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A review on noble-metal-free bifunctional
heterogeneous catalysts for overall
electrochemical water splitting
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Production of hydrogen by water splitting is an appealing solution for sustainable energy storage.
Development of bifunctional catalysts that are active for both the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER) is a key factor in enhancing electrochemical water splitting activity
and simplifying the overall system design. Here, recent developments in HER-OER bifunctional catalysts
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are reviewed. Several main types of bifunctional water splitting catalysts such as cobalt-, nickel- and

iron-based materials are discussed in detail. Particular attention is paid to their synthesis, bifunctional
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1. Introduction

The global energy crisis, and its associated environmental
issues, has motivated scientists to search for renewable energy
resources that can replace fossil fuels." Driven by nature,
available resources such as solar- or wind-derived electricity and
water splitting technology provides an appealing way to produce
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catalytic activity and stability, and strategies for activity enhancement. The current challenges faced are
also concluded and future perspectives towards bifunctional water splitting electrocatalysts are proposed.

hydrogen in a sustainable way.>® Water electrolysis produces
hydrogen (H,) and oxygen (O,) from water by the hydrogen
evolution reaction (HER) and the oxygen evolution reaction
(OER). At the anode, water is split into oxygen gas with
accompanying protons and electrons. At the cathode, hydrogen
gas evolves by recombination of the protons and electrons. By
far, this energy conversion technology has attracted extensive
attention due to its high energy conversion efficiency, negligible
environment pollution, and potentially wide range of
applications.**

In practice, water electrolyzers require effective catalysts to
facilitate both reactions. Currently, Pt-group metals are the most
effective catalysts for HER while the benchmark catalysts for OER
are Ir/Ru-based compounds. However, high cost and scarcity of
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these metals limit their widespread use. Enormous effort has
been dedicated to the development of non-precious and highly
efficient electrocatalysts for water splitting. Examples of these
non-precious electrocatalysts include transition metal sulfides,
carbides, and phosphides for HER;”** and transition metal
phosphate, oxides, and hydroxides for OER."*™ Ideally, catalysts
for both HER and OER must operate in the same pH range so as
to work together for water splitting. Furthermore, in order to
minimize the overpotentials of the electrolysis system, water
splitting is mostly conducted in either strongly acidic or basic
solutions." However, this condition poses a challenge for most of
non-noble metal water splitting catalysts as a highly active cata-
lyst in acidic condition may be inactive or unstable in alkaline
electrolyte. Therefore, integrating the merits of the HER and OER
electrocatalysts to construct efficient bifunctional HER-OER
heterostructures that possess binding force to both hydrogen-
and oxygen-containing intermediates is of great benefit for
improving the activity of overall water splitting. In addition,
using a single bifunctional HER-OER catalyst simplifies the
overall system design and lowers the cost.’® Alternatively, recent
achievements in water splitting catalysts have made it possible to
construct water electrolyzers using a bifunctional material that is
active for catalyzing both the HER and OER reactions.'**® This
has encouraged the investigation of high efficiency bifunctional
catalysts in the field of full water splitting.

Here, we summarized recent developments in bifunctional
heterogeneous water splitting electrocatalysts with a focus on
their design, characterization, and activity. Bifunctional
HER-OER catalysts are mainly first-row transition metal-based
compounds. They can be classified into three groups according
to their composite elements: cobalt (Co) based catalysts, nickel
(Ni) based materials, and iron (Fe) based materials. We have
also reviewed some emerging metal oxides as well as carbon-
based materials that have potential as bifunctional HER-OER
catalysts. Based on the results discussed, the current challenges
are briefly pointed out and several future opportunities are
proposed.
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2. Electrochemistry of water splitting

As shown in Fig. 1, a typical electrolyzer consists of three parts:
an aqueous electrolyte, an anode, and a cathode. The bifunc-
tional HER-OER catalysts are applied on both the anode and
cathode to speed up the overall water splitting reaction. When
an external voltage is applied between the two electrodes, the
OER and HER occur at the anode and cathode, respectively.®
Depending on the electrolytes in which water splitting
proceeds, the water splitting reaction can be described as
shown below.*

Bifunctional Catalysts

Fig. 1 Schematic illustration of acidic water electrolyzer and its
operating principle based on the electrochemical hydrogen and
oxygen evolution reactions occurring on a bifunctionally active
catalyst.
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Total reaction H,O — H, + 1/20, (1)
In acidic solution
Cathode 2H" + 2¢~ — H, (2)
Anode H,O — 2H" + 1/20, + 2¢~ (3)
In neutral or alkaline solution
Cathode 2H,O + 2¢~ — H, + 20H™ (4)

Anode 20H™ — H,O + 1/20;, + 2¢~ (5)

Currently, the majority of reported bifunctional HER-OER
catalysts work in alkaline electrolytes. Compared to acidic
electrolytes, alkaline electrolytes allow for the replacement of
precious metal catalysts (Pt, Ir, or Ru based) with inexpensive
transition metal and/or functional carbon-based catalysts. In
addition, alkaline electrolytes favor the electrocatalytic oxygen-
evolving process, allowing a significantly faster rate than acidic
electrolytes.” The thermodynamic voltage of water splitting is
known to be 1.23 V (25 °C and 1 atm) regardless of the reaction
media.’ In order to carry out water splitting at a practical rate,
we must apply extra voltages on the cell and the overall opera-
tional voltage (V,p) for water splitting can be described as:*!

Vop =123V + 1, + [nd + 14 (6)

where 7q represents the excess potential applied for compen-
sating the system internal resistance, such as solution resis-
tance and contact resistance. n, and 7. are the overpotentials
required to overcome the intrinsic activation barriers of the
anode and cathode, respectively. The intrinsic activation
barriers can be minimized by using highly active OER and HER
catalysts, respectively. In view of this, the primary challenge for
research is to develop efficient bifunctional water splitting
electrocatalysts, preferably based on low-cost and earth-abun-
dant elements such that n, and |n.| are minimized and the
water splitting efficiency is improved.

