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Abstract

The development of next-generation energy technologies, such as water-alkali electrolysers
and rechargeable metal-air batteries, provides a highly desirable path forward sustainable
energy by converting electricity derived from renewable sources in the form of chemical
energy, thus allowing for reducing the dependence on conventional fossil fuels as well as the
greenhouse gases emissions thereof. Typically, such promising energy systems require
precious metal based catalysts (e.g. Pt, RuO2 and IrO2) to improve the sluggish Kinetics of
related reaction processes, such as hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER). However, their high cost, low abundance, and poor stability greatly restrict
the large-scale practical applications. Therefore, it is of paramount importance to explore
earth-abundant, efficient, and robust alternatives. To this end, this thesis aims to design and
synthesize a series of self-supported nanoarrays as advanced electrocatalysts for

electrochemical energy conversion reactions.

The first aspect of this thesis is to identify the pH-dependence of the HER mechanism for a
rational design of functional nanocomposite with interfacial synergy. A Ru/MoS: hybrid,
consisting of Ru nanoparticles modified defect-rich MoS; nanosheets arrays with strong
interfacial interaction vertically aligned on carbon paper, was assembled via a simple we-
chemical method. By a comprehensive comparison of the HER behaviours in alkaline and
acidic media, along with HER mechanism analysis based on Tafel slopes, a pH-dependent
synergy on Ru/MoS: interface was demonstrated, whereby Ru facilitates water dissociation
and nearby MoS; accelerates hydrogen recombination into molecular hydrogen in alkaline
electrolyte. Due to the synergistic effect, the resulting Ru/MoS; electrode exhibited superior
alkaline HER activity (10 mA cm™2 at —13 mV in 1.0 M KOH) to commercial 20 wt.% Pt/C
catalyst and almost all Ru-based and MoS»-based electrocatalysts.

The second aspect of this thesis focuses on enhancing the conductivity and stability of NiFe-
based materials as highly efficient and durable electrocatalysts towards the OER. Well-
defined single-crystalline Fe-doped Ni(OH). nanoflake arrays were grown on nickel foam
(Fe-Ni(OH)2/NF) by a facile hydrothermal reaction. It is discovered that the as-fabricated Fe-
Ni(OH)2/NF featured unique physiochemical properties, namely, strong electronic interaction
between Fe3* and Ni?* species, good electrical conductivity, and robust structure, in favour of
improved OER activity and long-term operation. As a result, it achieved remarkable OER
performance in 1.0 M KOH, even outperforming benchmark IrO> catalyst. Furthermore, self-
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activation during prolonged test, which reflected by a dramatically reduced overpotential
from 267 mV to 235 mV to afford 10 mA cm after 75 h cycling, was correlated with

increased active oxyhydroxide species, making it very attractive for practical application.

The third aspect of this thesis aims to develop effective bifunctional electrocatalysts for both
the HER and OER in order to realize overall water splitting. NiFe-based oxides are known as
one of the best OER electrocatalysts, yet their HER activity is usually unsatisfactory.
Combining component manipulation with nanostructure engineering, sulfur-incorporated
NiFe>04 nanosheets composed of ultra-small nanoparticles (~2 nm) were deposited on nickel
foam through a simple thiourea-assisted electrodeposition. Benefitting from the
homogeneous sulphur doping and hierarchical structure, the as-obtained S-NiFe;O4/NF
electrode showed fascinating OER and HER activities for overall water splitting under
alkaline and neutral conditions. Besides, according to previous theoretical studies, NiO is
proposed to be a bifunctional promotor for RuO. towards alkaline water electrolysis, because
potential-induced interfacial synergy between NiO and RuO2 could maximize the rate of both
the OER and HER. Specifically, NiO-derived NiOOH can reinforce the oxygen binding
energy for enhanced OER at the anode, and NiO is able to promote water dissociation for
improved HER on RuO»-derived Ru at the cathode. The proof-of-concept studies were
carried out by preparing porous nanosheet arrays consisting of strongly coupled NiO and
RuO. nanoparticles grown on nickel foam. As expected, the as-designed RuO2/NiO/NF
electrode displayed significantly higher OER and HER performance with a cell voltage of 1.5
V to deliver 10 mA cm™2 in 1.0 M KOH, while the PtC/NF||IrO2/NF couple needed 1.56 V.
Moreover, the self-consistent interpretation of the OER and HER Tafel slopes supported the
interfacial bifunctional synergy. These strategies might be extended to a wide range of
electrocatalytic systems, thereby opening a new dimension for constructing higher-

performance electrocatalysts.
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Chapter 1: Introduction

1.1 Significance of the project

The foreseeable energy and environmental crises, associated with the increasing depletion of
fossil fuels and accelerated greenhouse effect, have stimulated unprecedented drive to
develop renewable and clean energy technologies.[*"8 Particularly, water electrocatalysis
provides a highly comprehensive solution by producing hydrogen as a clean energy
carrier.’-*1 However, such technology requires efficient catalysts to improve the reaction rate
of involved electrochemical processes (i.e., hydrogen evolution reaction (HER) at cathode
and oxygen evolution reaction (OER) at anode) and reduce energy input by lowering their
overpotentials.*® Although noble metal based catalysts are regarded as state-of-the-art
electrocatalysts for these energy conversion reactions, such as Pt for the HER and RuO:2 or
IrO2 for the OER,[*! they often suffer from high cost, low abundance, and poor durability
mainly due to dissolution and vulnerability to impurities/poisonings, which greatly limit their
commercial applications.[!2*31 Therefore, it is urgent yet challenging to develop earth-
abundant, efficient, and robust alternatives for a sustainable energy future.[10-14-16]

1.2 Research objectives

The major goals of this thesis are to get deeper insights into the mechanisms of key
electrochemical reactions (HER and OER), and guides rational design and controllable
synthesis of a series of advanced nanostructured electrocatalysts towards high-performance

water-alkali electrolysers. Specifically, the objectives of this thesis are:

e To fabricate a new catalyst model beyond Pt/Ni(OH). based on Ru nanoparticles
modified defect-rich MoSz nanosheets with well-defined interfaces for highly efficient
alkaline HER,;

e To identify the pH-dependent synergy on Ru/MoS: interface by a comprehensive
comparison of alkaline and acidic HER behaviours and mechanism analysis based on
Tafel slopes;

e To investigate single-crystalline Fe-doped Ni(OH)2 nanoflake arrays as an improved
OER electrocatalyst to overcome the low conductivity and poor durability associated
with NiFe-based materials;

e To reveal the self-activation of NiFe-based OER catalysts during prolonged operation

through electrochemical measurements and microanalyses;
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To tune the chemical composition and nanostructure of NiFe20s nanosheets by S
incorporation and confined growth through thiourea-assisted electrodeposition for
overall water splitting in alkaline and neutral pH;

To optimize the parameters of thiourea-assisted electrodeposition and extend the method
as a general strategy to construct ultra-small nanoparticles built nanosheets;

To design a bifunctional electrocatalyst using NiO as the co-catalyst for RuO2 towards
superior overall water splitting in alkaline solution;

To understand the origins of both enhanced OER and HER activities from the synergetic

effects on RuO2/NiO interface at different potentials.

1.3 Thesis outline

This thesis is partial outcomes of my PhD research presented in the form of journal

publications. The chapters in this thesis are presented in the following sequence:

Chapter 1 introduces the significance of the project and outlines the research objectives
and key contributions to the field of electrocatalysis.

Chapter 2 reviews the literatures covering the recent advances of self-supported earth-
abundant nanoarrays as promising electrocatalysts for energy conversion reactions.
Chapter 3 devotes the identification of pH-dependent synergy on Ru/MoS: interface: a
comparison of alkaline and acidic hydrogen evolution.

Chapter 4 investigates free-standing single-crystalline NiFe-hydroxide nanoflake arrays:
a self-activated and robust electrocatalyst for oxygen evolution.

Chapter 5 studies S-NiFe204 ultra-small nanoparticle built nanosheets for efficient water
splitting in alkaline and neutral pH.

Chapter 6 develops NiO as a bifunctional promotor for RuO2 towards superior overall
water splitting.

Chapter 7 presents the conclusions and perspectives for future work on design, synthesis,
and applications of nanostructured electrocatalysts.

1.4 References

[1] Seh Z.W.; Kibsgaard J.; Dickens C.F.; Chorkendorff I.; Nerskov J.K.; Jaramillo T.F.

Combining theory and experiment in electrocatalysis: insights into materials design.
Science 2017, 355, eaad4998.
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Chapter 2: Literature Review

2.1 Introduction

This chapter reviews the recent progress of advanced electrocatalysts based on self-supported
earth-abundant nanoarrays in terms of their synthetic methodologies, applications, and
prospective. Specifically, typical synthetic methods (e.g., template directed synthesis,
hydro/solvothermal method, electrochemical deposition, etc.) are summarized to construct
nanoarrays with tuneable component, morphology, and structure. As high-performance
electrocatalysts for a wide range of energy conversion processes, they are highlighted to
replace precious metal based catalysts (e.g., Pt, 1IrO2 and RuO2) for a series of
electrochemical reactions (e.g., oxygen reduction reaction (ORR), oxygen evolution reaction
(OER), hydrogen evolution reaction (HER), CO:2 reduction reaction (CRR), nitrogen
reduction reaction (NRR), urea oxidation reaction (URR)) as well as energy devices (e.g.,
rechargeable metal-air batteries and water-alkali electrolysers). Finally, we discuss remaining
challenges and the prospective of exploring improved earth-abundant electrocatalysts related
to self-supported nanoarrays.

