + e� (8)

It is generally accepted that molecular oxygen can be generated either

through a direct combination of two Oad (Eq. 6) or via an intermediate
formed via direct reaction between atomic oxygen and water (Eqs. 7–8)
[6]. A similar series of steps, with the same adsorbed intermediates, such
as OHad and Oad, proceeds in alkaline media. Specifically, oxidation of
hydroxide yields hydroxyl radical adsorbed on the electrode (Eq. 9), fol-
lowed by Oad formation (Eq. 10), which ultimately generates O2 formation
as previously described in acidicmedia (Eq. 8). Alternatively, O2 is formed
via the oxidation of an intermediate formed by reaction of atomic oxygen
and hydroxide (Eq. 11).
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OH� !OHad + e� (9)

OHad +OH� !Oad +H2O+ e� (10)

Oad +OH� !OOHad + e� (11)

HER is a two-electron process (Eq. 12), the mechanism for which

depends on pH. In acidic media, the process is initiated by the reduction
of one proton at the electrode, known as the Volmer step (Eq. 13). This is
followed by one of two events: either the coupling of two such adsorbed
hydrogen radicals, known as the Tafel step (Eq. 14), or the initial reaction
betweenHad and a proton, followed by a one-electron reduction, theHeyr-
ovsky step (Eq. 15) [6].

2H+ + 2e� !H2 (12)

H+ + e� !Had (13)

2Had !H2 (14)

H+ + e� +Had !H2 (15)

In alkaline media, the net HER (Eq. 16) occurs via a similar reaction

pathway as in an acidic solution, except Had is formed by reduction of
water instead of protons. Thus a one-electron reduction of water takes
place in the Volmer (Eq. 17) and Heyrovsky (Eq. 18) steps [6]. Energeti-
cally, the HER is more difficult in alkaline media owing to the need to
break the strong O–H bond in water compared to the weaker O–H bonds
of H3O

+; this results in reaction rates that are two to three orders of mag-
nitude lower than in acidic media. The rational design of HER electroca-
talysts in alkaline media, therefore, is often centered on the potential for
active sites to adsorb and dissociate water and to bind and stabilize key
intermediates.

2H2O+ 2e� !H2 + 2OH� (16)

H2O+ e� !OH� +Had (17)

H2O+ e� +Had !OH� +H2 (18)

2.2 Mechanism of CO2 electroreduction

The carbon dioxide reduction reaction (CRR) has inherently large ther-
modynamic and kinetic barriers owing to the exceptional stability of the
substrate. Themechanism of CRR involves three essential elements: chem-
ical adsorption of CO2 on an active site; electron transfer and proton
migration steps to cleave C–Obonds and formC–Hbonds; and desorption
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of products from the electrode surface. Depending on the catalyst mate-
rials, CRR products can include carbon monoxide, formate, methanol,
methane, or ethylene can be formed, as shown in Table 1. Such a variety
of products is made possible by the fact that there is a range of possible
proton-coupled electron-transfer processes, involving from 2 to 18 elec-
trons (or more). As such, product selectivity is a key challenge in CRR.
In contrast to water splitting, for which faradaic efficiency is usually close
to 1, the myriad products possible from electrochemical CO2 reduction
reaction makes FE a key parameter in characterizing a catalyst’s product
selectivity. The mechanistic pathway for the formation of several of these
products is covered in several excellent review articles [7, 8].
3 Types of Earth-abundant electrocatalysts

Highly efficient electrocatalysts typically have high surface areas, good
electrical conductivity, and interfacial properties that facilitate interac-
tions with substrates, intermediates, and products. Cost is a key consider-
ation for the widespread large-scale implementation of the technology.
For example, oxides of Ru and Ir, both precious metals, are currently
benchmark OER electrocatalysts, while Pt is the most efficient HER elec-
trocatalyst [9]. Ag, Au, and Pd, on the other hand, are efficient catalysts for
TABLE 1 Electrochemical CO2 reduction reactions with equilibrium potentials.

Number of electrons Reaction Eo (V vs SHE)

e� CO2 + e� !CO2
� �1.9

2e� CO2+2H
++2e�!CO+H2O �0.53

CO2+2H
++2e�!HCOOH �0.61

2CO2+2H
++2e�!H2C2O4 �0.913

4e� CO2+4H
++4e�!HCHO+H2O �0.48

6e� CO2+6H
++6e�!CH3OH+H2O �0.38

8e� CO2+8H
++8e�!CH4+2H2O �0.24

12e� 2CO2+12H
++12e�!C2H4+4H2O �0.349

2CO2+12H
++12e�!C2H5OH+ 3H2O �0.329

14e� 2CO2+14H
++14e�!C2H6+4H2O �0.27

18e� 2CO2+18H
++18e�!C3H7OH+4H2O �0.31
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CO2 electroreduction to C1-C2 products [10]. The development of Earth-
abundant electrocatalysts to replace the efficient but expensive, rare or
preciousmetals is critical if widespread and sustainable use of the technol-
ogy can be realized (Fig. 2A) [11]. We discuss in this chapter several cat-
egories of metallic and metal-free catalysts based on Earth-abundant
elements.
FIG. 2 (A) Relative abundance of the elements in Earth’s crust as a function of atomic num-
ber. Volcano plots of (B) OER for metal oxides and (C) HER for metals. Panel (A): Reproduced
with permission from G.B. Haxel, J.B. Hedrick, G.J. Orris, Rare earth elements—critical resources for

high technology, in: U.S. Geological Survey Fact Sheet 087-02, 2002. Panels (B and C): Reproduced
with permission from Z.W. Seh, J. Kibsgaard, C.F. Dickens, I. Chorkendorff, J.K. Nørskov, T.F. Jar-

amillo, Combining theory and experiment in electrocatalysis: insights into materials design, Science

355 (2017) eaad4998. Copyright © 2017, American Association for the Advancement of Science.
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3.1 Metallic catalysts

3.1.1 Transition metals, metal oxides, and hydroxides

Earth-abundant transition metals (TMs), usually defined as those in the
first row of the TM block in addition to molybdenum, are widely
employed electrocatalysts. Their low cost, their high stability, and the tun-
ability of their properties make TM oxides (TMOs) and hydroxides
(TMHs), as well as their pure elemental forms, attractive catalysts for
OER, HER, and CRR reactions. The bulk materials of these catalysts, how-
ever, are not optimally suited for catalysis: issues such as poor electronic
conductivity, low surface area, and limited catalytic-active sites, all ham-
per catalyst performance. Their catalytic properties can be markedly
enhanced with proper physical preparation, such as designing them
dimensionally as 0D, 1D, or 2D nanomaterials, or otherwise imparting
particular surface morphologies to increase the surface area and the quan-
tity of exposed active sites, all critical factors in improving catalytic per-
formance [12–14].