2.1. Hydrogen evolution reaction

HER has been explored extensively for almost every transition
metal.’ Generally, the HER process involves three steps in acidic
and alkaline media, respectively:*®

Volmer reaction (electrochemical hydrogen adsorption)

H* + M + e » MH,g4s (in acidic medium) (7)
H,O + M + e — MH,q, + OH (in alkaline medium)  (8)

Followed by
Heyrovsky reaction (electrochemical desorption)

MH,4s + H" + ¢ > M + H, (in acidic medium) (9)

MH,4s + H,O + ¢ = M + OH™ + H; (in alkaline medium) (10)

This journal is © The Royal Society of Chemistry 2016
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Or
Tafel reaction (chemical desorption)

2MH,4s — 2M + H, (11)

It is well known that the activity of the electrode material
towards the HER depends on its electronic structure. As
displayed in Fig. 2, Trasatti plotted the logarithm of the
exchange current densities, log j,, on different metals against
the metal-hydrogen (M-H) bond strength for the HER in
acidic condition.”** This so-called volcano curve permits
a quick comparison of the activities of different metals.
However, the reported volcano plots for HER kinetics as
a function of M-H bond energies (or metal properties) usually
does not take into consideration other types of differences
such as solution pH. In fact, a three-dimensional (3D)
volcano plot should be plotted with pH in the third axis.
However, reliable data for alkaline solution kinetics are far
from sufficient for drawing such a plot. Therefore, future
efforts to advance the volcano plot for the HER under basic
conditions will be valuable for the overall alkaline electrolysis
reaction.

2.2. Oxygen evolution reaction

Promotion of OER by transition metal oxides, hydroxides, and
perovskites has been investigated extensively.”® OER mecha-
nisms and pathways are relatively more complex compared to
HER mechanisms. Oxygen is generally evolved from a metal
oxide surface, but not from the bare metal, and the OER
mechanism is different for oxides with different surface struc-
tures.”* Even oxides with identical compositions may give rise to
different electro-kinetic profiles due to the differences in
thickness and structures of their oxide layers and preparation
methods. In spite of this, a general mechanism for the OER on
oxides has been proposed as follows:****

M + H,0 - MOH + H" + ¢~ (12)

MOH — MO + H" + ¢~ or 2MOH — MO + M + H,0 (13)

log (j,/ Alcm?)

-10
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Fig.2 Volcano curve for the HER on metal electrodes in acidic media.
The log of the exchange current density jg is plotted versus the M—H
bond energy for each metal surface. Reprinted with permission.?
Copyright 2010, American Chemical Society.
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2MO — 2M + O, or MO + H,0 — M + O, + 2H" + 2¢™ (14)

Fig. 3 is the volcano plot showing the activity of O, genera-
tion on first-row transition metal oxide surfaces against the
transition enthalpy of the oxides in either acidic or basic
conditions.*"** As seen, noble metal oxides RuO, and IrO,, are
located at the top of the plot because of their low redox potential
and good electrical conductivity. However, their high prices and
limited HER activity make these precious-metal based oxides
unsuitable for use as bifunctional catalysts in large scale water
splitting. Conversely, cheaper and more sustainable bifunc-
tional transition metal compound catalysts such as Co phos-
phates/phosphides and Ni-S composites have demonstrated
high activity for both HER and OER with electrochemical
stability.

2.3. Evaluation of bifunctional electrocatalysts

An ideal HER-OER bifunctional electrocatalyst for full water
splitting is one that is simultaneously cost-effective, active, and
durable for both HER and OER in the same electrolyte. For
water splitting, the dependence of steady-state current density
on the anodic or cathodic overpotentials (7,, 7.) can be depicted
by Tafel plots. The overpotential is generally logarithmically
related to the current density () and its linear portion is given as
Tafel equation ( > 0.05 V):22¢

(15)

where b is Tafel slope and is related to the mechanism of the
electrode reaction. From this equation, when n = 0, the ob-
tained current density is called exchange current density (j,)-
This represents the intrinsic activity of the catalysts under
equilibrium states.”” Thus, a bifunctional catalytic material
possessing a high j, and a small b is desirable for both the HER
and OER. When comparing exchange current density, it is
important to ensure that the comparison is done based on same

n = a+ blog())

0.7 T A S NN TR SN TN S T SN N NN
100 150 200 250 300 350

~AH? 1 kd mol™

Fig. 3 Volcano plot showing activity for O, production on metal oxide
surfaces versus the enthalpy of transition of the oxide in acidic () and
basic () solutions. Overpotential measured relative to 0.1 mA cm—2
current density. Reprinted with permission.?* Copyright 2010, Amer-
ican Chemical Society.
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number of active sites. In practice, a more convenient way
characterizing the activities of different electrodes is to compare
the relevant overpotential at a given current density (current/
geometric area), by maintaining similar mass loading of the
active material.** In particular, the overpotential needed to
yield a current density of 10 mA cm 2 is widely adopted to
evaluate the performance of different catalysts (the value ex-
pected for a 12.3% efficiency solar water splitting device). Again,
precautions have to be taken to ensure similar mass loading
when comparing the activity.

Apart from the above discussed core parameters used for
developing novel bifunctional HER-OER catalysts, there are still
other properties that are important. Namely, an ideal bifunc-
tional catalyst should possess a series of other advantages
including:** (i) tolerance for a wide pH range, (ii) the ability to
work at moderate overpotentials with high current density, (iii)
long-term stability (such as years to decades), (iv) composition
with inexpensive earth-abundant materials, and (v) simple and
economical preparation and fabrication methods. A single
catalyst may never realistically hold all the qualities listed
above. Therefore, choosing the appropriate catalysts for
a particular application will be key for deciding development
priorities of future water splitting electrolyzers. Most of time,
a balance between efficiency for both HER and OER is the most
attractive. For example, cost may surpass efficiency as the
leading factor in some cases. Therefore, it is highly desirable for
researchers to explore a wide range of bifunctional electro-
catalysts with various properties to advance the development of
the next generation of energy conversion technologies.

3. Synthesis of transition metal based
bifunctional electrocatalysts for water
splitting

First-row transition metal compounds such as Co-, Ni-, and
Fe-based heterostructures have been extensively investigated as
efficient bifunctional electrocatalysts for overall water splitting
owing to their theoretically high electrocatalytic activities, earth
abundance, and low cost. The majority of recently reported
work belongs to this group of catalysts. These bifunctional
catalysts demonstrate high HER-OER rates with some even
surpassing the performance of benchmark noble metal cata-
lysts. Most of the reported bifunctional catalysts are transition
metal phosphides, but other compounds such as oxides,
nitrides, and sulfides are also widely reported. Overall, these
catalysts are mainly categorized by their metal composition,
namely Co-based, Ni-based, and Fe-based compounds. The
following sections will give a detailed discussion on their
synthesis and overall water splitting performance.