2.2 Self-Supported Earth-Abundant Nanoarrays as Efficient and Robust

Electrocatalysts for Energy-Related Reactions

This section is included as it appears as a journal paper published by Jinlong Liu, Dongdong
Zhu, Yao Zheng, Anthony Vasileff, and Shi-Zhang Qiao, Self-Supported Earth-Abundant
Nanoarrays as Efficient and Robust Electrocatalysts for Energy-Related Reactions, ACS
Catalysis, 2018, submitted.
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Self-supported Earth-abundant Nanoarrays as Efficient

and Robust Electrocatalysts for Energy-Related Reactions

Jinlong Liu,” Dongdong Zhu, Yao Zheng, " Anthony Vasileff,” and Shi-Zhang Qiao™"*

¥School of Chemical Engineering, The University of Adelaide, Adelaide, SA 5005, Australia

School of Materials Science and Engineering, Tianjin University, Tianjin 300072, P.R. China

ABSTRACT: The replacement of precious metal-based catalysts with earth-abundant
alternatives for a diverse range of electrochemical applications is of great importance for next-
generation energy technologies. Many self-supported earth-abundant nanoarrays have emerged
as state-of-the-art electrocatalysts due to their fascinating structures and electrochemical
properties. Herein, we present recent advances made towards developing self-supported earth-
abundant nanoarrays for a wide range of energy conversion processes. First, we summarize the
different synthetic methods used to construct nanoarrays and tune their compositions,
morphologies, and structures. Then, we highlight their application and performance as catalysts
for various energy-related reactions. We also discuss their ability to perform as bifunctional
electrocatalysts in energy devices. Finally, we conclude with the challenges and prospects in
this promising field, where further exploration into these materials will facilitate the

development of next-generation energy technologies.

KEYWORDS: self-supported nanoarray, earth-abundant electrocatalyst, synthetic method,

energy-related reaction, bifunctional electrocatalysis
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1. INTRODUCTION

Our growing demand for fossil fuels (e.g. coal, petroleum, and natural gas) is accelerating their
depletion and causing significant environmental issues due to the associated emission of carbon
dioxide (CO,).1® For the sustainable development of society, it is necessary to address our
dependency on fossil fuels and develop alternative energy sources.®>* One of the most
promising solutions is the conversion of small molecules (e.g. water, CO2, and nitrogen) into
valuable fuels and chemicals (e.g., hydrogen, hydrocarbons, and ammonia) via electrochemical
approaches using renewable energy (e.g. solar, wind, and hydroelectric power).®> However,
these technologies usually involve kinetically sluggish reactions, such as the oxygen reduction
reaction (ORR), oxygen evolution reaction (OER), alkaline hydrogen evolution reaction (HER),
CO- reduction reaction (CRR), nitrogen reduction reaction (NRR), and urea oxidation reaction
(UOR).®> Therefore, the main goal in this field is to develop high-performance electrocatalysts
for these electrochemical reactions with improved activity, selectivity, and durability.
Generally, the benchmark electrocatalysts for these reactions are based on precious metals.
For example, platinum (Pt) is regarded as the best electrocatalyst for the ORR and HER,®’ and
iridium dioxide (IrO2) is considered the benchmark catalyst for the OER.8 Over the past decade,
tremendous efforts have been devoted to developing alternative electrocatalysts based on earth-
abundant materials.®** In particular, advances in nanotechnology and materials chemistry have
greatly contributed to the emergence of a series of nanostructured materials for advanced
electrocatalysis. This is largely because nanostructure engineering has proven to be an effective
strategy for increasing the active sites density within materials.’>!® Although most
nanostructured catalysts have exhibited better electrochemical performance compared to their
bulk forms, conventional nanoparticle powders still suffer from several issues. Firstly, the
coating of an active material on a current collector (i.e. the general preparation of a working

electrode) is a time-consuming and complicated procedure.!* Meanwhile, it requires the
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assistance of binders, which often impede electrolyte access to the active sites and increase
contact resistance.'® Secondly, nanoparticles are inclined to aggregate due to their high surface
energies, leading to extensive “dead” volume.'®!’ Thirdly, carbon materials like Vulcan XC72
are added as conductive supports to improve conductivity and electron transport to active sites.
However, for anodic processes (e.g. ORR and OER), dissolution of the carbon support hinders
continuous operation of the catalyst as the equilibrium potential for carbon oxidation (C + H.O
— CO2 + 4H" + 4e") is only +0.207 V.1¥20 For the OER or HER, the activity and stability of
active materials can also be affected by bubble formation which can cause delamination from
the support.}*?! As a result, it is desirable to integrate nanostructured electrocatalysts into
various conductive substrates as self-supported and binder-free electrodes.

Self-supported nanoarrays based on earth-abundant elements are very attractive because:
(1) different synthetic methods (e.g. template directed synthesis, hydro/solvothermal methods,
electrochemical deposition) to controllably construct nanostructure arrays on substrates are
well-established and avoid the need for electrode additives (i.e. binders and carbon black);?? 2
(2) vertically-aligned nanoarrays can offer large electrochemical surface area, and the spacing
between nanoarrays can allow for effective electrolyte access to the active sites; 2% (3) in-situ
growth of nanoarrays on conductive substrates enables rapid charge transfer between the
current collector and active sites, and simultaneously prevents the active materials from
delaminating;'43%3! (4) optimization of electrochemical properties can be achieved by tuning
the composition, morphology, and structure of the nanoarrays on different substrates; 3> 3* (5)
the utilization of earth-abundant elements can significantly reduce the cost of resultant
technologies and expedite their commercialization.* 33 Due to these advantages, many self-
supported earth-abundant nanoarrays in the literature have exhibited significant catalytic
efficiency and stability towards the above reactions, and have even outperformed noble-metal

benchmarks. Further, some examples exhibit bifunctional properties, such as ORR/OER and

12
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OER/HER, for practical application in specific energy systems (e.g. rechargeable metal-air
batteries and water-alkali electrolyzers).

At present, some high-quality reviews on nanostructured electrocatalysts for specific
applications have been reported.>®~** However, few of them have exclusively focused on self-
supported earth-abundant nanoarrays for advanced electrocatalysis in energy-related reactions.
Moreover, with the advancement of various nanotechnologies and the application of these
nanoarrays in new research fields (e.g. CRR and NRR) and energy devices, new progress has
been made in very recent years. Accordingly, an updated review on self-supported nanoarrays
for electrocatalysis is required and will hopefully promote further development within the field.
In this review, we summarize recent development of self-supported earth-abundant nanoarrays
as prospective electrocatalysts for energy conversion and storage. Specifically, we first briefly
introduce various synthetic methods used for fabricating well-defined nanoarrays. Then, we
discuss recently developed nanoarray electrocatalysts for the ORR, OER, HER, CRR, NRR,
and UOR. Here, we also highlight some nanostructured arrays utilized as multifunctional
catalysts in practical energy devices. Finally, we discuss the challenges and opportunities in
this research field related to designing more advanced electrocatalysts for large-scale

applications.
2. SYNTHETIC METHODS OF SELF-SUPPORTED NANOARRAYS

In order to optimize the electrochemical performance of self-supported nanoarrays, it is
necessary to manipulate their composition, morphology, size, and microstructure through
various synthesis strategies.*>*® In turn, the relationship between physicochemical properties
and resultant electrocatalytic behavior can provide useful guidance for optimizing the synthetic
parameters. Typically, nanoarrays (e.g. nanowires, nanorods, nanotubes, nanoflakes, and
nanosheets) are fabricated on conductive substrates (e.g. metal mesh, metal plate, metal foam,

carbon paper, carbon cloth, fluorine-doped tin oxide (FTO), etc.) via bottom-up methods.
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Herein, we mainly introduce several synthetic methods that have been widely employed to
grow well-defined nanoarrays, including template directed synthesis, hydro/solvothermal
methods, and electrochemical deposition. Note that the construction of nanostructure array
electrocatalysts often involves multiple steps through the combination of different synthesis
methods.