Oxides and hydroxides of metals, such as Ni, Fe, Co, and Mn, are com-
monly employed as OER catalysts [15]. As shown in the volcano plot (Fig.
2B), bimetallic oxides such as those composed of Fe/Co, Ni/Fe, and Ni/
Co, [16] are among the better OER catalysts, especially under alkaline con-
ditions. In fact, the current state-of-the-art catalyst for OER in alkaline
solution using Earth-abundant elements are the bimetallic Ni/Fe TMOs
and TMHs. Many studies indicate that loading small quantities of iron
to nickel oxide gives rise to significantly enhanced catalytic performance
[15, 17]. This is consistent with early work by Corrigan in 1987 that
reported an iron loading as low 0.01% in NiO films resulted in significant
current enhancement due to OER catalysis [18]. A series of electrochemi-
cal, in situ X-ray absorption spectroscopy, and computational work indi-
cates that the superior catalysis of this material is due to the lower
overpotential of Fe(III) ions compared to the Ni (III) centers of the bulk
oxide [19, 20]. Similarly, ultrathin Ni/Fe double-layered hydroxide have
been demonstrated to offer excellent performance in comparison to Ir/C
(see Fig. 3A) [21]. A wide range of NiFe-based catalysts deposited on Ni
foams and meshes have been investigated [22]. Recently, a new type of
Ni-Fe catalyst composed of nanoclusters of γ-FeOOH covalently linked
to a γ-NiOOH claimed to have higher OER activity than conventional
NiFeOx [23]. A density functional theory computation study suggested
the catalyst possessed a bifunctional reaction pathway involving iron as
the oxygen-evolving center, and a nearby terrace O site on γ-NiOOH sup-
port oxide as a hydrogen acceptor.

TMHs, such asNi(OH)2 andCo(OH)2, typically exist as twopolymorphs,
the α- and β-phases. Yan and coworkers synthesized hollow α-Ni(OH)2
spheres, β-Ni(OH)2 hexagonal nanoplates, and β-Ni(OH)2 nanoparticles
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its idealized structural model and polarization data. (C) TEM image of Ni2P nanoparticles, its structural model, and polarization data. Panel (A): Repro-
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from E.J. Popczun, et al., Nanostructured nickel phosphide as an electrocatalyst for the hydrogen evolution reaction, J. Am. Chem. Soc. 135 (2013) 9267–9270.
Copyright © 2013 The American Chemical Society.
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via a solvothermal method [24]. Hollow sphere α-Ni(OH)2 was found to
have a significantly better OER performance than β-Ni(OH)2, attributed
to the presence of highly oxidized Ni species in a γ-NiOOH phase, formed
in situ, that facilitates the formation of the OER intermediate species, OOH.
Another study reported the synthesis of 2Dmonometallic cobalt hydroxide
microplates by coprecipitation [25]. α-Co(OH)2 was found to exhibit greater
OER performance compared to β-Co(OH)2, and the authors suggest the
presence of Co2+ in the tetrahedral site was more active than Co2+ in the
octahedral site.

Earth-abundant OER catalysts that are effective in acidic media are
rather limited; the benchmark electrocatalysts for these conditions are
based on much rarer metals and include materials such as RuO2 and
IrO2 [9]. Operation at a neutral pH has been more widely studied, and
such mild conditions may offer the advantage of minimizing safety issues
associated with the use of caustic or corrosive electrolytes on a large scale.
Because manganese oxide is an active center of OER of the oxygen-
evolving complex of Photosystem II, initial interest was focused on
Mn-based catalysts [26, 27]. It was found that a higher degree of structural
disorder for manganese-based catalysts promotes greater catalytic activ-
ity. Specifically, OER activity of electrodeposited manganese oxide is
enhanced by the presence of coordinatively unsaturated Mn(III) sites, in
the form of small manganese-oxo platelets, which readily act as positive
holes that effect water oxidation upon the application of an anodic bias
[28, 29]. Details regarding the precise oxidation state of the catalyst, how-
ever, remain unclear as MnO2 [30], Mn2O3 [31], or the mixed phase MnOx

[32] have all been reported to catalyze OER activity.
Other Earth-abundant catalysts have been examined in neutral media.

One challenge of this work involves the generation of potentially fugitive
catalytic species during the course of catalytic pathways, that is, the gen-
eration of highly soluble ions as a result of changes in metal oxidation
state. Because OER is a four-electron process, the catalyst will necessarily
convert between oxidation states during turnover, resulting in some spe-
cies that are much more substitutionally labile and prone to leaching from
the solid catalyst. One solution to this problem was the “self-healing”
mechanism reported for cobalt oxide OER catalyst by Nocera and
coworkers [33–35]. In this system, Co (II) ions are oxidized and electrode-
posited as Co(III) catalytic centers on the electrode surface [34, 35]. During
the catalytic cycle, transiently formed Co(II) ions redissolve and leach
from the surface, but the inclusion of phosphate in the electrolyte recap-
tures these ions into the catalyst layer, in effect “healing” the catalyst. Such
catalysts have been shown to work effectively in buffered seawater and
river water, demonstrating the feasibility of low-cost solar to hydrogen
conversion using abundant natural resources [36]. Nickel catalysts with
similar self-repairing mechanisms have also been reported in borate-
based buffered solutions [37–39].
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For HER catalysis, Ni is the most commonly employed TM catalyst in
alkaline media because of its high activity relative to other metallic cata-
lysts, such asMo, Co, andW; this is thought to be due to its low free energy
of hydrogen adsorption,ΔGH∗, and its highHER exchange current density
[40]. Surface morphologies also play a key role in HER activity for nickel
catalysts. In one example, nickel dendrites, which have large surface areas
with highly (111)-populated facets at the sharp edge, contribute to high
HER activity [41]. Carbon support materials, such as graphene and carbon
black, are often employed to ensure high and homogeneous dispersion of
active sites. Single-atom nickel doped on nanoporous graphene, for exam-
ple, exhibits highly efficient and stable HER; sp-d charge transfer between
the Ni dopants and the carbon atoms [42] is thought to play a key role in
enhancing catalytic efficiency in this case. In addition, MoNi4 (Fig. 3B)
exhibits an overpotential of 15mV at 10mAcm�2 in 1M KOH [43]; fast
water dissociation kinetics has been invoked to explain its catalytic
performance.

There are several examples of HER catalysts other than nickel that are
also noteworthy. Cobalt embedded on nitrogen-rich carbon nanotubes
(CNTs) exhibits high activity and stability at all pH ranges; a synergetic
relationship between the nitrogen dopants and carbon-coated Co nano-
particles (NPs) is thought to play a crucial role in the observed catalytic
performance [44]. Ultrathin nanosheets of MoO2 on nickel foam has excel-
lent HER characteristics relative to compact MoO2 [45] owing to a high
surface area and a greater number of exposed active sites. Likewise,
nanostructures of MnO2 [46] and WO2 [47, 48] have abundant oxygen
vacancies and active sites that promote conductivity and favorable H+

adsorption. Finally, of increasing interest is research on bifunctional cat-
alysts for overall water splitting; this approach may simplify catalyst
development and incorporation in electrochemical cells [44, 45]. Examples
include bimetallic catalysts, such as NiCo2O4 [49], NiFe2O4 [50], and
NiFeOx [51].