3.1. Co-based compounds

Cobalt has emerged as an attractive non-precious metal for its
potential catalytic activity for water splitting in the past few
decades. To date, enormous research effort has been devoted to
developing Co-based inorganic compounds as heterogeneous
bifunctional electrocatalysts."»'”**3° Among them, cobalt

This journal is © The Royal Society of Chemistry 2016
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phosphates are one of the most investigated bifunctional elec-
trocatalysts for water splitting.">*”*"** Several research groups
have explored different approaches to engineer cobalt phos-
phates-based compounds for overall water splitting. In 2012,
Cobo et al. first synthesized a Janus nanoparticulate H,-CoCat
by the reductive electrodeposition from cobalt salts in a phos-
phate buffer (Fig. 4a)."” The obtained H,-CoCat consisted of
metallic cobalt covered with the cobalt-oxo/hydroxo-phosphate
layer and was used to catalyze HER. H,—CoCat could also be
converted into the amorphous cobalt oxide film (O,-CoCat or
CoPi) to catalyze O, evolution on anodic equilibration (Fig. 4b).
Remarkably, the switch between the two catalytic forms was
fully reversible (Fig. 4c). Thus, the authors highlighted that the
designed CoCat was a robust, bifunctional and switchable
catalyst (Fig. 4d). Jiang et al. prepared a cobalt phosphorous-
derived (Co-P) film via the potentiodynamic electrodeposition
strategy for catalysis of overall water splitting.** In their exper-
iment, the as-prepared Co-P films demonstrated remarkable
catalytic activity for both HER and OER in 1.0 M KOH. To
achieve the current density of 10 mA cm™ 2, overpotentials of
just —94 mV and 345 mV vs. RHE was required for HER and
OER, respectively. Furthermore, their corresponding Tafel
slopes were as small as 42 and 47 mV dec™ . Metallic cobalt and
cobalt phosphide were the main components of the as-obtained

View Article Online
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and post-HER films, which partially transformed to cobalt oxide
during OER. An electrolyzer constructed using Co-P films as
both anode and cathode catalysts demonstrated superior
activity and stability even when compared to the integrated Pt
and IrO, catalyst couple.

Given the successful examples of utilizing Co phosphate as
water splitting catalysts, synthesizing porous Co phosphide/
phosphate via nanostructuring may endow the material with
unique properties, such as high surface area and rich mass
transport channel. To this end, Tour's group designed a porous
Co phosphide/phosphate-based thin film (PCPTF) by reacting
anodized Co oxide porous films with phosphorus vapor
(Fig. 4e).** The obtained porous films could directly function as
electrodes for catalyzing H, and O, evolution with superior
activity having onset potentials of 35 and 220 mV vs. RHE and
with Tafel slopes of 53 and 65 mV dec ™, respectively. The mixed
phase film was able to directly produce H, and O, in a single
electrolyzer through an alternating sequence (Fig. 4f).

Phosphide-based materials are an important class of
compounds with superb electrocatalytic activities toward HER.
In particular, Co-based phosphides have been widely studied as
active HER catalysts.®® Recently some groups have begun to
investigate its bifunctional activity for catalyzing both HER and
OER.**® You et al. synthesized Co-P/NC nanopolyhedrons by
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Fig.4 (a) SEMimages of electrodes modified by electrolysis at 1.0 V versus Ag/AgCl for 3 h versus RHE in phosphate buffer (KPi, 0.5 mmol 1%, pH
7). (0) SEM image of an H,—~CoCat film on a FTO electrode equilibrated at 1.16 V versus Ag/AgCl for 90 min in a cobalt-free 0.5 mmol |~ KPi, pH 7
electrolyte. (c) Charge passed through a FTO electrode (1 cm?) during controlled potential coulometry initially at 1.0 V versus Ag/AgCL (3 h, Hp—
CoCat deposition, black curve) in 0.5 mmol |~ KPi, pH 7 electrolyte containing Co(NOs),-6H,0O (0.5 mmol I ™) and after transfer to a cobalt-free
0.5 mmol [ KPi, pH 7 electrolyte, with potential switching between oxidative (blue, 1.16 V versus Ag/AgCl) and reductive conditions (red, 1 V
versus Ag/AgCl). (d) Specific rates of hydrogen (red) and oxygen (blue) evolution quantified through gas chromatography measurements during
the same experiment. Panels (a—d) reprinted with permission.”” Copyright 2012, Nature Publishing Group. (e) Schematic of the fabrication
process starting with a glass, silicon, ceramic, or stainless steel substrate. (f) Bifunctional water electrolysis tested by CV in 1 M KOH aqueous
solution. Panels (e and f) reprinted with permission.3? Copyright 2015, Wiley-VCH.
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a metal organic frame (MOF)-derived route for overall water
splitting. The nanopolyhedrons were composed of CoP and
Co,P nanoparticles embedded in N-doped carbon matrices
(Fig. 5a).*® The as-prepared Co-P/NC possessed high specific
surface areas (183 m> g ') and large mesopores. Importantly,
Co-P/NC exhibited remarkable catalytic performance for both
HER and OER. Co-P/NC afforded a current density of 10 mA
cm™” at the relevant overpotentials of —154 mV vs. RHE for the
HER and 319 mV vs. RHE for the OER in 1.0 M KOH. Moreover,
the Co-P/NC-based overall water electrolyzer yielded a large
current density of 165 mA cm > at 2.0 V (Fig. 5b) along with
superior durability (Fig. 5c¢). Similarly, using a sandwich-type
MOF/GO as a template and precursor, Jiao's group developed
layered CoP/rGO composites as electrocatalysts toward both the
HER and OER.** After annealing at 400 °C, the obtained nano-
composites (CoP/rGO-400) worked efficiently to afford both
efficient H, and O, generation in a single alkaline electrolyzer.
The excellent electrocatalytic activity and durability were
ascribed to the synergistic effect between the CoP and rGO
featured with porous nanostructures, high electrical conduc-
tivity, and high durability during the HER and OER.