2.1 Template Directed Synthesis

Template directed synthesis is a very effective strategy for constructing highly ordered 1D
nanoarrays (e.g. nanowires, nanotubes, and nanorods).?24244-5 Anodic aluminium oxide (AAO)
is widely employed as a controllable hard template in the preparation of nanostructured
arrays.*2444548 A jllustrated in Figure 1a, Hideki et al. fabricated highly ordered metal
nanohole arrays using a two-step replication of the honeycomb structure of AAO.** Despite the
relatively complicated synthesis procedures involved in the deposition onto the substrates and
then removal of the template, it is an effective way of controlling the diameter, length, and
interspace of grown 1D nanoarrays.*>#445 For instance, Zhang et al. used AAO templates with
a pore diameter of 20 nm to fabricate Ni-Cu composite nanowire arrays (average diameter of
about 20 nm and length of more than 1 pm) on gold substrates by potentiostatic control and a
pulsed deposition technique.*? Similarly, pure Cu and Ni nanowire arrays were also synthesized
by AAO template directed electrodeposition.*? By using an AAO template with different pore
length and diameter, they reported Sn nanotube arrays with an inner diameter of 210 60 nm
and average length of up to 60 um.*® Following the same template directed synthesis, many
transition metals and transition metal composite 1D nanoarrays have been successfully
prepared.>?5* In addition, well-aligned carbon nanotubes (CNTSs) arrays have also been
synthesized with the assistance of AAO templates through CVD or carbonization of pre-
deposited carbon precursors like glucose.*®#” Therefore, AAO has been demonstrated as a

versatile template to direct the growth of various 1D nanoarrays.
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In addition to AAO, other templates, such as ZnO and Si arrays, have been widely utilized
in the synthesis of nanoarrays in recent years.?>4°> In this regard, Ling and co-workers
recently prepared CoO nanoarrays on carbon fiber paper (CFP) using an ion-exchange process
with ZnO templates.>* Specifically, ZnO nanoarrays with tailorable pore length were first
grown on CFP via hydrothermal reaction. Following, the as-prepared ZnO nanoarrays on CFP
were calcinated in a furnace under Ar gas flow with CoCl, powder upstream. During the
calcination process, the ZnO nanoarrays were converted into CoO nanoarrays through cation
exchange with the CoCl,. ZnO templates can also be prepared on conductive substrates by
simple electrodeposition and serve as a template for nanotube arrays.*® In the pursuit of highly
ordered and tunable nanoarrays, Si templates have been developed because Si nanoarrays can
be precisely tailored by photolithography.?>* As an example, Liu et al. fabricated heteroatom
doped carbon nanorods in regularly aligned arrays using ordered Si nanoarray templates
(Figure 1b).?2%° Owing to their ease of preparation and controllable properties, these newly
emerged templates provide numerous opportunities to construct well-defined nanoarrays.

Notably, the majority of current nanoarray templates are based on 1D nanomaterials.
However, it is highly preferable to explore general and versatile template directed strategies
for preparing nanoarrays with multi-dimensional nanostructures. To this end, metal oxide and
hydroxide 1D/2D nanoarrays on different substrates have been reported and can be utilized as
self-sacrificing templates. Cai et al. successfully demonstrated such a template directed strategy
to fabricate metal oxide@MOF hybrid arrays (nanowalls and nanorods) as illustrated in Figure
1c.22 CoO nanowall or nanorod arrays were first deposited on a specific substrate (e.g. Ti foil,
Cu foil, and conductive glass). Next, the corresponding CoO arrays were converted in situ to
metal-organic framework (MOF) arrays in the presence of suitable ligands. Moreover, the
obtained metal oxide@MOF hybrid arrays could be thermally transformed to hybrid metal

oxide@porous carbon arrays with the original structure being well-preserved. This strategy is
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quite general and controllable and therefore provides new opportunities to expand template
synthesis.

2.2 Hydro/Solvothermal Method

Hydro/solvothermal methods are a simple synthesis technique used to produce various
nanoarrays on different substrates with fine structures. Unlike template directed synthesis
which involves complicated operations, hydro/solvothermal synthesis makes it possible to
readily grow self-supported nanoarrays with “one-pot” reactions. In most cases, the added
substrate induces heterogeneous nucleation which assures the uniform deposition of nanoarrays,
whereas the absence of a substrate might result in severe aggregation because of fast nucleation
and crystal growth. For example, Shang et al. studied vertical WS, nanosheets arrays grown on
oxidized carbon fiber using a one-pot hydrothermal process and applied as efficient 3D
electrocatalysts.® In contrast, bulk WS, was obtained using the same preparation procedure
but in the absence of the carbon fiber substrate. So far, a series of earth-abundant nanoarrays,
consisting of transition metal hydroxides,>® oxides,>"*® sulphides,?*°>%6% and selenides,®5
have been synthesized by hydro/solvothermal methods.

Interestingly, under hydro/solvothermal conditions, some metal substrates can not only
act as support for the growth of nanoarrays, but also provide a metal source to obtain desired
nanomaterials. Taking common Ni foam for example, the surface Ni is able to dissolve and re-
precipitate by an acidic hydrothermal treatment, forming ultrathin Ni(OH)2 nanosheet arrays
on the Ni foam.>® As shown in Figure 2a, Tian el al. proposed a dissolution-precipitation
mechanism to explain the in-situ hydrothermal growth of Ni(OH). nanosheet arrays.®® As
another example, Yang and co-workers fabricated self-supported MoS2-NisS, heteronanorod
arrays on Ni foam.?* Figure 2b illustrates the hydrothermal growth process. As shown, the
hydrothermal reaction between Ni foam substrate and ammonium heptamolybdate tetrahydrate

(AHM) first generated NiMoO4 nanorods. As the reaction progressed, the NiMoO4 nanorods
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reacted with thioacetamide (TAA) to produce NizS, nanorod arrays decorated with MoS>
nanosheets. In this regard, hydro/solvothermal methods have the unique advantage of
facilitating in-situ synthesis of nanoarray materials.

Although hydro/solvothermal methods are able to control the morphology of
nanomaterials, a major shortcoming associated with this method is its limitation in tuning the
composition, which is mainly confined to transition metal oxides, hydroxides, and sulphides
described above. To overcome this, post-treatment of the precursors obtained from
hydro/solvothermal reactions plays an essential role in component manipulation. Currently,
thermal treatments, such as nitrogenization,®®% phosphorization,?3465¢ and selenation,¢ %8
have been broadly adopted to modify material composition. As presented in Figure 2c, Li et al.
reported the synthesis of Fe-doped Ni.P nanosheet arrays guided by this strategy.?® Specifically,
NiFe precursor arrays were first prepared using a hydrothermal method, which was further
treated in Ar under high temperature using Na,HPO, as P source to accomplish
phosphorization.?® Inspired by such synthesis strategies, nanoarrays based on transition metal
carbides, nitrides, phosphides, and selenides have been developed as novel electrocatalysts.
2.3 Electrochemical Deposition
Electrochemical deposition is another versatile synthesis method for the growth of self-
supported earth-abundant nanoarrays on different substrates. In this approach, nanostructured
arrays are able to deposit on conductive substrates in a very short time (from tens of seconds
to several minutes) due to the ability of the applied electric field to facilitate the diffusion of
precursor ions for fast deposition. In addition to rapid synthesis, another advantage of
electrochemical deposition is its ability to controllably produce desired chemical compounds.

This is because electrode potential is the most versatile redox agent and can be strong enough

to drive almost all chemical reactions. Consequently, electrochemical deposition has been
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frequently adopted to prepare all kinds of transition metals and their compounds, including
transition metal hydroxides,® oxides,” sulphides,’* selenides,’? and phosphides.”

Of note, typical synthesis of phosphide-based arrays involves two steps, i.e. preparation
of the precursor and subsequent phosphorization as shown in Figure 2c. However,
electrochemical deposition enables the direct synthesis of well-defined phosphide nanoarrays.
For instance, Zhu et al. fabricated CoP mesoporous nanorod arrays on Ni foam via a one-step
potentiostat electrodeposition (Figure 3a).2° In the electrodeposition, a constant potential of
—0.8 V vs. Ag/AgCl was applied on the Ni foam in an electrolyte solution containing 25 mM
CoClz and 0.5 M NaH2PO2, which drove the redox between Co?* and H,PO; to generate CoP.
Besides being able to directly manipulate the composition, it also allows for further
modification to the electrodeposited nanoarrays by additional electrochemical treatment. As
illustrated in Figure 3b, Yang et al. reported an amorphous cobalt-borate nanosheet array on a
Ti mesh (Co-Bi/Ti) which was synthesized using in situ electrochemical tuning of
electrodeposited a-Co(OH), nanoarrays (a-Co(OH)2/Ti).?” In this method, transformation of
the nanoarrays was realized by cyclic voltammetry in 0.1 M KBi (K2B4O7 4H20, pH = 9.2).%7
In addition, electrodeposition is an effective approach to precisely modify self-supported
nanoarrays with functional materials, thus modulating the interfacial electronic structures for
improved activity. Using electrodeposition (a potentiostatic deposition at —1.0 V vs Ag/AgCl
for 15 s in 3mM Fe(NOs3)3 9H,0), Shang et al. recently studied hydrothermally prepared V-
doped nickel sulphide nanowires supported on Ni foam (NiVS/NF) and uniformly decorated
with Fe hydroxide films (eFe/NiVS/NF; Figure 3c).” The resultant eFe/NiVS/NF was applied
as an electrocatalyst for the OER and exhibited significant activity and stability Therefore,
electrochemical deposition is an ideal synthetic method for the construction of nanoarrays with

desired composition.
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Furthermore, electrochemical deposition allows for the tailoring of physicochemical
properties (e.g. morphology and structure) of deposited nanoarrays by controlling the applied
potential/current density and electrodeposition time. In this direction, our group recently
developed a thiourea-assisted electrodeposition method to fabricate ultra-small nanoparticle
built S-NiFe204 nanosheets on nickel foam (S-NiFe2O4/NF), and the effects of applied potential
and electrodeposition on the morphology and structure of the resultant S-NiFe;O4/NF were
systematically investigated.” Specifically, appropriate applied potential is critical to
compromise nucleation and crystal growth for the growth of well-defined S-NiFe;O4
nanosheets. Under low overpotentials, fast nucleation took place and generated dense small S-
NiFe2O4 nanosheets. While under high overpotentials, fast crystal growth occurred and caused
severe aggregation of S-NiFe>O4 nanoparticles. With an optimized potential, electrodeposition
time was also studied to achieve the optimal loading of S-NiFe204 nanosheets. In general, the
loading of active materials is proportional to the electrodeposition time, and too little or too
much loading of a catalyst will reduce catalytic performance. It was found that prolonged
reaction time caused excessive electrodeposition in the spaces among S-NiFe204 nanosheets
and the structure’s porosity was lost. Therefore, optimal activity, morphology, structure, and
mass loading of electrocatalysts prepared via electrochemical deposition is achieved using
moderate applied potentials and reaction times.