Awide range ofmetals have served as catalysts for CO2 electroreduction,
includingCo, Zn, andCu; products such as formate (HCOO�), carbonmon-
oxide (CO), and even more highly reduced products such as hydrocarbons
and alcohols [52, 53] have been reported. Xie and coworkers reported CO2

reduction using 2D nanosheets of Co3O4; these have a high fraction of low-
coordinated surface atoms that serve as active sites and enhance CO2

adsorption and also have high electronic conductivity that enhances the
reduction of CO2 to formate [54]. Sheet thickness of this catalyst strongly
influences catalytic activity; 1.72nm thick Co3O4 (FEHCOO-¼64%) was
found to have �1.5 and 20 times greater performance relative to
3.51nm thick sheets and the bulk material, respectively. In further studies,
enhanced intrinsic activity and higher formate selectivity
(FEHCOO

� ¼�90%) was observed in a 4-atom-thick partially oxidized Co
atomic layer than the corresponding 4-atom-thick samples of pure Co [55].
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Oxide-derived Zn prepared by the lithium electrochemical tuning
method, which entails reduction of the oxide precursors and results in
grain boundaries that are enriched in catalytic-active sites, reduces CO2

to CO with FEco of �91% [56]. In another study, porous Zn obtained by
the electrodeposition on a Cu mesh substrate had a reported FEco of over
95% [57].

Cu is an excellent CRR catalyst and the only pure metal that reduces
CO2 to products such as hydrocarbons, aldehydes, and alcohols, all of
which involve net reductions of more than two electrons. Surface prepa-
ration of copper CRR catalysts has been shown to be critical. Hori et al.
reported the first oxide-derived Cu catalyst; a porous catalyst with a very
high surface area was yielded upon reduction of the copper oxide [58].
Kanan and coworkers reported the preparation of an active catalyst, with
grain boundaries rich in surface terminations, via thermal oxidation of Cu
foils in air and subsequent electroreduction of the Cu2O [59]. Other surface
oxidation approaches, such as oxygen plasma [60], chemical growth [61],
and electrochemical deposition [62], have been successfully used in the
preparation of electrocatalysts for CO2 conversion to C2+ products. It
should be noted that both the choice of electrolyte and cell design (e.g.,
laboratory H-cell vs flow cell) have significant impacts on the current den-
sities and product selectivity [63]. In a striking demonstration, Sargent and
coworkers obtained �70% selectivity in CO2 conversion to ethylene at
�0.55V vs RHE for 150h in 7MKOHbased on a gas-phase CO2 electrolyte
flow system [64]. They found that the highly alkaline electrolyte signifi-
cantly decreased the ohmic overpotentials but required the use of a flow
cell, as opposed to anH-cell, as KOH readily reacts with CO2 to form bicar-
bonate salts.

3.1.2 Transition metal dichalcogenides

TM dichalcogenides (TMDs), which have the general formula MX2

(where M is the TM and X is usually sulfide, S, or selenide, Se), are semi-
conducting materials that possess intriguing structural and electronic
properties and represent an attractive class of electrocatalysts for HER
and CRR processes. The preparation of TMDs as catalysts typically
involves engineering to fabricate 2D materials because the bulk com-
pounds usually exhibit poor catalytic properties.

Hinnemann et al. published density functional theory calculations in
2005, which suggested the free energy change associated with atomic
hydrogen bonding to the Mo (1010) edge site of MoS2 was close to zero,
suggesting its suitability as a HER catalyst [65]. This was followed by
the experimental confirmation that the number of edge sites of MoS2, as
measured by scanning tunneling microscopy, is proportional to HER
activity [66]. This finding led to the optimization of MoS2 as a HER
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electrocatalyst by enhancing the edge to basal plane ratio [67]. A variety of
related strategies for further enhancement of catalytic properties were also
reported for TMD catalysts. These included: the introduction of defects to
the basal plane of MoS2 [68, 69]; interface and strain engineering through
hybridization with support structures [70, 71]; and phase engineering to
change the TMD bandgaps, which enhances charge-transfer kinetics
[72, 73].

MoSe2 catalysts have not be as extensively studied as the sulfide analog,
but excellent HER results have been reported fromMoSe2 nanosheets [74]
and heterostructures consisting of single- or few-layer MoSe2 flakes and
carbon nanomaterials [75]. Similar strategies for developingHER catalysts
have been reported for W [76], Co [77], Fe [67], and Ni [78]. Zhang and
coworkers reported a simple hydrothermal treatment using iron foam
with thiourea to form FeS nanosheets that, upon electrochemical
activation, formed Fe@FeOxSy, which performs well for both HER and
OER [79]. TMDs such as MoS2 [80] and WSe2 [81] have been employed
for CO2 electroreduction to CO in ionic liquid electrolytes. Attributed to
the low work function and strong binding energies toward CO2 reduction
intermediates, WSe2 nanoflakes show overpotentials as low as 54mV.
Doping of MoS2 with 5% niobium resulted in enhanced conversion to
CO [82] due to changes in the binding energies of intermediates to
MoS2 edge atoms.

TMD use as electrocatalysts for OER has not been as widely investi-
gated. Amorphous- Ni-Fe-S ultrathin nanosheets exhibit a porous 3D
architecture that promotes efficient charge and mass transport, resulting
in a high OER performance [83]. In another example, the challenge of
insufficient active sites in bulk CoSe2 was overcome by exfoliating the
CoSe2-based inorganic–organic lamellar nanohybrids to atomic thick-
nesses [84]. This ultrathin CoSe2 was found to contain a large number
of vacancies that serve as active sites to efficiently catalyze OER.
3.1.3 Other metal-based materials

TM phosphides (TMPs) are an interesting class of materials showing
excellent catalytic activity and stability, mainly for HER reactions [85].
TMPs can be viewed as the doping of P atoms into the crystal lattices of
TMs. The electronegative P atoms draw electrons from metal atoms,
enhancing their basicity and ability to trap protons. For example,
Ni2P, is an outstanding Earth-abundant HER catalyst in acidic media.
This is consistent with the theoretical prediction that phosphorus leads
to moderate bonding of relevant intermediates and products on the cat-
alyst surface [86]. In 1995, Paseka et al. reported the high HER activity
of amorphous NiPx with a low content of phosphorus (�3wt%) [87].
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Based on similarities between hydrodesulfurization (HDS) and HER,
Popczun et al. investigated Ni2P (001), a well-known HDS catalyst,
and found that nanoparticles of this material are highly effective
HER catalysts (Fig. 3C) [88]. Phosphides of other metals such as Co
[89], Fe [90], and Mo [91] have also been shown to have excellent
HER performance.