To further improve the conductivity of the Co phosphide and
facilitate mass transfer at the electrode, Zhu et al. fabricated
CoP mesoporous nanorod arrays supported on Ni foam.
Featuring well-designed mesoporosity and a high electro-
chemical surface area, the synthesized materials could function

37

carbonization

—
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as flexible bifunctional electrodes for both HER and OER. When
placed in an alkaline electrolyzer, the flexible CoP nanorods
array electrodes displayed exceptional activity (710 ma em—2 =
390 mV) and stability, which surpassed that of Pt and IrO,
electrodes. The catalyst's unique electrode configuration, con-
sisting of an alighted nanorod array, was the main contributing
factor behind its improved electric interconnection and
enhanced mass transport.

Co-P based bifunctional catalysts, and the active compo-
nents for HER and OER, are usually investigated by post-reac-
tion characterization. However, in situ spectroscopic study is
highly desirable for further understanding of real-time struc-
tural and composition evolution of the electrocatalysts in the
process of electrolysis. This technique is still currently under
investigation.

CoSe, previously demonstrated high activity for catalyzing
the generation of either H, or O, in water splitting.>***° Further
integration of other components into the CoSe, system may
endow it with bifunctional activity for overall water splitting.
For example, Feng's group fabricated 3D coupled ternary
compounds (EG/Cog g5Se/NiFe-LDH) by anchoring NiFe layered-
double-hydroxide (NiFe-LDH) onto the Co,gsSe nanosheets
vertically grown on the exfoliated graphene (EG) foil.** The
as-designed hierarchical composite exhibited superb OER
performance with a potential of only 1.50 V vs. RHE to drive
a current density of 150 mA em 2. EG/Co, gsSe/NiFe-LDH was
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—Co-PINC £ gz h— —
10 =o.
~1200 T 5 9{ Too
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Fig.5

overall water splitting in 1.0 M KOH. The mass loadings of Co—P/NC and Pt/IrO, couples were 1.0 and 0.5 mg cm

(a) lllustration of the two-step synthesis of CoP/NC nanopolyhedrons. (b) Polarization curves of Co—P/NC and Pt/IrO, catalyst couples for

~2, respectively. Inset is the

expanded region around the onsets of catalysis. (c) Long-term controlled potential electrolysis of Co—P/NC in 1.0 M KOH at n = 400 mV. Inset is
the corresponding current change over time. Reprinted with permission.*®> Copyright 2015, American Chemical Society.
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more efficient than other reported non-noble metal OER catalysts
and the state-of-art Ir/C catalyst in alkaline conditions. Together
with the excellent HER activity of EG/Co, gsSe/NiFe-LDH nano-
sheets, a water electrolyzer, with the ternary compounds as both
anode and cathode, was built up and only needed a voltage of
1.71 Vto reach a current density of 20 mA cm™ 2 in 1.0 M KOH. On
the other hand, Li et al integrated CoO domains with CoSe,
nanobelts on Ti (denoted as CoO/CoSe,).** The catalyst was used
as an active self-supported bifunctional electrocatalyst for both
the HER and OER in neutral electrolyte.

Masa et al. reported an amorphous Co,B that was an
exceptionally efficient electrocatalyst for the OER in alkaline
conditions. Simultaneously, Co,B was also active for the HER.**
The annealed catalyst at 500 °C (Co,B-500) evolved O, more
efficiently than IrO, and RuO,, and exhibited prominent
stability during electrolysis tests (at 10 mA cm™?) for over 60 h.
The B element introduced lattice strain in the metal crystal
structure that then minimized the thermodynamic and kinetic
barrier of the hydroxylation reaction and facilitated the forma-
tion of the OOH* intermediate for favoring the OER process.

View Article Online
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Complete water electrolysis tests using Co,B-500 as the anode
and Co,B-500/NG as the cathode are illustrated in a two-electrode
cell and vigorous and stable gas evolution was observed at
moderate cell voltages.

Considering the chemical similarity between Co,B, CoP, and
CoSe,, the distinctive electrochemical performance of these
compounds indicates that other factors such as charge transfer
capability, structural defects, and specific surface area may exert
a strong influence on its electrochemical activity.

Superior electrical conductivity is extremely beneficial for the
electrochemical activity of catalysts. Graphite carbon is often
employed as a support to enhance the conductivity of the
composite catalysts and the capability of tunable heteroatom-
doping on carbon endows it with certain catalytic activity. The
interplay between carbon and metal oxide nanoparticles can
further modify the overall physicochemical and electronic
structures to favor electron transfer at the interface.** For
instance, Jin et al. synthesized cobalt-cobalt oxide/N-doped
carbon hybrids (CoO,@CN) for both the HER and OER through
a one-pot thermal annealing method (Fig. 6a). The obtained
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Fig. 6 (a) Schematic illustration of the component of CoO,@CN, where cobalt oxide was mainly responsible for the OER while carbon-
encapsulated Co nanoparticles were mainly responsible for the HER. (b) An optical photo showing the water electrolyzer with H, and O, bubbles
generated. Panels (a and b) reproduced with permission.** Copyright 2015, American Chemical Society. (c) Design of CoMnO@CN superlattices
as a bifunctional OER and HER catalyst. The ordered CoMnO nanoparticles serve as the OER catalytic sites for water oxidation, and the nitrogen-
doped carbon framework serves as the HER catalytic sites for water reduction. (d) Overall water splitting characteristics of the CoMnO@CN
superlattice catalyst with a two-electrode configuration. Inset: chronoamperometric measurement at 1.5 V applied potential across the elec-
trodes. (e) Schematic illustration of the solar water splitting cell without additional applied potential, using a commercial planar Si solar cell. Panels
(c—e) reproduced with permission.*® Copyright 2015, American Chemical Society.
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CoO,@CN, which was composed of Co° CoO, and Co;0,,
exhibited low onset potential (85 mV), small charge-transfer
resistance (41 Q), and considerable stability for the HER in
1.0 M KOH.** The excellent activity of CoO,@CN for the HER
was attributed to the good electrical conductivity of N-doped
carbon, synergistic effect between metallic Co and Co oxides, as
well as the improved stability of carbon encapsulated Co
nanoparticles. Moreover, the CoO,@CN hybrids showed high
activity for the OER, yielding a current density of 10 mA cm ™ > at
an overpotential of only 0.26 V. Importantly, the catalytic
activity of CoO,@CN for the OER was enhanced remarkably
after carrying out the HER for 30 min. The authors attributed
this to the improvement of the proportion of Co**. Finally, an
alkaline electrolyzer was designed by applying CoO,@CN as
both cathode and anode electrocatalyst (Fig. 6b) with a voltage
of only 1.55 V to drive a current density of ~20 mA cm .