2.4 Other Synthesis Methods

In addition to the common synthetic methods discussed above, approaches such as chemical
vapor deposition (CVD) and traditional wet chemical methods have also been reported to
synthesize self-supported nanoarrays.”®’” In fact, some of the post-thermal treatments (e.g.
nitrogenization, phosphorization, and selenation) can be considered CVD methods. However,
direct CVD methods are capable of producing nanoarrays on various substrates. For instance,

Chen et al. synthesized vertically aligned core-shell MoO2/MoSe, nanosheet arrays on different
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substrates (SiO2/Si and carbon cloth) by a continuous two-step CVD method.’® In the first CVD
process, MoOs and Hx gas were employed as precursors to grow MoO2 nanosheet arrays.
Afterwards, a MoSe> outer layer was formed on the as-grown MoO: nanosheet arrays by
annealing in Se vapor. CVD has also been applied to grow carbon nanoarrays on metal (e.g.
Fe, Co, and Ni) substrates. Despite the advantages of CVD, it should be noted that CVD
equipment and operation are highly specialized, which to some extent limit its proliferation as
a large-scale technique.

In traditional wet chemical methods, self-supported nanoarrays can also be obtained
through the redox reaction between some substrates and precursor solutions.””’8 As an example,
Zhang et al. used a wet chemical approach to synthesize Cu(OH)2 nanotube arrays on Cu foil
via the oxidation of the Cu foil surface to Cu(OH). by ammonium persulfate.”” The advantages
of traditional wet chemical methods lie in its simplicity, mild synthesis conditions, and high

yield. Nevertheless, it relies greatly on the suitable redox reaction involving specific substrates.
3. APPLICATIONS IN ELECTROCHEMICAL REACTIONS

Self-supported nanoarrays have exhibited fascinating catalytic properties for a wide range of
energy conversion reactions due to their conductivity, abundant active sites, and robust
construction. The diversity of earth-abundant nanoarrays also creates ample opportunities to
screen more advanced catalysts for certain electrochemical reactions. Until now, self-supported
earth-abundant nanoarrays have driven considerable progress in the field of electrocatalysis. In
this section, they are highlighted as state-of-the-art electrocatalysts towards multiple frontier
reactions including the ORR, OER, HER, CRR, NRR with emphasis on their replacement of
precious metal-based electrocatalysts.

3.1 Oxygen Reduction Reaction (ORR)

The ORR is a multi-step electrochemical process with sluggish kinetics. It involves either a

four proton-coupled electron transfer to directly reduce oxygen to H>O (in acidic solution) and
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OH"™ (in alkaline solution) or a two proton-coupled electron pathway with H2O> (in acidic
solution) and HO,™ (in alkaline solution) as the intermediate species. In fuel cells and metal-air
batteries, ORR electrocatalysts which facilitate a direct four-electron pathway are preferred and
generally achieve higher catalytic efficiency. According to the Sabatier principle, an optimal
ORR catalyst should bind oxygen neither too strongly nor too weakly. In theory, a plot of ORR
activity for a variety of close-packed metals as a function of their oxygen binding energy yields
a volcano framework, where Pt resides close to the volcano peak. Experimentally, Pt
demonstrates the best ORR activity out of all pure metal electrocatalysts, and is thus regarded
as the benchmark ORR catalyst. However, the high cost, inadequate stability (Pt agglomeration,
dissolution, detachment, sintering, and corrosion of carbon support materials), and low
tolerance to various impurities (e.g. methanol and CO) severely restrict the ubiquitous
utilization of Pt-based ORR electrocatalysts. In an effort to reduce Pt usage, the rational design
and fabrication of earth-abundant ORR catalysts with activity comparable (or even superior)
to Pt-based catalysts provides a worthy challenge. Among them, many self-supported
nanoarrays based on metal oxides, doped carbon materials, and their composites have been
identified as promising ORR electrocatalysts which facilitate four-electron mechanism.

Until now, various metal oxides have been reported as ORR electrocatalysts, of which,
spinel structured metal oxides like Co3Os have drawn significant attention due to their
appealing catalytic properties. As a representative spinel cubic crystal, Coz04 contains both
Co?* and Co®* ions, with Co?* occupying an eighth of the tetrahedral sites and Co3* occupying
a half of the octahedral sites. For the ORR, it has been proven that the Co®* in octahedral sites
are the active sites. Accordingly, CozOs-based materials should be synthesized with maximum
exposure of active octahedral Co®* sites in order to maximize ORR performance. At the same
time, efforts should be made to improve the poor intrinsic conductivity of pristine CozO4 and

ensure fast electron transfer. In this area, Tong et al. demonstrated self-supported mesoporous
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Ni-doped CosOs nanowire arrays which addressed these two issues.”® The nanowire
architecture and mesoporous structure (Figure 4a—c) expedited the kinetics by shortening the
transport/diffusion distance for both electrons and reactant ions. More notably, Ni doping
caused the resultant CosO4 nanowires to be enriched with Co®" species at the surface and
enhanced conductivity. In 0.1 M KOH electrolyte, the Ni-doped Co304 nanowire arrays
showed remarkable ORR activity with a half-wave potential (E12) of ~0.86 V and a diffusion-
limiting current density of ~5.76 mA cm™2, even outperforming commercial 20 wt.% Pt/C
(~0.85 V, 5.42 mA cm2, Figure 4d). Moreover, it also exhibited excellent long-term stability
with strong tolerance to both methanol and CO (Figure 4e and 4f), implying superior
comprehensive performance for practical applications. This study indicates that self-supported
nanoarrays based on earth-abundant metal oxides have huge potential as a class of highly
efficient ORR electrocatalysts.

Another category of state-of-the-art ORR electrocatalyst comparable to Pt catalysts is
doped carbon nanomaterial arrays. Using an AAO template route, She et al. fabricated N-doped
microporous carbonaceous nanotube arrays as high-performance ORR catalyst, which
displayed comparable activity and superior durability to commercial Pt/C.%& By a facile one-
step pyrolysis of N, P-containing resin in the presence of Ni foam, Zhu et al. reported self-
supported N and P dual-doped carbon nanotube arrays for highly efficient oxygen reduction.®!
Likewise, the as-synthesized N, P-dual-doped carbon nanotube arrays achieved comparable
ORR activity and much better stability with stronger tolerance to methanol and CO compared
to Pt/C. Normally, the origin of ORR activity for doped carbon nanomaterials is attributed to
the N species, especially pyridinic N and graphitic N, because they can effectively polarize the
pristine carbon matrix. Consequently, these N-species induce an electron-donor effect to
activate nearby carbon atoms for electrocatalysis. Accordingly, structure engineering of carbon

nanomaterial arrays provides further opportunities to explore Pt-free ORR catalysts.
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Self-supported nanoarrays also create possibilities to design electrode architectures with
better gas diffusion for higher-performance ORR. During the ORR process, fast gas diffusion
is essential to assure continues oxygen supply to active sites as the diffusion of oxygen in
aqueous solution is slow. Therefore, the ORR preferentially occurs at a three-phase (i.e.,
oxygen, electrolyte, and catalyst) contact point (TPCP), where sufficient oxygen can be
provided due to the fast diffusion rate. Yet the direct loading of powdery catalysts like Pt/C on
commonly used Teflon-treated carbon fiber paper (TCFP) is unfavourable for creating enough
TPCP, and binders like poly(tetrafluoroethylene) (PTFE) can have an adverse effect on
conductivity. Inspired by these considerations, Lu et al. fabricated porous cobalt-incorporated
N-doped carbon nanotube arrays on carbon fiber paper with subsequent PTFE modification
(PTFE-CONCNT-CFP, Figure 5a—d), leading to simultaneously accelerated electron transport
and oxygen diffusion.®? Surprisingly, despite its later ORR onset potential compared to Pt/C,
the integrated PTFE-CONCNT-CFP electrode with “superaerophilic” properties displayed a
faster increase in current density, which exceeded the Pt/C in 6 M KOH when the potential was
more negative than 0.68 V vs. RHE (Figure 5e). Again, as a Pt-free catalyst, PTFE-CONCNT-
CFP possessed excellent stability during prolonged operation (Figure 5f). In this case, it can be
seen that tailoring electrode architecture with self-supported nanoarrays is extremely
advantageous when optimizing ORR performance.