A wide range of TM nitrides (TMNs) and carbides (TMCs) can be
formed by embedding nitrogen or carbon atoms into the interstices of par-
ent metals. The intercalation of nitrogen or carbon atoms broadens the
d-band of the metal and redistributes the density of states near the Fermi
level [92]. The presence of nonmetal elements in the metal lattice allows
the alteration of the TMN’s electronic structure to resemble those of noble
metal-based catalysts such as Pt [93]. Mo- and W-based TMNs/TMCs are
the twomost commonly investigated that show remarkableHER activities
and excellent corrosion resistance and stability.

Metal–organic frameworks (MOFs), a rapidly growing class of
porous materials that consist of networks of metal ions or clusters coor-
dinated to organic ligands, have been extensively explored as electroca-
talysts [94]. The possible range of metal-ligand junctions in MOFs
permits the fabrication of heterostructures with highly tunable elect-
ronic and chemical properties. Zhao et al. reported an ultrathin NiCo
MOF for efficient OER in alkaline media; electronic coupling of coordi-
natively unsaturated Ni and Co ions in active centers is implicated in
catalyst performance [95]. NiFe-based MOFs grown on a flexible 3D
macroscopic nickel foam exhibit superior OER performance and can
also catalyze HER, making them promising candidates for bifunctional
catalysts that can effect overall water splitting [96]. Kornienko et al.
synthesized thin films of atomically defined and nanoscopic cobalt por-
phyrin MOFs that catalyze the reduction of CO2 to CO in aqueous
electrolytes [97].

Earth-abundant p-block elements, such as Sn and Bi, are known to be
active catalysts for the electroreduction of CO2 to formate. The high for-
mate activity observed with Sn was proposed to originate from an opti-
mal binding energy toward *OCHO, a key intermediate in the process
[98]. A strong size dependence of SnO2 particles was observed: particles
of�5nmwere found to exhibit the highest FEHCOO

� (� 93%) with an over-
potential of �340mV [99]. This is consistent with another study on grain
boundary-rich, ultra-small interconnected SnO2 nanoparticles with sizes
<5nm; this material promoted formate production by suppressing H2

generation [100]. Similarly, nanostructuring of bulk Bi to morphologies,
such as nanoparticles [101], dendrites [102], and nanoflakes [103],
enhances CRR catalysis. Bimetallic systems such as Cu/Sn [104] and
Bi–Sn [105] were also found to promote CRR.
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3.2 Metal-free nanomaterials

The discovery of nitrogen-doped CNTs as a metal-free catalyst for oxy-
gen reduction reaction by Dai and coworkers in 2009 initiated the devel-
opment of a range of metal-free catalysts [106]. Metal-free catalysts based
on abundance resources of carbon materials offer a low-cost alternative to
metallic catalysts and may possess advantages in terms of long-term
stability.

3.2.1 Graphene

The discovery of graphene by Geim and Novoselov in 2004 initiated
widespread investigation of this 2D material for various potential appli-
cations [107]. Graphene’s large specific surface area, good electrical con-
ductivity, and tunability of its electronic and surface properties, make it
an attractive candidate for electrocatalytic applications. As discussed ear-
lier, graphene is an excellent support material for anchoring single-atom
catalysts. As a 2D material, the edge of graphene is found to be signifi-
cantly more active for electrocatalysis than the basal plane [108]. Conse-
quently, engineering of 3D graphene networks to produce abundance
sharp edge sites is found to promote the adsorption and reduction of pro-
tons, resulting in enhanced HER catalysis [109].

An effective approach to enhancing the electrocatalytic performance of
graphene is by heteroatom doping with, for example, nitrogen, sulfur,
and boron. Moreover, dual-doped graphene have shown even higher
electrocatalytic HER activity than singled-doped analogs. In one exam-
ple, graphene doped with both nitrogen and phosphorus showed
enhanced HER catalytic activity that was ascribed to coactivation of adja-
cent carbon atoms via modulation of valence orbital energy levels [109].
Similarly, Chen and coworkers reported that codoping of N and S on
nanoporous graphene resulted in HER kinetics comparable to MoS2;
the researchers attributed this to a synergetic effect from both dopants
at lattice defects, resulting in rapid electron transfer [110]. Qiao and
coworkers evaluated the HER performance of a series of codopant com-
binations based on N-doped graphene, with the second dopant being
phosphorus, silicon, or boron [111]. It was found that the N/S codoped
graphene was the most active HER catalyst in the series; this material
possessed a Fermi level value of 0.23eV, significantly smaller than the
0.81eV exhibited by singly doped N-graphene (Fig. 4A). The decrease
of the Fermi level enhances H2 adsorption and, consequently, HER
performance.

The impact of graphene heteroatom doping is also profound for CRR,
especially N-doping. Wu et al. doped graphene with nitrogen at various
levels via chemical vapor deposition and found the highest nitrogen level



FIG. 4 (A) Dual-doped graphenemodelswith (i) atomic configurations and (ii) Fermi level
energies; (iii) current density data with N, B, P and S dopants. (B) (i) Structure of N-doped
graphene and its CO2 reduction pathway, and (ii) maximum Faradaic efficiency of CO
and its corresponding potential versus nitrogen functionality. Panel (A): Reproduced with per-

mission from Y. Jiao, Y. Zheng, K. Davey, and S.-Z. Qiao, Activity origin and catalyst design prin-

ciples for electrocatalytic hydrogen evolution on heteroatom-doped graphene, Nat. Energy 1 (2016)

16130. Copyright © Springer Nature 2016. Panel (B): Reproduced with permission from J. Wu,
et al., Incorporation of nitrogen defects for efficient reduction of CO2 via two-Electron pathway on

three-dimensional graphene foam, Nano Lett. 16 (2016) 466–470. Copyright © 2016 The American

Chemical Society.
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catalyzes the electroreduction of CO2 to CO with an FEco of �85%; pyri-
dinic nitrogen atoms in the graphene matrix serve as the most active cat-
alytic sites [112] (Fig. 4B). This result is consistent with other systems, such
as N-doped CNTs, where it was proposed pyridinic defects retain a lone
pair of electrons that enhance CO2-binding [113]. Wang et al. found mel-
amine as a pyridinic precursor for N-doped graphene achieved FEHCOO-

conversion of 73%, whereas thiourea, polypyrrole, polyaniline, and
dicyandiamide as precursors exhibit either no or minimum activity
toward CRR [114].
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3.2.2 Graphitic carbon nitride

Graphitic carbon nitride (γ-C3N4) is a polymeric semiconductor with a
bandgap of �2.7eV that has been shown to be an effective photocatalyst
[115, 116]. Its unique electronic structure, high nitrogen content (theoret-
ically up to 60%), and excellent chemical stability suggest that it could also
serve as an electrocatalyst. The nitrogen-rich carbon framework is an
important feature that can enhance interactions with substrate molecules
as discussed previously in the context of N-doped graphene. Experimen-
tal and theoretical studies indicate pyridine-like nitrogen centers, in a
triazine-like configuration, is likely related to the electrocatalytic active
sites [117].