Bimetallic oxides are expected to show higher intrinsic
HER-OER activity than single metal oxides. Furthermore, the
activity of bimetallic oxides can be easily optimized via
controlled modulation of the valence and electronic states of
either metal element.”**>** For example, Gao et al. recently re-
ported the synthesis of Ni-incorporated hierarchical NiCo,0,
hollow microcuboids through a thermally driven conversion
method. The hollow microcuboids proved to be highly active
and stable electrode materials for both the HER and OER.”
NiCo,0, electrodes also demonstrated exceptional catalytic
performance for overall water splitting. The current density
approached 10 mA cm 2 by applying 1.65 V across the two
electrodes and the potential maintained very stable for at least
36 h. Furthermore, Zheng's group synthesized a highly
ordered carbon-coated Co-Mn oxide nanoparticle superlattice
(CoMnO@CN) as an effective bifunctional electrocatalyst for
water splitting.*®* Through this, the as-prepared catalyst could
take advantage of the synergistic effects of bimetals, N-dopants,
and carbon species. The uniform CoMnO nanoparticles served
as an excellent OER reagent, with a smaller bandgap, stronger
adsorption for OH™, and weaker adsorption for O, than CoO
and MnO. The authors emphasized that the surrounding N-
doped carbon framework served as active HER catalytic sites, as
well as providing efficient electron and ion transport toward the
embedded CoMnO nanoparticles. In addition, the ordered
superlattice structure with a carbon layer between adjacent
CoMnO nanoparticles proved to be effective in increasing
catalytic sites and preventing nanoparticles from aggregation or
dissolution (Fig. 6¢). Therefore, this CoOMnO®@CN superlattice
structure could efficiently drive both OER and HER catalysis in
the same alkaline electrolyte (Fig. 6d). When assembled with
a silicon photovoltaic cell, this CoMnO@CN superlattice
bifunctional catalyst enabled continuous solar water splitting
for almost 5 days, corresponding to a solar-to-hydrogen
conversion efficiency of nearly 8.0% (Fig. 6e).

Structure-wise, hierarchical 3D materials with hollow and
mesoporous structures have been widely applied for electro-
chemical reactions. It is interesting to synthesize active elec-
trocatalytic materials consisting of 1D nanostructures with
hierarchical 3D porous structures and hollow interiors because
the 1D nanowire/nanotube morphology, especially when
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directly attached to conducting substrates, ensure high surface
area exposed, favorable conductivity, and fast charge transfer
during electrolysis so as to enable excellent catalytic perfor-
mance. 1D NiCo,S, nanowire (NW) arrays directly grown on Ni
foam (NF) were prepared by Sivanantham et al** The 3D
NiCo,S, NW/NF arrays showed remarkable bifunctional water
splitting performance with prominent activity and stability. The
3D-Ni foam facilitated the directional growth of the NiCo,S,
NW, thus ensuing more exposure of active sites to take part in
the HER and OER at the electrode-electrolyte interface. More
recently, Zheng's group developed a homologous, all-nanowire
based system (on Ti foil) of NiCo,0, and Ni, 33C00.7S,, as the
OER and HER electrocatalysts, respectively.** When assembled
together, the NiCo0,0,||Nij33C0¢6,S, nanowires represented
a unique homologous, highly efficient system for overall water
splitting. Meanwhile, Zheng's group also reported a homolo-
gous Co-Ni-based nanotube structure by employing the cation
and anion exchange strategy.”* The CoNi(OH), and NiN, nano-
tubes exhibited high current densities at low overpotentials and
good stability for the OER and HER. Moreover, the assembled
CoNi(OH),||NiN, nanotube electrolyzer demonstrated prom-
ising full water splitting activity with long durability.

3.2. Ni-based compounds

In practice, Ni, particularly Ni foam, is usually used as the
cathode material in commercial electrocatalytic electrolysis
units in alkaline electrolytes. However as catalysts, Ni metals
possess low efficiency and poor stability for water splitting.
Thus, doping Ni metal or its oxides with other transition-metal
and non-metal elements might offer some new solutions to this
problem.**?* In 2014, by incorporating Fe into Ni(OH),, the
Gritzel group reported a bifunctional earth-abundant catalyst,
NiFe LDHs, which exhibited considerably high activity for both
the HER and OER in alkaline electrolyte (Fig. 7a and b).*®
Importantly, when assembled in a perovskite solar cells, the
combination of the two yielded a value of 10 mA cm 2 with
a 12.3% solar-to-hydrogen efficiency (Fig. 7c and d).
Additionally, combining Ni with non-metal elements has also
received great attention. Ni-based phosphide and chalcogenide
(including Ni sulfides and Ni selenides) electrocatalysts are
promising catalysts for the full water splitting reaction. Hitherto,
Ni phosphide materials were mainly used as effective cathodic
electrocatalysts for hydrogen generation.**** However, pioneer-
ing work carried out by Hu group's showed that nickel phosphide
(Ni,P) also exhibited high activity for oxygen evolution.”” N,P
nanoparticles exhibited super OER activity (719 ma em-2 = 290 mV
vs. RHE) and were remarkable stability in 1.0 M KOH. The active
species for OER was a core-shell Ni,P/NiO, hybrid that was
generated in situ during catalytic cycling (Fig. 8a-e). Subse-
quently, an alkaline water electrolyzer was constructed using
Ni,P as catalyst for both HER and OER (Fig. 8f). Similarity, Lou
and co-workers synthesized Ni-P porous nanoplates from Ni-Ni
Prussian blue analogue precursors as active bifunctional elec-
trocatalysts for both OER and HER.*® The authors emphasized
that the surface nickel phosphides were partially oxidized to
nickel oxides or hydroxides during the oxygen-evolving process.