3.2 Oxygen Evolution Reaction (OER)

As the reverse reaction of the ORR, the OER is another four electron-proton coupled reaction.
Similarly, it is a very important process in many energy conversion devices, such as water
electrolyzers and rechargeable metal-air batteries. Like the ORR, the OER is a multiple
electron-proton transfer process which has very sluggish kinetics, and requires a large
overpotential to overcome the kinetic barrier.88 Since the most investigated OER

electrocatalysts are metal oxides, an OER volcano plot has been built for a vast variety of metal
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oxides,® which predict RuO2 and IrO2 to be the most active for the OER. This is also shown

by experimental evidence, where RuOz and IrO2 have been found as the two best OER catalysts.

Hence, they are considered as the benchmark OER electrocatalysts. Unfortunately, under harsh
oxidizing potentials, both of them (especially RuO.) suffer from high dissolution rate forming
RuO4 and Ir04>.8788 |ssues with their stability, together with their high cost and carbon
support corrosion, inhibits their practical applications. To replace Ru- and Ir-based OER
catalysts, a large number of self-supported nanoarrays based on earth-abundant candidates,
including transition metal (e.g., Fe, Co, Ni, Mn, etc.) hydroxides, oxides, sulphides, selenides,
nitrides, phosphides, borides, carbon-based materials, and their composites, have been
developed (Table 1).

With respect to earth-abundant OER catalysts, one key problem is finding stable materials
that can withstand corrosion from both the electrolyte and the high oxidizing potentials. Among
the above mentioned OER candidates, some transition metal hydroxides and oxides exhibit
good corrosion resistance in alkaline conditions. Particularly, nickel-based hydroxides and
oxides possess high stability. Further, it was discovered that the presence of Fe ions in nickel
hydroxides and oxides can dramatically boost catalytic activity by lowering the OER
overpotential. So NiFe hydroxides and oxides are one of the most promising OER catalysts at
present.%® Meanwhile, nickel substrates like Ni foam also possess both excellent corrosion
resistance and electric conductivity. Therefore, numerous NiFe-based nanoarrays have been
grown on Ni substrates to construct more advanced OER catalysts.®® For example, Lu et al.
prepared amorphous mesoporous NiFe composite nanosheet arrays on Ni foam (Figure 6a and
6b) as an OER electrode by a facile one-step electrodeposition.?! Impressively, the as-prepared
electrode showed remarkable alkaline OER activity (Figure 6c—e), with a low onset
overpotential of 200 mV and a large current density of 1000 mA cm 2 at overpotential of 270

mV. Moreover, the turnover frequency (TOF) results showed that the intrinsic OER activity of
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the NiFe composite (0.075 s1) was about three times that of commercial 20 wt% It/C (0.027
s Y. In Figure 6f, excellent prolonged stability was further observed on the as-obtained NiFe
composite nanosheet arrays. In addition to NiFe-related nanoarrays, many other self-supported
nanoarrays based on transition metal hydroxides and oxides have also been explored as
efficient and robust OER electrocatalysts. Examples include Coz04C nanowire arrays on Cu
foil,**% Ni-substituted CosO4 nanowire array on Ni foam,?® a-Fe2O3 nanorod arrays on carbon
cloth,*®® CuO nanowire@CosO4 ultrathin nanosheet core-shell arrays on carbon fibers,
NiCo204 nanowire arrays on FTO glass plate,'’® and NiC0,04@Ni-Co-Ci core shell nanowire
arrays on carbon cloth.'%*

Beyond transition metal hydroxides and oxides, self-supported nanoarrays based on other
transition metal compounds (e.g. sulphides, selenides, nitrides, borides, and phosphides) have
emerged as another type of attractive OER catalysts. Using a one-pot hydrothermal method,
Chen et al. reported NiS nanosheet arrays supported in stainless steel mesh for OER
electrocatalysis.®° The resultant catalyst exhibited a low overpotential of 297 mV to deliver 11
mA cm 2 and a small Tafel slope of 47 mV dec*.%° Similar sulphides and selenides nanoarrays,
such as NizS2/MoSx nanosheet arrays on Ni foam and CosSes nanowire arrays on Co foam,316!
can be prepared by facile hydrothermal reactions between precursor solution and selected
substrates. Spinel-structured MnCo2Ss nanowire arrays reported as efficient OER catalysts in
alkaline conditions were grown on Ti mesh through the hydrothermal growth of MnCo0204
nanowire array precursor and subsequent sulfidization.®* Using the same two-step strategy, Zn-
doped CoSe nanosheet arrays on carbon fabric,%? Ni-substituted cobalt borate nanowire arrays
on carbon cloth,®® Fe-doped Ni-P nanosheet arrays on carbon cloth,®* Fe-Ni phosphide
nanoparticle-stack arrays on Ni foam,?® CoN nanowire arrays on Ni Foam,® have been
synthesized and investigated as highly efficient catalysts for the OER. Different from metal

hydroxides and oxides, metal sulphides, selenides, nitrides, borides, and phosphides are
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thermodynamically less stable, and many recent reports have found that they are oxidized to
corresponding metal hydroxides/oxides in OER environments (at least on the surface).
Therefore, it is likely that the generated metal hydroxides/oxides are the real active OER
catalysts. According to Jin’s advocacy, these unstable materials should be called OER
“precatalysts” instead of OER catalysts.*® Of course, there are still many unresolved questions
surrounding the effect of these precatalysts on OER performance. Therefore, further work is
required in order to better understand the catalytic dynamics of these metal compounds.
Carbon-based materials have also shown considerable OER activity due to their good
conductivity and synergistic coupling effects from multiple heteroatoms (e.g. N, P, B, and S).
Very recently, Zhu et al. reported N and P co-doped carbon nanofibers grown on carbon paper
(NPC-CP) via a two-step method (i.e. electrochemical polymerization of aniline and
subsequent carbonization; Figure 7a).%” As a self-supported OER electrocatalyst (Figure 7b and
7c¢), the as-obtained NPC-CP was employed directly as the working electrode, and exhibited a
low overpotential to afford 10 mA cm™2 at 310 mV (n10 = 310 mV), which was comparable to
the 1rO2 benchmark (Figure 7d). From corresponding Tafel plots in Figure 7e, NPC-CP also
displayed a smaller Tafel slope (87.7 mV dec™?) than IrO2 (92.1 mV dec™), single N-doped
carbon nanofibers on carbon paper (NC-CP, 105.3 mV dec™?), and pristine carbon paper (CP,
131.8 mV dec™?), indicating its superior OER Kkinetics. After 12 h chronoamperometric
operation at 1.54 V vs. RHE, NPC-CP showed a slight current attenuation of 6.6%, while the
OER current decay of IrO2 was up to 27.1% (Figure 7f), demonstrating the exceptional stability
of the integrated electrode over powdery electrocatalysts coated on conductive substrates.
Density functional theory calculations revealed that the enhanced OER activity originated from
the synergistic effect between the N, P dopants and the carbon matrix. Note that compared with
N-doped carbon, P-doped carbon, pristine carbon, and IrO2, N, P-doped carbon was found to

have the smallest onset overpotential as shown in the volcano plots in Figure 7g. Therefore,
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engineering self-supported carbonaceous nanoarrays with multiple heteroatom doping provides
further strategies for developing synergistically enhanced OER catalysts.

3.3 Hydrogen Evolution Reaction (HER)

Hydrogen has relatively high energy density and is increasingly becoming more feasible as a
source of sustainable fuel. This fuel can be produced by water electrolysis, in which the OER
occurs on the anode and the HER takes place on the cathode. As a two-electron transfer reaction,
the HER has faster kinetics than the OER, but efficient and robust HER electrocatalysts are
still required. In the HER volcano plot, Pt is the nearest catalyst to the peak and therefore is
also the benchmark electrocatalyst for the HER.®® Nevertheless, the scarcity and high price
hinder the large-scale application of Pt-based HER catalysts. However, the HER activity of Pt
is usually about 2—3 orders of magnitude lower in alkaline media than in acidic solutions, yet
the efficiency of water electrolyzers in alkaline electrolyte is higher than that in acidic media.
Therefore, it is significant to explore highly efficient and earth-abundant alternative catalysts
towards alkaline HER. In light of the advantages of self-supported electrocatalysts, various
nanoarrays based on transition metal chalcogenides, phosphides, nitrides, etc. are of particular
interest for HER applications due to their appealing performance (Table 2).