Despite the advantages of the γ-C3N4 structure, the limited surface area
and poor conductivity are challenges that need to be overcome to realize
satisfactory catalytic performance of this material. Bulk γ-C3N4 is rela-
tively catalytically inert but 2D-engineered materials have greater surface
areas and possessmore structural defects and surface termination sites, all
of which can enhance catalytic activity. Thin 2D nanostructures also
enhance electron mobility, shortening the electron-transfer pathway to
the active nitrogen sites. Incorporation of γ-C3N4 onto other conductive
materials can also improve electrocatalysis. In one example, the coupling
of γ-C3N4 with nitrogen-doped graphene showed an unexpectedly high
HER activity, with a comparable overpotential and Tafel slope to metallic
catalysts [118]. It was proposed that the observed electrocatalytic proper-
ties originate from chemical and electronic coupling that promote proton
adsorption and reduction kinetics.

The abundance of pyridinic-N sites in the γ-C3N4 framework results in
a strong affinity for CO2 and strong adsorption of oxygen-bound interme-
diates on carbon sites, thereby facilitating CRR [119]. Lu et al. proposed
that the enhanced electrocatalytic activity of γ-C3N4/multiwall carbon
nanotubes (MWCNTs) toward CO2, which had an FEco of 60%, is attribut-
able to the formation of active carbon–nitrogen bonds, high specific sur-
face area, and improved conductivity of the composite material [120].
Evidence of the importance of such hybrid structures is reflected by the
fact that neither pure γ-C3N4 nor undoped MWCNTs exhibit significant
CRR activity. γ-C3N4 can also serve as an excellent platform as amolecular
scaffold for TM coordination. For example, Jiao et al. prepared a Cu-γ-
C3N4 complex that showed intramolecular synergetic catalysis capable
of generating C2 species, such as ethanol and ethylene [119].
4 Catalyst preparations and strategies in enhancing
electrocatalytic performance

The previous section describes a range of high performance and prom-
ising OER, HER, and CRR electrocatalysts based on inexpensive, Earth-
abundant elements. The success of any such electrocatalyst will ultimately
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rely on synthetic strategies aimed to modify the structural properties of
the catalysts to enhance surface morphologies, optimize thicknesses,
and promote defect formation, all of which can significantly enhance elec-
trocatalytic performance. In this section we discuss several common low-
cost catalyst synthetic approaches to improve catalyst performance (Fig. 5)
and catalyst design strategies (Fig. 6).
4.1 Common methods of catalyst preparation

4.1.1 Hydrothermal synthesis, impregnation, and coprecipitation

Hydrothermal, impregnation, and coprecipitation are commonly
employed approaches for the syntheses of awide range of electrocatalysts.
These low-cost, wet chemical methods allow for the formation of tailor-
made, ultrafine, homogeneous, and high purity electrocatalysts. The sim-
plicity and flexibility in controlling the composition and morphology of
the material is achievable by varying the precursors, including metal salts
and nonmetal sources, and reaction conditions, such as temperature, con-
centration, duration, and pH. In addition, the hydrothermal approach
allows for one-pot synthesis of electrocatalysts by directly forming
nano-dimensional catalysts on conductive support materials. For exam-
ple, Gao et al. successfully prepared via this method a Cu/Co/W mixed
metal oxide on copper foam that was demonstrated to be an efficient and
stable electrochemical water-splitting catalyst [121]. The advantage of
hydrothermal preparative methods is illustrated by Fig. 5A, which depicts
the rational composition of mixed catalyst systems. In this example, cobalt
oxides serve as high-performance OER and HER catalysts,
semiconducting copper oxides enhance electron transport, and tungsten
oxides offer structural and chemical stability. To prepare atomically
dispersed metal catalysts, distribution of a metal precursor on the support
is typically achieved viawet impregnation, coprecipitation, or deposition–
precipitation [122]; extremely low concentrations of metal precursors are
usually employed, resulting in relatively homogenous metal loading on
the support substrates.

4.1.2 Electrochemical methods

In electrodeposition techniques, catalysts are precipitated on conduc-
tive substrates via the application of an external direct or pulsed current.
A wide range of nanostructured materials, such as metal nanoparticles,
nanowires, nanosheets, and 3D-hierarchical structures, can be directly
formed on conductive substrates [123]. To obtain high current densities,
electrodeposition is typically performed on high surface area substrates,
such as nickel meshes, nickel foams, and carbon papers [124–126]. Signif-
icantly, those support structures are important for catalyst functionality as



FIG. 5 Examples of electrocatalyst preparative methods. (A) A rational mixture of metallic elements in the hydrothermal synthesis of Cu/Co/W
mixedmetal oxide on a copper foam as a bifunctional OER andHER catalyst. (B) In situ electrodeposition of Co/Pi OER catalyst, with the SEM images
obtained at indicated times during the electrodeposition. (C) Thermal oxidation of Cu to form Cu2O, which is subsequently reduced to form a porous
CuCRR catalyst. Panel (A): Reproduced with permission fromD. Gao, R. Liu, J. Biskupek, U. Kaiser, Y.-F. Song, C. Streb,Modular design of noble-metal-free mixed

metal oxide electrocatalysts for complete water splitting, Angew. Chem. Int. Ed. 58 (2019) 4644–4648. Copyright© 2019 The Royal Society of Chemistry. Panel (B):
Reproduced with permission from M.W. Kanan, Y. Surendranath, and D.G. Nocera, Cobalt–phosphate oxygen-evolving compound, Chem. Soc. Rev. 38 (2009)

109–114. Copyright© 2009 The Royal Society of Chemistry. Panel (C): Reproduced with permission fromC.W. Li,M.W. Kanan, CO2 reduction at lowOverpotential

on cu electrodes resulting from the reduction of thick Cu2O films, J. Am. Chem. Soc. 134 (2012) 7231–7234, 2012. Copyright © 2012 The American Chemical

Society.



FIG. 6 Scheme of the common strategies employed in the electrocatalyst design.
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they also facilitate reactant and product mass transport. In situ electro-
chemical deposition was used to prepare the previously mentioned self-
healing Co-Pi OER catalyst (Fig. 5B) [33, 34, 127]. Anodization is another
electrochemical approach and offers a strategy to form thick, high surface
area structures [128]. In one example, anodization of polycrystalline Cu
foil in concentratedKOH formedCu(OH)2 nanowires, which, upon reduc-
tion, formed a Cu catalyst with mixed oxidation states that favored ethyl-
ene production [129, 130].
4.1.3 Others

The preparation of catalysts by doping either metals or heteroatoms on
conductive supports often requires a calcination step to ensure strong
physical bonding and to prevent particle agglomeration [122]. This step
decomposes the impregnated metal salts, such as nitrates, chlorides, car-
bonates, and organic chelates, leaving a metal or metal oxide on the sup-
port surface. Calcination is also an important step used to enhance the
crystallinity of materials. The properties of catalysts are significantly
affected by the temperature and heat-treatment atmosphere employed
during calcination. Thermal oxidation also offers an effective way to fab-
ricate a large surface area and porous catalyst by initially forming an oxide
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layer, which can be reduced to a metallic state that is active for CRR (Fig.
4C) [59].