This journal is © The Royal Society of Chemistry 2016
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In situ formed oxidized nickel layers then functioned as the
actual active sites for OER. It is noted that such an oxidation
phenomenon is consistent with the results from Hu's group.

Electrodes comprising of 3D catalysts generally exhibited
higher electrocatalytic performances due to their larger number
of active sites and improved electrical contact between the 3D
electrode and catalysts. Ni foam is the most widely used
conductive substrate for construction of 3D catalysts. Ni foam
offers a long-range ordered porous framework, which not only
facilitates charge transfer capabilities, but also enhances the
mass transport rate.*® For example, Qiao and co-workers
prepared 3D porous Ni/NigP; and Ni/NigSg electrodes via
phosphorization or sulfurization of the acid-treated Ni-foam.*
The resulting materials could be directly used as free-standing
bifunctional electrodes for full electrochemical water splitting
in alkaline media. They also investigated the catalytic mecha-
nism of Ni/NigP; and Ni/NigSg from the perspective of inter-
mediate adsorption over the catalysts and the Ni-P/S bond
length, and analyzed the reason for the relatively higher activity
of Ni/NigP; than Ni/NigSg. Finally, an advanced water electro-
lyzer by employing Ni/NigP; as both anode and cathode was
conducted in 1.0 M KOH solution; a cell voltage of just 1.61 V
was required to deliver a 10 mA cm ™ water splitting current
density. The excellent overall water splitting performance was
attributed to its self-supported 3D architecture, strong physical
contact, fast charge transport, and structure-induced electronic
effect.

By using commercially available Ni foil as the Ni precursor,
Shalom's group synthesized a self-supported highly ordered

This journal is © The Royal Society of Chemistry 2016

NisP, sheets 3D electrode.®* The activity and stability of the
catalyst towards the HER was exploited in both 0.5 M H,SO, and
1.0 M KOH. The electrochemical performance of Nis;P, for the
OER in 1.0 M KOH was much higher than that of the pristine
nickel or platinum. Importantly, when used as a bifunctional
catalyst for overall water splitting in basic solution, NisP, could
achieve a current density of 10 mA cm™> below 1.7 V. The
authors attributed the excellent performance of NisP, to its 3D
hierarchical architecture, which facilitated the easy formation
of catalytically active NIOOH on NisP,. It is believed that the
formation of the NisP,/NiOOH heterojunction is important,
which in turn altered the electronic properties resulting in lower
OER overpotentials. In addition, the Shalom group also re-
ported another approach towards encapsulating Mn-doped Ni
materials into N-doped carbon as a high surface area electro-
catalyst for the HER and OER.** By thermal annealing in air, this
highly porous material could be easily converted from a good
catalyst of the HER to that of the OER. This simple treatment
process also resulted in the formation of metal oxides on the
surface and an increased surface area. Finally, a 70% overall
water splitting efficiency was achieved.

Nickel chalcogenides have emerged as attractive HER cata-
lysts.®** Recently, nickel sulfide also displayed potential
activity toward the OER process and NiSOH was proposed to be
the active species.®® Thereafter, Feng et al reported the
synthesis of stable, {210} high-index faceted Ni;S, nanosheet
arrays supported on nickel foam (NF) as active bifunctional
HER-OER catalysts.®” Thanks to its advantageous nanocatalytic
features, as well as high index facets, the obtained Ni;S,/NF

J. Mater. Chem. A, 2016, 4, 17587-17603 | 17595
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Fig. 8 (a) HRTEM image of the Ni,P nanoparticles after electro-

chemical pretreatment at 1.5 V vs. RHE for one hour. Inset (lower left):
FFT of the framed area (middle). (b) Nickel elemental mapping. (c)
Oxygen elemental mapping. (d) Phosphorus elemental mapping. (e)
Combined elemental mapping of Ni, O, and P. (f) Current—potential
response of an alkaline electrolyzer using Ni,P as catalyst for both OER
and HER. Support: Ni foam; loading of catalyst: 5 mg cm™2; electrolyte:
1M KOH. At about 2.5 h, bubbles were mechanically removed from the
electrode. Inset: galvanostatic electrolysis in 1 M KOH at a constant
current density of 10 mA cm™2 over 10 hours. Photograph of the
system showing the oxygen (left) and hydrogen (right) generation
during water electrolysis. Reproduced with permission.?” Copyright
2015, Royal Society of Chemistry.

material exhibited efficient and ultra-stable electrocatalytic
activity toward the HER (Fig. 9a) and OER (Fig. 9b). Theoretical
calculations confirmed that the synergistic effect between the
nanosheet array architecture and the {210} high-index facets
accounted for its uniquely efficient catalytic ability for overall
water splitting (Fig. 9c and d). Similarly, Tang et al. synthesized
nickel foam supported NiSe nanowire film (NiSe/NF) for full
water splitting.®® This was achieved by the hydrothermal reac-
tion of NF with NaHSe. When employed as a 3D electrode for the
OER, the NiSe/NF produced an anodic current density of 20 mA
cm™? at an overpotential of 270 mV vs. RHE and exhibited great
stability in 1.0 M KOH. It was found the NiOOH layers formed
on the NiSe surface served as the catalytic active species. This
3D electrode was also highly efficient for catalyzing hydrogen
production in basic media. Therefore, an alkaline water elec-
trolyzer consisting of this bifunctional electrode enabled a high
activity with 10 mA ecm™? current at a cell voltage of 1.63 V.
Increasing the surface area and active sites are also effective
routes to lower the overpotential so as to enhance the electro-
catalytic performance. For example, Feng's group presented the
interface engineering of MoS,/Ni;S, heterostructures on nickel
foam as an advanced electrocatalyst for both the OER and HER
in alkaline solution.”” An alkaline electrolyzer using the

17596 | J Mater. Chem. A, 2016, 4, 17587-17603
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MoS,/Ni;S, heterostructure as a bifunctional electrocatalysts
was operated at a cell voltage of only 1.56 V. At this voltage,
the heterostructure managed to achieve a current density of
10 mA em™?, which was significantly lower than that of the
state-of-the-art electrocatalysts for full water splitting. Together
with density functional theory (DFT) calculations, they argued
that the established interfaces between Ni;S, and MoS, and the
in situ formed interfaces between NiO and MoS, accelerated the
simultaneous adsorption of hydrogen- and oxygen-containing
intermediates, which consequently resulted in the improved
overall water splitting efficiency.