Ever since it was theoretically determined that the hydrogen adsorption free energy (AGH)
of MoS; was close to that of Pt, and the experimental identification of the MoS; active edge
sites for electrochemical hydrogen evolution, transition metal chalcogenides have been
extensively utilized to catalyze the HER. Technically, vertically aligned MoS; or its analogous
nanosheet arrays can maximally expose the active edge sites for enhanced HER activity. As
expected, many self-supported Mo-related chalcogenides nanoarrays, including vertically
aligned MoS2/MoSe; nanosheet arrays on diverse substrates (i.e. glassy carbon, quartz, and
oxidized silicon),®® MoS; nanosheet arrays on Mo meshes,'® and hierarchical Ni-Mo-S

nanosheets on carbon fiber cloth,'° have shown significantly improved HER performance. In
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particular, Xing et al. synthesized core/shell structured MoS,@Ni nanosheet arrays vertically
aligned on carbon cloth (MoS2@Ni/CC, Figure 8a) which achieved significant HER activity
and stability in alkaline media.’® In 1.0 M KOH, MoS:@Ni/CC exhibited a small onset
potential of 30 mV and an n10 of 91 mV (Figure 8b). To drive a current density of 200 mA
cm 2, MoS,@Ni/CC only needed an overpotential of 253 mV, much less than that of Pt/C (395
mV). As shown in Figure 8c, it also showed significant improvement to HER activity and
durability in neutral pH electrolyte. The enhancements are presumably assigned to the synergy
between MoS; and Ni. The success of Mo-based chalcogenides has also driven the exploration
of other transition metal chalcogenide nanoarrays for advanced alkaline HER electrocatalysts,
such as CoS; nanopyramid arrays on carbon fiber,'% CoS, nano-pine-tree arrays on carbon
fiber,% CoS2xSe(1-x) nanowire arrays on carbon fiber,'% and NisS; nanosheet arrays on Ni
foam. 1%,

Apart from chalcogenides, recent years have seen important advances in transition metal
phosphides and nitrides towards the exploration of low-cost and durable HER catalysts. For
example, Tang et al. reported free-standing ternary FeosC0osP hanowire arrays on carbon cloth
(Feo.5C00.5P/CC), which showed Pt-like activity with a very small nio of 37 mV and excellent
stability in 0.5 M HSO4 (Figure 8d—1).2%” DFT calculations showed that Fe doping in CoP
could tune the AGH to optimize hydrogen adsorption. Similarly, Zn-doped CoP nanowall arrays
on Ti mesh (Zno.0sC00.92P/TM) and Mn-doped CoP nanosheet arrays on Ti mesh (Mn-Co-P/Ti)
were developed very recently as Pt-like HER electrocatalysts in a wider pH range of 0—14.108:109
These examples show the effectiveness of transition metal doping for improving the overall
HER activity of bi-metal phosphides. Transition metal nitrides are also known for their Pt-like
HER performance with various advantageous properties like high electrical conductivity, good
corrosion resistance, and excellent stability. As an example, Ren et al. synthesized self-

supported porous WN nanowire arrays on carbon cloth (WN NW/CC, Figure 8g) via a clean
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plasma-assisted nitridation method.*'° The as-synthesized WN NW/CC displayed an 110 of 130
mV and a Tafel slope of 59.6 mV dec™* in 1.0 M KOH, producing higher HER current density
than that of Pt foil at overpotentials greater than 200 mV (Figure 8h and 8i). Undoubtedly, the
great progress made towards developing these advanced HER catalysts will further increase
the commercial potential of hydrogen fuel.
3.4 CO2 Reduction Reaction (CRR)
The conversion of CO; into valuable fuels and chemicals using the CRR has received renewed
interest in recent years due to the increasing environmental and energy security issues
surrounding conventional fossil fuels.!*¥™1!3 Unlike the electrochemical reactions discussed
above, the CRR is a much more complex proton-coupled multi-step process that involves two,
four, six, eight or even more electrons, leading to a vast number of possible products (e.g. CO,
HCOOH, HCHO, CH3OH, CH4, and CH3CH;OH). Due to these complicated reaction
pathways and the stability of the CO. molecule, the kinetics of the CRR are very sluggish.
Although the CRR has been studied for several decades, the development of CRR
electrocatalysts is still in its infancy, especially in terms of products selectivity. According to
their major CRR products, conventional metal catalysts have been classified into three groups:
(1) Au, Ag, Zn for CO production; (2) Sn, Hg, Pb for HCOOH production; (3) Cu for
hydrocarbon and alcohol production. Conventional CRR catalysts face low Faradaic
efficiencies due to competition from the more favorable HER in aqueous electrolyte. Therefore,
developing highly active CRR electrocatalysts with high selectivity is a major challenge in this
field.

Recently emerged nanostructured CRR electrocatalysts, including transition metals,
transition metal oxides, transition metal chalcogenides, carbon materials,'** and their
nanocomposites, have shown to possess high CRR activity and selectivity, primarily owing to

the high-density of exposed active sites and unique nano-size effects. Among them, a few self-
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supported nanoarrays are particularly outstanding with significant CRR performances. For
example, Liu et al. reported highly ordered N-doped nanodiamond/Si rod array (NDD/Si RA)
using template directed synthesis (Figure 9a and 9b).>° The NDD/Si RA prepared at relatively
low temperature (NDDL/Si RA) was highly selective in reducing CO- to acetate over formate
at a low onset potential of —0.36 V vs. RHE, and the total FE reached 91.2-91.8% at —0.8 to
—1.0 V vs. RHE (Figure 9c). Moreover, the production rates for acetate and formate were found
to be positively correlated with the N content, and it was found that the N-sp3C species were
responsible for the high CRR activity. The CRR pathway was further investigated by
electrokinetic data and in situ infrared spectroscopy which found that the likely pathway is:
CO2 — CO2™ — (CO0)2,"—CH3COO". Recently, Bi nanoflakes were designed and directly
deposited on Cu substrates by a novel pulsed electrochemical method, which achieved a FE
towards HCOO™ of ~100% at —0.6 V vs. RHE (Figure 9d—f).1*> The numerical simulation
indicated that the sharp edge and corner sites of the Bi nanoflakes are beneficial for the CRR
because these sites can create strong local electric fields which enhance catalytic activity.
Meanwhile, it was found that the thinner the nanoflakes, the stronger the electric field formed
on the edge and corner sites. This example shows how nanostructuring and nano-size effects
can affect electrocatalysis and provides insightful guidance for designing more advanced CRR
catalysts. From these case studies and the lessons learnt from other electrochemical processes,
constructing self-supported earth-abundant nanoarrays for CRR appears promising and
warrants further development.

3.5 Nitrogen Reduction Reaction (NRR)

The NRR for ammonia (NHz3) synthesis is conventionally conducted via the Haber-Bosch
process which requires high purity hydrogen, high temperatures (500-600 °C), and high
pressures (200—500 atm).® In contrast, electrocatalytic synthesis of NHs using renewable

energy (e.g. sunlight and wind) at ambient conditions uses little energy and is environmentally
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benign.!” Like the CRR, electrochemical NRR involves multiple proton-coupled electron
transfer steps and multiple intermediates. As the N=N bond is much more stable than the C=0
bond in CO2, the NRR suffers from extremely sluggish kinetics, which often needs higher
overpotentials to drive the reaction. Under these circumstances, it is likely that the competing
HER becomes more prominent. Therefore, current NRR electrocatalysts usually exhibit poor
activity and low selectivity, and it is highly significant to consider these issues in their design.

Until now, different materials, including metals (e.g. Pt, Au, Ru, Cu, Ti, Ni),11812
transition metal oxides (e.g. Fe203),!% carbon based materials (e.g. polyaniline),*?* have been
applied as NRR electrocatalysts. Since electrochemical NRR has attracted relatively less
attention, few self-supported earth-abundant nanoarrays have been reported for it. Nevertheless,
among current NRR electrocatalysts, Ni has shown the most promising activity. Kim and co-
workers employed a Ni wire (@ 1 mm =<3 cm, Nilaco Co.) as a NRR electrocatalyst in 0.1 M
LiCl/ethylenediamine (EDA) electrolyte, which afforded a FE towards NH3 of 17.2%.2? This
result is one of the highest among all reported NRR electrocatalysts given that most exhibit a
FE toward NH3 below 5%. It is believed that developing self-supported nanoarrays based on
earth-abundant metals like Ni will create new opportunities for the electrochemical NRR. On
the other hand, theoretical DFT studies provide another important way to screen efficient NRR
electrocatalysts. For example, transition metal nitrides (e.g., VN and ZrN) are predicted to
catalyze the NRR efficiently at low overpotentials and suppress the HER.1?>126 |n this respect,
Li et al. studied nitrogen fixation over GaN nanowires arrays assisted by Ru clusters with low
atomicity (Figure 10a—c).*® Among pure GaN materials with different doping levels and forms,
the n-type GaN NWs exhibited the highest activity for NH3 generation (Figure 10d). As shown
in Figure 10e, surface modification of n-type GaN NWs with Ru at an optimized loading of 5
wt% could significantly improve the NH3 synthesis rate. The optimized Ru@n-GaN NWs with

5 wt% Ru achieved an average NH3 generation rate of 120 pmol h™* g ! as well as good cycle
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stability (Figure 10f). With these insights as an initial step towards rational catalyst design,
more and more breakthroughs can be expected in this underexplored field.