One of the more scalable methods in the production of 2D materials is
ultrasonication, which can be employed as a standalone or a complimen-
tary processing technique [131]. In addition, bimetallic alloys, core-shell
structures, and supported nanoparticles can be synthesized via sonoelec-
trochemistry [132]. To form porous structures, the use of templates and
dealloying methods has been reported. For example, Li et al. prepared
a bifunctional electrocatalyst for overall water splitting by coatingNiCo2S4
nanotubes with a nitrogen-doped carbon layer via the use of polyacrylo-
nitrite (PAN) as a template [133]. Wang et al. reported the preparation of
nanoporous and amorphous Ni-Fe-P array onNi foam via electroless plat-
ing of component ionic precursors followed by fast dealloying in 1.5M
HCl [134].

Chemical vapor deposition (CVD) is an ideal method for forming thin
metal films. CVD involves incorporation of heteroatoms during the
growth process by mixing in a N-containing reagent [135]. This method
allows the graphene material to retain many of the intrinsic physical
and chemical properties of the pure material and provides new catalytic
properties. Single or metal alloys can be fabricated by CVD using either
monometallic or heterometallic precursors, respectively [136].
4.2 Catalysts design strategies

4.2.1 Nanostructuring

It is well established that the activity and selectivity of a given electro-
catalyst are determined by the number of active sites and their intrinsic
activity [137]. Relative to bulk materials, reducing particle sizes typically
enhances catalyst performance by increasing the number of catalytically
active sites and by exposing much larger surface areas. Furthermore,
nanoscale morphology can be engineered to modulate electrocatalytic
activity and selectivity. Thus, a number of the highly efficient electrocata-
lysts described earlier in this chapter are in the form of nanoscale mate-
rials. One-dimensional nanostructures, such as nanorods, nanofibers,
and nanowires, have extensive exposure of specific facets due to preferen-
tial crystal growth; this structure greatly enhances electron transport
properties that may be advantageous for highly efficient electrocatalysis
[138]. For example, 1D NiCo2Px nanoneedles on carbon felt have HER
activity comparable to commercial Pt/C catalysts [139]. Several examples
of catalysts composed of various 2D nanomaterials in the form of
nanosheets, nanoplatelets, and more were described in detail earlier in
this chapter.
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4.2.2 Tuning catalyst composition and electronic structures

Modifying a given catalyst’s composition, via atomic substitution, for
example, will change its electronic structure. Diaz-Morales and coworkers
systematically demonstrated that superior electrocatalytic activity can be
achieved by rational doping [140]. They found that when the atomic nickel
sites are partially replaced by iron,manganese, or chromium, theOER over-
potential can bemarkedly reduced. They attribute this to enhanced compat-
ibility between the electronic structures and binding strengths between the
OER intermediates and the electrocatalyst surfaces.Mixedmetallic catalysts
typically show more promising performance than those based on single
metals. Similarly, the integration of two or more different materials that
are intimately bonded in heterostructures may result in synergetic effects
at the material interfaces, improving electrocatalytic activity. For example,
in Ni(OH)2/MoS2, hetero-interfaces reduce the energy barrier of initial
water dissociation and the subsequent H2 generation [141]; in this case,
Ni(OH)2 provides the active sites for –OHadsorption,whileMoS2 enhances
the adsorption of H* intermediates.

Metal-based catalysis generally involves d-bands with energies close to
the Fermi level. Alloying is one of the most efficient way to engineer the
d-band vacancy of a metal-based catalyst to control catalytic performance.
For example, neither Cu nor Ti are good HER catalysts, however, the use
of CuTi alloy with optimal electronic structure and hydrogen binding
energy results in a high HER performance [142]. Similarly the use of
MoNi4 alloy (Fig. 3B), with significantly improved electronic structure
and outstanding water dissociation ability, enhances HER activity in an
alkaline medium [43]. Heteroatom doping on graphene [110, 111], as
detailed earlier, is another effective strategy used to alter the electronic
properties of the catalysts that leads to enhanced electrocatalytic
performance.

Vacancy engineering of an electrocatalyst can effectively modulate the
local atomic structure, thereby creating local low-coordinate geometries
and concomitant changes electron configurations. For example, Sun
et al. demonstrated that ultrathin Co3O4 offers a considerably large frac-
tion of coordinatively unsaturated surface atoms that serve as active sites
to facilitate the OER [143]. Oxygen vacancy-engineered catalysts could
also overcome the low electrical conductivity issue of TMOs. Wang
et al. reported that reduced mesoporous Co3O4 nanowires with abundant
oxygen vacancies have lower charge-transfer resistance than the pristine
Co3O4 nanowires [144].
4.2.3 Interfacial engineering

Since electrocatalysis proceeds primarily on the surfaces of catalysts,
rational design of the exposed surface to include different coordination
environments can affect the adsorption sites as well as the binding
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strengths of reactants and reactive intermediates. As such, surface engi-
neering makes possible significant improvements of catalyst performance
for a given material. Many catalysts have specific facet-exposed sites that
exhibit high catalytic activity; for example, Co3O4 nanocrystals exposed
with {111} facets display enhanced charge-transfer characteristics and cor-
respondingly improved HER and OER performance [145]. Introducing
surface defects can profoundly influence the electron configurations
and, consequently, the chemical processes at the surfaces of the catalysts.
Zhao et al. demonstrated that the metal or oxygen vacancies can endow
NiFe-LDH nanosheets (where LDH¼ layered double hydroxide) with
semimetallic conductivity, enhancing charge-transfer kinetics and
improved OER activity [146]. Furthermore, combining crystal strain effect
to the defect engineering, Li et al. reported the greatly improved HER
activity of MoS2 through the formation of strained sulfur vacancies
[147]. Phase transitions provide yet another surface engineering strategy.
For example, a transition from the semiconducting 2H phase to the metal-
lic 1T phase of MoS2 via Li ion intercalation was found to significantly
improve the conductivity and charge-transfer kinetics, enhancing overall
HER performance as a result [148].
4.2.4 Computer-assisted catalyst design

The use of computationmodeling has greatly contributed to progress in
catalyst development in recent years. Density functional theory (DFT) can
provide insights on the electronic structure of catalytic materials in their
own right but also on adsorption energy and other variables relevant to
catalyst activity, selectivity, and stability [149]. DFT has been employed
to explain experimental phenomena, predict experimental results, and
guide catalyst design. DFT calculations are usually supported by data
from analytical techniques, such as high resolution transmission electron
microscopy, spectroscopic, and electrochemical measurements. For exam-
ple, to examine the origin of electrocatalytic activity of nonmetallic
heteroatom-doped graphene, Jiao et al. correlated the relationship
between DFT calculations and data from structural characterization tech-
niques and electrochemical experiments [111]; they constructed volcano
plots to demonstrate the inherent activity trends for different dopants
(e.g., B-, N-, O-, S-, P-doped) on graphene samples and predicted electro-
catalytic properties that were consistent with experimental results. Tran
and Ulissi recently reported an artificial intelligence approach, combining
machine learning and optimization to guide DFT calculations and to
develop a fully automated screening method [150]. They screened alloys
of 31 different elements and identified 131 candidate surfaces across
54 alloys for CRR, and 258 surfaces across 102 alloys for HER, for exper-
imental validation.
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5 Durability challenges of electrocatalysts