Apart from nickel phosphides and chalcogenides, the overall
water splitting activity of nickel nitrides-based materials have
also been investigated. For example, Jia et al. synthesized
NizFeN nanoparticles (NizFeN-NPs) with a particle size of
100 nm by thermal ammonolysis of ultrathin NiFe-LDH nano-
sheets. Ni;FeN-NPs was a highly active electrocatalyst for full
water splitting.”® The enhanced performance of NizFeN-NPs
originated from the metallic nature of the composites as well as
its unique electronic structure, which in turn facilitated the
charge transfer and H,O adsorption. Moreover, the nanosized
particle effect was also thought to increase the accessibility of
active sites for the electrocatalytic process. Besides, Zhang et al.
reported the use of hierarchical TIN@Ni;N nanowire arrays to
construct an efficient electrochemical water splitting device.”*
The TiN@Ni;N nanowire arrays served as bifunctional catalysts
for both the HER and OER in this device under alkaline
conditions.

3.3. Fe-based compounds

Fe is more abundant than the other transition metals Co and Ni.
As such, Fe is a highly attractive element in the design of
low-cost catalysts. Fe-based electrocatalysts have been exten-
sively investigated for either the HER or the OER,”>”” however,
bifunctionally active Fe-based materials for water splitting have
only been studied fairly recently. Martindale and Reisner
recently reported an iron-only catalyst that was highly efficient
for both water splitting half reactions in alkaline conditions.
The obtained catalysts showed much higher activity than that
reported from bifunctional Co and Ni catalysts.”® Interconver-
sion between the Fe(0) phase under a cathodic bias and an iron
oxide-hydroxide (FeO,) phase under an anodic bias resulted in
the dual activity. Meanwhile, the authors also claimed that this
interconversion of catalytic active species at the catalyst surface
was reversible and switchable, which ensured the stability and
durability of the electrolyzer system.

Inspired by the bifunctional activity of Co and Ni phosphides
for both the HER and OER, and the merits of 3D structured
catalysts, Wang's group designed a flexible 3D electrode based
on iron phosphide nanotubes (IPNT) toward full water splitting
(Fig. 10a).” The synthesized material was composed of FeP
covered with iron oxide/phosphate species for catalyzing the H,
generation from both acidic and alkaline electrolytes with small
onset overpotentials (35 and 31 mV vs. RHE, respectively).
Remarkably, the in situ formed surface iron oxide/phosphate
can be directly used to mediate O, evolution at an onset

This journal is © The Royal Society of Chemistry 2016
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overpotential of only 250 mV vs. RHE. Furthermore, the flexible
iron phosphide nanotube electrode exhibited remarkable
activity and durability for a constructed alkaline electrolyzer
with 10 mA em ™~ current at a voltage of only 1.69 V (Fig. 10b).

As discussed above, a variety of methods have been used to
prepare transition metal-based catalytic materials for overall
water splitting. Yet, it is still highly desirable to develop more
general and scalable methods to synthesize non-noble metal
based bifunctional HER-OER catalysts. A good example of
a general and scalable method was recently presented by Read
et al. who synthesized transition metal phosphide electrodes by
reacting commercial metal foils (Fe, Co, Ni, Cu, and NiFe) with
various organophosphine sources.*® The resulting phosphide
electrodes exhibited excellent electrocatalytic HER and OER
performance that compared favorably with samples prepared
using significantly more elaborate and costly procedures. Cui's
group reported a lithium-induced conversion reaction to
enhance the catalytic activity of various transition metal oxide
(Fe, Co, Ni oxides, and their mixed oxides) nanoparticles
(Fig. 10c-g)."® Due to the increased valency of the metal centers,
the OER performance of those transition metal oxide improved
dramatically through the electrochemically extracting lithium
process. In addition, the increased density of electrochemically
active sites and the covalent hybridization between the M-3d
and O-2p states also made great contribution to the enhanced
OER activity. The lithium-extracted ultra-small NiFeO, nano-
particles showed an especially remarkable performance,
requiring only 1.51 V to achieve a current density of 10 mA cm >
in a two-electrode configuration. Moreover, no obvious loss of
the activity was observed even after 200 h of continuous elec-
trolysis (Fig. 10h and i). These well-studied electrode materials

This journal is © The Royal Society of Chemistry 2016

enrich the family of highly efficient bifunctional catalysts for
overall water splitting.

Summarizing the work reviewed above, it is not hard to find
that the electrocatalytic performance of Co-, Ni-, and Fe-based
bifunctional water splitting catalysts do not differ from each
other too much; their bifunctional activities on full water
splitting rely more on the structure and specific active surface
area rather than on what kinds of metal are involved. This
implies that the importance is on engineering the morphology
and composition to maximize the density of catalytically active
sites.

3.4. Other emerging compounds

In addition to the transition metal Co-, Ni-, and Fe-based
bifunctional catalysts, other transition metal compounds such
as Mo- and Cu-based oxides have also been proven to be
bifunctionally active toward the HER and OER. For example, Jin
et al. reported the preparation of porous MoO, nanosheets via
a simple wet-chemical route followed by annealing. Porous
MoO, nanosheets showed much higher dual activity for the
HER and OER compared with bulk MoO,.*"* They attributed the
outstanding performance to the higher specific surface area and
more catalytically active sites resulting from the porous nano-
structure. Moreover, porous MoO, required a cell voltage of only
~1.53 V to reach a current density of 10 mA cm™ > and main-
tained its activity for almost 24 h in an alkaline electrolyzer. The
water splitting configuration could even be driven by a 1.5 V AA
battery at room temperature. Previously, Cu compounds were
reported to exhibit biomimetic chemistry with O,, such as the
reductive activation of O, in enzymes and the laccase
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reprinted with permission.*®* Copyright 2015, Nature Publishing Group.

protein.®** Jahan et al. recently designed a Cu-MOF composite
by incorporating GO with a copper-centered MOF as a multi-
functional catalyst for not only the HER and OER, but also the
ORR.* It is noted that this Cu-based tri-functional electro-
catalyst differed from other reported overall water splitting
catalysts by its ability to work efficiently in an acidic electrolyzer.
Most water splitting catalysts are usually active only under
alkaline conditions. The excellent electrocatalytic performance
of the GO-MOF hybrid was due to its special porous scaffold
structure, enhanced charge transfer capability, and synergistic
effect between the MOF and GO.