3.6 Urea Oxidation Reaction (UOR)

Self-supported earth-abundant nanoarrays are also promising electrocatalysts for other
electrochemical reactions such as the urea oxidation reaction (UOR). The UOR is an important
half reaction in urea-rich wastewater processing and direct urea fuel cells.*?"12 Being a six-
electron transfer reaction with slow kinetics, more efficient electrocatalysts are necessary to
lower the energy barrier and reduce the overpotentials required.*?® Benefitting from a large
amount of active sites, good electrical conductivity, and robust structure, various Ni foam
supported Ni-based nanoarrays, such as o-Ni(OH)2 nanotubes,*® mesoporous NiO
nanosheets,'*! NiMoO4 xH20 nanosheets,**? and Ni nanowires,'3* have emerged as a class of
state-of-the-art electrocatalysts for the UOR. It is noted that the unique UOR activity of Ni-
based catalysts is closely related to the Ni2*/Ni®* oxidation states, whereby the formed Ni%* is
responsible for oxidizing the urea.!?®'** Recently, Tang et al. reported Se-Ni(OH)z-shelled
NiSe nanowires vertically grown Ni foam as a superior UOR electrocatalyst (Figure 11 a—c).'%®
The resultant catalyst required a very low potential of 0.366 V vs. saturated calomel electrode
(SCE) to deliver 100 mA cm in alkaline electrolyte (Figure 11d and 11e), exceeding all
reported noble-metal-free UOR catalysts to date. Furthermore, DFT analysis showed that the
Se-Ni(OH)2 shell could lower the CO> adsorption/desorption barrier over pristine Ni(OH)2 and
enhance the reaction kinetics (Figure 11f and 11g). Hence, combining nanostructure
engineering and surface modification offers a more effective strategy to assembling enhanced

UOR catalysts.
4. BIFUNCTIONAL ELECTROCATALYSIS IN ENERGY DEVICES

All the electrochemical reactions that we have discussed so far are the half reactions of an

overall energy system. However, real energy systems involve two different electrochemical

32


KevinUoA
打字機
32


33

processes. For example, rechargeable metal-air batteries involve the ORR and OER, and water-
alkali electrolyzers involve the OER and HER. In order to simplify these energy devices, it is
highly desirable to explore bifunctional electrocatalysts. Particularly, to realize reversible
energy conversion in rechargeable metal-air batteries, the electrocatalyst is required to be active
for both the ORR and OER. To this end, electrocatalysts with bifunctional ability are
traditionally prepared by mixing two powdery catalysts like benchmark Pt/C and IrO,/C in a
certain ratio (e.g. mass ratio of 1:1) and then depositing them on a current collector. Regardless
of the complexity of operating such a catalyst, it is difficult to fully utilize them because one
catalyst component is not operating while the other is. Therefore, developing bifunctional
electrocatalysts with both ORR and OER activity can effectively address these issues. In the
case of water-alkali electrolyzers, although different OER and HER electrocatalysts can be
coupled to realize overall water splitting, the use of catalysts with bifunctional OER and HER
electrocatalysis allows for device simplification. Accordingly, the concept of bifunctional
electrocatalysts has been extensively developed and many self-supported earth-abundant
nanoarrays with bifunctional electrocatalysis have been applied to these two well-studied
energy devices.

4.1 Rechargeable Metal-Air Batteries

Rechargeable metal-air batteries, such as Li-air batteries and Zn-air batteries, are extremely
attractive as energy storage devices with high energy density.**¢%" In theory, Li-air batteries
have a specific energy density of 3862 W h kg and Zn-air batteries can store up to 1084 W h
kg1, whereas the practical energy density of commercial Li-ion batteries is less than 200 W h
kg *.1%® Typically, a rechargeable metal-air battery consists of three key components: metal
anode, cathode with catalysts, and electrolyte. Since the cathode with catalysts (also called the
oxygen or air electrode) plays a vital role in improving the overall battery performance, it is

essential to explore highly active and durable bifunctional electrocatalysts to promote oxygen
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electrocatalysis, namely ORR and OER.'®® From the above section, it can be seen that two
kinds of materials (i.e. transition metal oxides and carbon based materials) can serve as both
ORR and OER catalysts. Indeed, this has been demonstrated by recent studies focusing on
transition metal oxides and carbon-based materials as bifunctional catalysts for the ORR and
OER.1407143

Transition metal oxides, especially Ni and Co related oxides, have shown promising
bifunctional electrocatalysis for the ORR and OER in alkaline electrolyte. As self-supported
nanoarrays can provide abundant active sites and rapid electrolyte/gas diffusion,
nanostructured Ni- and Co-based arrays have been designed as superior oxygen electrodes. For
example, Ling et al. reported carbon fiber paper supported single-crystal CoO nanorods (SC
CoO NRs) with oxygen vacancies on pyramidal nanofacets introduced via surface structure
engineering.®* Amazingly, the as-synthesized SC CoO NRs displayed superior ORR and OER
performances to Pt and RuO: catalysts, respectively. For the ORR, it exhibited an onset
potential of 0.96 V vs. RHE, a half-wave potential of 0.85 V vs. RHE, a Tafel slope of 47 mV
dec™?, and an ORR current retention of 97% after 10 h operation. Regarding the OER, it showed
an m10 of 330 mV and a Tafel slope of 44 mV dec . As suggested by DFT calculations, surface
oxygen defects on the SC CoO NRs enabled optimal adsorption on intermediates in the
ORR/OER pathway. Wu and co-workers demonstrated CoO mesoporous nanowire arrays on
Ni foam as a high-performance cathode for Li-O, batteries.}** Owing to the advantageous
electrode configuration and high intrinsic ORR/OER activity, the CoO nanoarrays achieved a
high specific capacity of over 4800 mAh gcoo * and prolonged durability of 50 cycles during
500 h.1** In addition to CoO, self-supported spinel NiCo,04 nanoarrays are also prospective
oxygen cathode materials for Li-air batteries.14>146

Well-known as metal-free catalysts with bifunctional ORR/OER electrocatalysis and

excellent electrical conductivity, N-doped carbon materials have been utilized as another type
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of oxygen cathode in Li-air batteries. Li et al. prepared vertically aligned carbon nanotube
arrays (CNTASs) on carbon fiber paper and investigated the as-prepared electrode as the air
cathode in rechargeable hybrid Li-air batteries with 0.5 M LiOH and 0.5 M LiNOs as the
catholyte.'*’ The hybrid Li-air battery with CNTAs exhibited a discharge capacity of 720 A h
kg* based on the carbon cathode and a specific energy of 2057 W h kg?, outperforming other
hybrid Li-air batteries with Pt, MnO, and graphene cathodes. This superior performance was
attributed to the N-doping and rich surface defects on the exposed graphene edges. The CNTAs
also showed good stability for the ORR/OER during 63 h charge-discharge cycling tests. Shui
and co-workers reported an oxygen electrode composed of vertically aligned N-doped coral-
like carbon nanofiber (VA-NCCF) arrays (Figure 12a—c).2*® Due to its unique microstructure,
the VA-NCCF showed favorable oxygen/electron transfer, and the assembled Li-O battery
displayed an energy efficiency up to 90% in a full discharge/charge cycle and a small
discharge/charge potential gap of only 0.3 V (Figure 12d). Meanwhile, an impressively high
specific capacity up to 1000 mAh g was observed after 150 discharge/charge cycles. As a
result, structure engineering of hierarchical heteroatom doped carbon nanoarrays offers a
significant strategy to design more efficient bifunctional catalysts.

In addition to Li-air batteries, self-supported nanoarrays based on transition metal oxides
and carbon materials have also been used as cathodes for Zn-air batteries. For instance, Lee et
al. fabricated mesoporous Coz04 nanowire arrays directly grown on stainless steel mesh as a
bifunctional air electrode for rechargeable Zn-air batteries.*® The resultant electrodes
demonstrated considerable activity and stability with charge and discharge potential retentions
of 97% and 94%, respectively, during long-term cycling for 600 h.}*° Recently, Li et al.
reported N-doped carbon nanotube arrays on Ni foam as a bifunctional oxygen electrode for
rechargeable Zn-air batteries, achieving a high discharge voltage of 1.02 V and low charge

voltage of 1.98 V at 5 mA cm 2.1 Hybrid bifunctional nanoarrays based on Co3O4 and N-
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doped carbon nanotubes (NCNT) hold greater potential in developing higher-performance
cathodes for rechargeable Zn-air batteries.!** A study by Fu et al. designed self-supported hair-
like Co304-NCNT arrays directly grown on a flexible stainless-steel mesh (Figure 12e—g).'%
Using the Co304-NCNT/SS as air electrodes, the assembled Zn-air battery exhibited a high
energy density of 847.6 W h kg and a remarkable cycling durability over 500 h at a current
density of 25 mA cm2 (Figure 12h). This progress shows the potential of self-supported earth-
abundant nanoarrays as bifunctional cathodes for rechargeable metal-air batteries.
4.2 Water-Alkali Electrolyzers
Water electrolysis enables the storage of electricity from renewable sources (e.g. sunlight, wind,
waterpower) in the form of chemical energy (i.e. H2 and O5). This stored energy can be utilized
at any time when energy is not being produced, overcoming the issues of intermittency
associated with these energy sources. The Ho produced is a clean fuel and is important in the
production of many industrial chemicals. To reduce the cost and energy input of water-alkali
electrolyzers for their large-scale commercialization, many highly efficient and robust catalysts
based on inexpensive earth-abundant materials are being keenly pursued to replace the Pt-based
catalysts for the HER and Ir-based catalysts for the OER. Various transition metal compounds
(especially oxides, chalcogenides, nitrides, and phosphides) have been explored as bifunctional
electrocatalysts to meet this challenge due to their intrinsic properties for both the HER and
OER (Table S3). Particularly, self-supported nanoarrays represent one of the most advanced
electrocatalysts for overall water splitting due to the fascinating structural and electronic
properties.