The durability of a catalyst refers to its ability to operate and retain high
activity over an extended period. It is a critical factor in the economic via-
bility of any large-scale process based on renewable energy, having a sub-
stantial impact on the operational and maintenance costs of electrolyzers.
Despite the many recent developments in the area of catalysts based
on earth-abundant elements, their durability remains a significant
challenge. We discuss here the characterization protocols of durability
testing (Fig. 7A), factors that lead to catalyst degradation (Fig. 7B), and
the mitigation strategies to enhance catalyst durability.
5.1 Durability testing and characterization

Durability studies of electrocatalysts are usually done via galvanostatic
(applying current) or potentiostatic (applying voltage) methods under
optimal experimental conditions. In the former, catalyst performance is
measured relative to a given current density, usually at least 10mAcm�2,
and for durations ranging from a few to several hundred hours; in the two-
electrode full-cell system, the measurement of cell potential difference
offers information on energy efficiency. In potentiometric methods, which
are suitable for the OER and HER, the overpotential before and after a
multiple potential cycling (e.g., 10,000 runs) is measured by cyclic voltam-
metry (CV) or linear sweep voltammetry (LSV); the change in magnitude
of the overpotential defines the durability of the electrocatalysis. In addi-
tion, accelerated durability test protocols are sometimes employed to elu-
cidate catalyst degradationmechanisms and examine the stability of other
relevant electrolyzer components, such as membranes [151, 152].

Prior to durability testing, the surface morphology and chemical com-
position of the catalyst layers are usually characterized using standard
techniques, such as scanning electron microscopy, transmission electron
microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, and
Raman spectroscopy. In addition, electrochemical techniques, such as
CV, LSV, and electrochemical impedance spectroscopy, are used to char-
acterize electrocatalytic properties, such as onset potential, electrochemi-
cal active surface area, and resistivity information. After a long-term
experiment, the previously named characteristics are reexamined to quan-
tify changes in the intrinsic catalytic activity that could result from catalyst
degradation, such as agglomeration, poisoning, or a reduction in active
surface area. Changes in surface morphology can provide insights on
the structural integrity and stability of the catalyst. Similarly, changes in
chemical composition could indicate the presence of adsorbed species
or catalyst poisoning.



FIG. 7 Lists of parameters for (A) catalyst durability testing and (B) factors that cause degradation. (C) Optical and SEM images of layered double
hydroxides nanosheets derived from iron corrosion engineering strategy. Polarization curves at large current densities in 1 and 10MKOH. Long-term
stability chronopotentiometric tests at a current density of 1000mAcm�2. (D) Illustration and SEM image of the graphite/carbon NPs/Cu/PTFE elec-
trode. Long-term stability data of the modified polymer-based electrode for CO2 reduction to ethylene in 7M KOH. Panels (A–C): Reproduced with
permission from Y. Liu, et al., Corrosion engineering towards efficient oxygen evolution electrodes with stable catalytic activity for over 6000 hours, Nat. Commun.

9 (2018) 2609. Copyright © Springer Nature 2018. Panel (D): Reproduced with permission from C.-T. Dinh, et al., CO2 electroreduction to ethylene via hydroxide-

mediated copper catalysis at an abrupt interface, Science 360 (2018) 783–787. Copyright © 2018, American Association for the Advancement of Science.
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5.2 Catalyst degradation and the mitigation strategies

An important catalyst requirement is stability against corrosion under
catalytic conditions. The chemical and physical stability of metallic cat-
alysts vary with electrolyte pH. Some TM, TMO, and TMH heteroge-
neous catalysts operate well in alkaline media but are unstable in
acidic media. For example, Ni catalysts used in commercial alkaline elec-
trolyzers readily dissolve in acid. This corrosion issue can be suppressed
by combining Ni with phosphorous to form amorphous alloys [153]. The
corrosion resistance of Ni in acid is found to be improved with higher
phosphorus content. Likewise, metal chalcogenide and carbide HER cat-
alysts have greater stability in acidic electrolytes. A range of bimetallic
HER catalysts are stable in alkaline electrolytes. CRR catalysts, such as
Co, Ni, and Sn, operate in neutral and alkaline electrolytes. Pourbaix dia-
grams offer invaluable insights on the pH dependence of catalysts under
applied potentials [154].

Catalyst degradation, in terms of efficiency or product selectivity, can
be caused by physical changes, such as agglomeration or pulverization,
either of which can decrease the availability of active sites and increase
catalyst layer resistivity. Modification of the catalyst structure, such as
nanostructuring, can enhance its physical stability. For example, 2D
nanosheets can be fabricated as mechanically robust free-standing films;
these have been shown to prevent catalyst agglomeration and detachment
from their substrates [155]. Liu et al. reported that nanosheet arrays of lay-
ered double hydroxides exhibit good OER activity for more than 6000h at
1Acm�2 (see Fig. 7C) [156]. Other strategies include alteration of catalyst
electronic properties by alloying [157], catalyst/support [158], and core-
shell structures [159], all of which have been used to improve catalyst sta-
bility; in some cases, these changes can also enhance catalyst activity by
modifying the binding energy of reaction intermediates.

Catalyst stability also depends on the mass transfer efficiency of reac-
tant and products. In all OER, HER, and CRR reactions, substantial gas
bubbleswill formwhen operating at the high current densities. These tem-
porarily block active sites, resulting in the loss of an overall catalytic activ-
ity. Mass transfer is strongly influenced by the catalyst wettability, thus
modifications of surface hydrophobicity and hydrophilicity designed to
improve compatibility with the liquid reactants can improve performance
[160]. For example, Zhao and coworkers reported the enhancement of sur-
face wettability by functionalization with highly hydrophilic borate [161]
and phosphate [125] on Fe-based catalysts to promote dissipation of O2

gas; the result was enhanced OER performance and catalyst stability at
high current densities.

Gas diffusion electrodes (GDE) have gas-liquid-solid interfaces that
afford efficient mass transfer of reactants and products to and from the
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catalyst surface. As shown in Fig. 7D, Sargent and coworkers prepared a
durable GDE by applying coatings of carbon nanoparticles and graphite
on a copper catalyst layer sputtered onto a porous PTFE support [64]. They
proposed that the additional carbon support-coated layers stabilized the
electrode surface by maintaining an abrupt reaction interface and ensur-
ing even current distribution over the catalyst layer. The operational sta-
bility was evidenced by a constant ethylene faradaic efficiency (70%) for
150h in 7M KOH at �0.55V vs RHE.