Metal-free materials, particularly functional carbon mate-
rials such as heteroatom-doped graphene nanosheets and
carbon nanotubes, have been extensively exploited as active
oxygen or hydrogen catalysts.***” The catalytic properties of the
obtained functional carbon catalysts can be significantly
improved by doping the carbon-based materials with non-metal
heteroatoms. In so doing, the electronic structure of the carbon
species can be modified while the defects, which often serve as

17598 | J. Mater. Chem. A, 2016, 4, 17587-17603

the catalytic active sites, are increased.®® However, the investi-
gation of bifunctional activity on the same carbon surfaces for
both the HER and OER is still rare; hence, exploring the appli-
cation of functional carbon-based materials for full water
splitting needs continued research efforts. In this respect, Lai
et al. first reported the design of O, N, and P co-doped porous
graphite nanocarbon as a bifunctional free-standing 3D elec-
trode (ONPPGC/OCC) toward overall water splitting at all pH
values.® The constructed alkaline water electrolyzer exhibited
especially excellent activity by employing ONPPGC/OCC for
both the HER and OER catalyst, which could produce a current
density of 10 mA cm 2 at a cell voltage of only 1.66 V with
superior stability. The outstanding water splitting electro-
catalytic performance of ONPPGC/OCC could be explained by
the unique 3D porous structure, enhanced accessible active
sites, improved transport properties, as well as the good elec-
trical conductivity. Admittedly, this work shows an exciting
novel avenue to explore the use of functional carbon materials
for overall water splitting.

This journal is © The Royal Society of Chemistry 2016
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4. Conclusions and outlook

This review article has summarized recent research advances in
the development of bifunctionally active HER-OER electro-
catalysts for overall water splitting. The major goal of this
research field is to replace expensive and rare noble metal-based
electrocatalysts with low-cost and highly active nonprecious
bifunctional ones. Table 1 lists a detailed comparison of the
electrochemical performances of those bifunctional water
splitting electrocatalysts. By far, enormous strides and many
achievements have been made to advance these catalysts into
practical application. First, the investigation of first row tran-
sition metal-based bifunctional heterogeneous catalysts toward
both the HER and OER simplify the design of water splitting
systems. This puts forwards a new way to solve the incompatibility
of different catalysts for working in the same electrolyzer. Second,
many efforts have been dedicated to construct self-supported
catalysts on the conductive electrodes to avoid the use of carbon
additives or polymer binder, ensuring good electronic contact
between the water splitting catalysts with the support electrode.
In addition, through intelligently designing the synergistic effect
of nanostructured hybrid electrocatalysts, the performance of
composite catalysts has been significantly maximized. Moreover,
several general and scalable strategies have been proposed to
prepared non-noble metal-based bifunctional electrocatalysts for
overall water splitting, making potential directions for the scale-
up of water photolysis/electrolysis technology for practical
application.

Despite these advances, there are still many challenges that
must be addressed before bifunctional water splitting electro-
catalysts can find a wide range of practical uses for sustainable
hydrogen production in a cost-effective and scalable way. (1) In
the current stage of bifunctional catalyst development for water
splitting, theoretical prediction and in situ spectroscopic study
is lacking. These studies are necessary towards understanding
the reaction mechanism and the real-time structural evolution
of catalysts during electrolysis. Although DFT calculations
provide a powerful tool to identify the active species and opti-
mize the catalysts at the molecular level,**** more efforts are
needed to pinpoint the exact catalytic/reaction mechanism on
these composite catalysts. Whereas an in situ spectroscopic
technique could be promising for that purpose, it is not well
established and still under investigation. (2) To objectively
evaluate the activity of HER-OER bifunctional electrocatalyst is
not that straightforward. The activity of the electrocatalysts may
be affected by many factors such as supporting substrates,
operating conditions, and structure of the materials. In 2014,
the Jaramillo group reported a benchmarking protocol for
evaluating the activity, durability, and electrochemical active
surface area of several electrocatalysts for the HER and OER by
integrating them with a solar water splitting device in aqueous
acidic or alkaline conditions.”?> However, there is still more work
to be done along this direction. (3) Currently, the majority of
studies on HER-OER bifunctional catalysts is carried out in
alkaline electrolyzers, this excludes their possible use in proton
exchange membrane (PEM)-based electrolyzers.”® Consequently,

This journal is © The Royal Society of Chemistry 2016
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acid-stable catalysts with high activity and stability are urgently
needed, especially for anodic oxygen evolution.

Future research efforts with regard to bifunctional water
splitting catalysts can be focused on the following aspects. (1)
Understanding the specific mechanism of the HER/OER on the
bifunctional electrocatalysts through theoretical and experi-
mental studies, which may provide useful guidance towards the
design of efficient bifunctional HER-OER catalysts via the
modification of the crystal and electronic structures. The
investigation into the mechanism that causes the degradation
of the catalysts during cycling is also critical. (2) Exploitation
and optimization of the catalytically active sites to maximize the
potential of the electrocatalysts by engineering the morphology
and composition of the catalyst. Engineering the morphology of
bifunctional HER-OER catalysts into various nanostructures
(such as nanorods, nanotubes, and nanowires) provides us with
the means to improve the physical properties of the catalysts by
increasing the number of exposed active sites and facilitating
diffusion of reactants in the electrolyte.*”*** On the other
hand, tuning the catalyst composition allows for modification
of the electronic structure of active sites so as to optimize the
intrinsic activity of the bifunctional catalysts.*"*****” (3) Devel-
opment of advanced functional carbon-based materials for
catalyzing the water splitting reactions. Various heteroatom
doped functional carbon materials featuring unique properties
have demonstrated great potential for electrochemical water
splitting reactions due to their controllable molecular structures,
abundant active sites, and strong tolerance to acid/alkaline
conditions.*® Therefore, functional carbon-based electrocatalysts
are a promising new class of highly efficient HER-OER bifunc-
tional catalysts. Finally, as solar energy is an abundant and
renewable source of energy,>**** it would be interesting to inte-
grate these optimized bifunctional water splitting catalysts into
solar cell devices for sustainable hydrogen production.>**%>%
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