While physical changes of catalysts are usually irreversible, some
chemical changes deleterious to catalyst performance are not. Catalyst
poisoning is a common example. Noble metal catalysts, such as platinum,
are susceptible to CO poisoning. Palladium catalysts are also poisoned by
this CO2 reduction product, but the effect is reversible upon removal of
adsorbed CO on the catalyst surface [4]. For the Earth-abundant Ni, Fe,
and Co catalysts, it was found a high CO* to H* coverage ratio at CRR
operating potentials leads to CO poisoning that affects the product selec-
tivity; it is proposed that CO* may block the surface and prevent C–H
bond formation if the preceding reduction steps are kinetically facile [162].

Electrolyte purity can also have a significant impact on catalyst durabil-
ity, as the presence of tracemetals or organic impurities can be detrimental
to electrocatalytic performance. For example, it was found that adventi-
tious nickel present in buffered electrolytes gave OER current densities
of �1mAcm�2 in the absence of a catalyst at an overpotential of 400mV
[163]. Hori and coworkers reported the deposition of tracemetal ions, sug-
gested to be Fe2+ and Zn2+, as well as trimethylamine, was found to dra-
matically decrease the CRR performance of a copper-based heterogeneous
catalyst [164]. To overcome this issue, several strategies have been
employed, including pulsed-oxidative cycling of the electrode to remove
of adsorbed organics [165], electrolyte preelectrolysis [164], and the use of
ethylenediaminetetraacetic acid or a cation-exchange resin [166] to scav-
enge trace metal ion impurities.
6 Sustainability of electrocatalytic technologies

Most research into Earth-abundant catalysts for renewable energy con-
version technology is appropriately focused on the development of sys-
tems with desirable operational characteristics. Often overlooked,
however, are issues that will necessarily be important for widespread
implementation of such systems, such as the environmental impacts of
catalyst production and the need to safely dispose of or, better yet, recycle
spent catalysts. This section examines how such issues have been framed
in the relevant literature to date.
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6.1 Life-cycle analysis

The sustainability of technologies driven by solar or other renewable
energy sources is the subject of ongoing and increasingly sophisticated
analytical tools. Life-cycle analysis has been developed to quantify not just
the technical feasibility of such technologies but also their impact on the
environment, including impacts from their production and their normal
use [167, 168]. For example, when considering the use of photovoltaic solar
panels for the generation of electricity, the manufacture of the panels is
included alongwith their day-to-day operation to estimate their total envi-
ronmental impacts. This approach, while capable of providing a useful
overview of the many dimensions that need to be considered in the eval-
uation of the total impact of a given technology, is often too broad in scope
to consider the impact that different catalysts may have on a given tech-
nology. As such, the relative advantages of shifting from a platinum group
metal (PGM) catalyst to an Earth-abundant catalyst may not appear to
have a significant impact in the analysis but, in practice, may have a large
impact on the large-scale viability of new technologies. Nevertheless, it is
worth noting that with respect to climate change considerations and other
environmental impacts, water-splitting technologies, especially when
driven by wind or hydropower, rank among the most environmentally
friendly approaches to hydrogen production.
6.2 End-of-life technologies

Critical to the design of a closed-loop, or zero-waste, economy, is the
ability to reclaim the material inputs for energy production. In the context
of the current work, the fate of electrocatalysts is particularly germane.
A recent survey of end-of-life technologies for electrocatalysts relevant
to hydrogen production focused on the currently used PGM catalysts,
for the obvious reason that these are, by far, themost widely used catalysts
for a variety of water electrolysis processes, including alkaline electrolysis
and proton-exchange water electrolyzers.

The most important approaches to reclaiming electrocatalysts that are
currently used are hydrometallurgical, pyrometallurgical, and hydrother-
mal techniques. The first two involve leaching spent catalysts with appro-
priate acids to reclaim themetal ions (usually PGM ions), with the primary
difference being an initial high temperature calcification step in the pyro-
metallurgical approach. These techniques can be readily modified to
reclaim Earth-abundant metals as has recently been demonstrated for
nickel catalysts [169].

There are a number of novel approaches to catalyst reclamation that
avoid some of the hazardous or energy-intensive steps of the traditional
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techniques previously listed [170]. Several of these employ selective dis-
solution of metal ions, induced by either an applied potential, known as
selective electrochemical dissolution [171], or by cycling through oxidiz-
ing and reducing environments by the introduction of O3 and CO, respec-
tively, known as transient dissolution [172]. These approaches have the
added benefit of facilitating the recovery of catalyst supports and other
components of the cell assemblies to which the catalyst materials may
be adhered. Similar advantages have been demonstrated in another alter-
native to catalyst recovery, the alcohol solvent process [173]. This process
employs a solvent-leaching step and microwave heating to promote
delamination of polymer supports; the method has the potential to be a
useful approach toward sustainable catalyst design provided issues
around solvent recovery and reuse are overcome.

As is the case for the traditional approaches to catalyst recovery, the
previously mentioned methods have been developed with PGM catalysts
in mind. That said, the chemistry involved with the dissolution of metal
ions and separation from support materials can be developed as part of
a systems approach to catalyst design using Earth-abundant catalysts.
Specifically, the ultimate recovery of the catalyst can be addressed as an
integral aspect of the design of any catalytic system that will be employed
on an industrial scale. Finally, as a practical matter, the development of
catalyst recovery centers, which would facilitate the reclamation of cata-
lysts employed by various facilities as part of closed-loop industrial pro-
cesses, has been discussed [170].
7 Outlook

The development and utilization of low-cost Earth-abundant elements
as high-performance electrocatalysts offers the promise of affordable, scal-
able, and sustainable electrochemical conversion technologies. Over the
past 10years, several Earth-abundant catalyst candidates have emerged
that perform comparably to those based on noble metals. For example,
Ni/Fe and Ni2P are excellent catalysts for OER and HER, respectively.
There is also a range of efficient bifunctional water-splitting catalysts.
Earth-abundant catalysts also have promise for CRR, especially as copper
is an outstanding catalyst capable of synthesizing C2+ products. Tin, zinc,
and other bimetallic Earth-abundant catalysts effectively catalyze formate
and CO production. However, much remains to be done to elucidate
mechanistic details involving the electrode–electrolyte interface, requiring
both experimental and theoretical studies. There are also significant gaps
in understanding catalyst degradation mechanisms. These fundamental
aspects of catalyst performance will be critical to develop rational
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strategies to improve overall performance bydesigning structures thatwill
possess active sites, optimize the mass transfer of reactants and products,
and improve stability. The development of in situ analytical techniques
will certainly assist in this quest [174]. Overcoming those challenges,
and coupling with an optimal electrochemical cell design, may lead to
the successful implementation of durable and scalable Earth-abundant cat-
alysts that are highly efficient and selective. Finally, advances in strategies
to recycle and reclaim the used electrocatalysts will further the develop-
ment of a sustainable economy. In a broader perspective, activities based
on decarbonization have been accelerated in recent years. Hence, the
future outlook in advancing electrochemical clean energy technologies
on a large scale is highly promising. Advances in catalyst as described here
will be critical to the deployment of future commercial electrolyzers.
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