During overall water splitting, the energy loss largely originates from the high OER
overpotential. To screen efficient bifunctional catalysts for water-alkali electrolyzers, one
obvious strategy is to develop state-of-the-art earth-abundant OER candidates and

simultaneously improve their HER performance. With this in mind, our group has recently
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developed some self-supported nanoarrays based on transition metal oxides towards superior
overall alkaline water electrolysis, because they are regarded as a class of the most active OER
catalysts. For example, hollow Co0304 microtube arrays with hierarchical porosity have been
grown on Ni foam (Figure 13a) through an electrochemical self-templating strategy.®? The
bifunctional CosO4 microtube arrays delivered a current density of 10 mA cm™2 at a cell voltage
of 1.63 V in 1.0 M KOH, comparable to the integrated performance of Pt/C and IrO,/C (Figure
13b). More recently, S-NiFe2O4 ultra-small nanoparticle built nanosheets on Ni foam have been
synthesized though a facile confined growth strategy with the assistance of thiourea.” By virtue
of favorable 3D hierarchical structure with abundant active sites, high electrical conductivity
and rapid mass transfer, it required only 1.65 and 1.95 V to afford 10 mA cm™2 for overall water
splitting in alkaline and neutral pH. Intriguingly, Cai et al. developed a general, simple, and
controllable template-directed strategy to assembly well-aligned metal-organic framework
(MOF) arrays and derived self-supporting electrodes for water splitting.?® Using ZIF-67
nanowire arrays as precursors, Ni@CoO@Co/N-doped porous carbon arrays were obtained
which displayed a HER 110 of 190 mV with a Tafel slope of 98 mV dec™ and an OER 11 of
309 mV with a Tafel slope of 53 mV dec ™. Accordingly, self-supported transition metal oxide
nanoarrays serve as important platforms for efficient water-alkali electrolyzers.
Self-supported metal chalcogenide, nitride, and phosphide nanoarrays have also recently
emerged as a novel class of bifunctional electrocatalysts for overall water splitting in alkaline
electrolytes. Feng et al. studied {210} high-index faceted NisS, nanosheet arrays on Ni foam
(Figure 13c) as HER/OER electrocatalysts by combining experimental investigations with
theoretical calculations.> The hydrothermally grown NisSy/NF afforded a current density of
10 mA cm 2 in 1.0 M KOH at an overpotential of 223, 260, and 530 mV for the HER, OER,
and overall water splitting, respectively (Figure 13d—f). The correlation of experimental results

and computational analysis confirmed that the excellent catalytic activity originated from the
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synergistic catalytic effects from its nanosheet arrays and exposed {210} high-index facets. As
illustrated in Figure 2b, Yang reported the hydrothermal synthesis of MoS2-NisS2
heteronanorod arrays on Ni foam.?* Owing to its self-supported hierarchical structure, the
resulting electrode achieved enhanced kinetics and activity for the HER, OER, and overall
water electrolysis, requiring a low cell voltage (1.50 V) to produce 10 mA cm2in 1.0 M KOH.
In the case of nitride nanoarrays, Jiang et al. reported vertically aligned Fe>NiN nanoplate
arrays on Ni foam as a bifunctional electrocatalyst which needed 1.65 V to deliver 10 mA cm
in 1.0 M KOH.%® Reports have also shown that metal phosphides possess bifunctional
electrocatalysis. For example, a series of self-supported nanoarrays based on Fe, Co, and Ni
phosphides displayed superior overall water splitting performance compared to benchmark
Pt/C||IrO2 (or Ir/C) couples. Notably, Duan et al. fabricated Fe and O doped Co2P grown on Ni
foam via the cation and anion manipulation of metal phosphides. The optimized dual-doped
Co2P required only nio of 335.5 mV to drive overall alkaline water splitting, superior to state-
of-the-art Pt/C||IrO2 counterparts (491.5 mV).3* Further, Li and co-workers investigated Fe-
doped Ni2P nanosheet arrays as another mixed phosphide for both the HER and OER.?® The
(Nio.33Feo.67)2P displayed optimal HER and OER activities and reached 10 mA cm™2 for overall
water splitting at a cell voltage as low as 1.49 V, implying the high intrinsic bifunctional
activity of mixed phosphide nanoarrays. According to Jin’s editorial,®® transition metal
chalcogenides, nitrides, and phosphides are strictly precatalysts to OER catalysts, whereas they
can work efficiently to catalyze both the OER and HER. Given their better apparent
electrocatalytic performance, we believe that the extension of self-supported nanoarrays will

accelerate the development of more advanced catalysts for water-alkali electrolyzers.
5. CONCLUSIONS AND PROSPECTS

During the last decade, remarkable progress has been made in the field of self-supported earth-

abundant nanoarrays, from their synthesis to their application as promising electrocatalysts for
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next generation energy technologies. Although many specifically designed nanoarrays have
achieved satisfactory electrocatalysis for certain energy conversion reactions, there are still
some challenges when considering utilization of the electrocatalysts in this research area. First,
the majority of current studies are guided by performance-oriented trial-and-error approaches,
yet the rational design of advanced catalysts is severely limited by the fundamental
understanding of related reaction mechanisms, especially the elucidation of active sites and
reaction pathways.® A clear understanding of these things would enable us to consciously tailor
the components, morphologies, and structures of targeted materials, aiming to improve the
activity and selectivity of resultant catalysts. Good examples of this progression are MoS; and
heteroatom doped graphene as considerable advances have been achieved during the last few
years in their computational modelling.t>3%° However, from the material synthesis perspective,
combining the knowledge obtained from computational studies with experiments greatly
depends on the precise control of composition and structure (at the nano-level) of the final
materials. Therefore, developing more effective synthetic methods with component
manipulation, morphology control, and structure engineering creates a significant challenge to
be overcome.** To better understand the relationship between experimental results and
theoretical calculations, in situ characterization techniques are indispensable for discovering
the correlations between physicochemical properties and electrocatalytic performances.
Accordingly, extensive exploration of in situ characterizations, such as in situ XAESE,°6:157
XPS, %8 Raman spectroscopy,'*® infrared spectroscopy,®® and TEM,® is anticipated to guide
future catalyst design. Finally, some of the more recently pursued reactions like the CRR and
NRR have a profound place in a sustainable energy future, but remain underexplored.
Therefore, more research efforts are needed to seek breakthroughs in these frontiers of

electrocatalysis. It is likely that expanding the strategy of self-supported nanoarrays to more
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earth-abundant candidates will lead to significant progress for the CRR, NRR, and related
energy devices.

In summary, here we have presented the various synthesis methods of self-supported
earth-abundant nanoarrays and their application in a wide range of electrochemical reactions
and energy devices. Emerged as efficient and robust alternatives to precious metal
electrocatalysts, various nanoarrays based on earth-abundant compounds have been
highlighted in different energy conversion reactions (i.e. ORR, OER, HER, CRR, NRR, and
UOR) and energy devices (i.e. rechargeable metal-air batteries and water-alkali electrolyzers).
Although the community still faces some challenges, continuous development of relevant fields,
particularly in theoretical computation and materials science, will create many new
opportunities to explore more advanced electrocatalysts in the future. We believe that
sustainable development based on next generation clean energy technologies can be eventually
realized through further efforts in this exciting field of self-supported earth-abundant

nanoarrays.
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Figure 1. (a) Schematic diagram of the process for the fabrication of the metal nanohole array:
(i) porous alumina with through holes (mother structure), (ii) metal deposition with vacuum
evaporation, (iii) injection and polymerization of methylmethacrylate, (iv) poly(methyl
methacrylate) negative type, (v) electroless metal deposition, and (vi) metal hole array.
Adapted with permission from ref.** Copyright 1995, American Association for the
Advancement of Science. (b) The procedures for VA-BND/Si RA preparation. Reproduced
with permission from ref.22 Copyright 2013, The Royal Society of Chemistry. (c) Schematic
illustration showing the fabrication of different metal oxide@MOF hybrid arrays onto various

substrates. Reproduced with permission from ref.?® Copyright 2017, Elsevier.
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Figure 2. (a) Schematic diagram illustrating the pH-driven, dissolution-precipitation based
growth of Ni(OH), on the NF. Reproduced with permission from ref.5¢ Copyright 2013, The
Royal Society of Chemistry. (b) Illustration of the fabrication of heterostructured MoS»-NisS>

HNRs/NF composites. Reproduced with permission from ref.2* Copyright 2017, American
Chemical Society. (c) Schematic illustration of the synthesis process of Fe-doped Ni2P
nanosheet arrays. Reproduced with permission from ref.?> Copyright 2017, WILEY-VCH.
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Figure 3. (a) Schematic illustration of the fabrication of CoP mesoporous nanorods arrays.
Reproduced with permission from ref.?® Copyright 2015, WILEY-VCH. (b) Schematic
illustration of the preparation process of Co-Bi/Ti. Reproduced with permission from ref.?’
Copyright 2017, The Royal Society of Chemistry. (c) Schematically synthesis of eFe/NiVS/NF
through electrodeposition. Reproduced with permission from ref.”* Copyright 2017, Elsevier.

62


KevinUoA
打字機
62


63

100 nm

M

e
(d )0- ( ) u methanol -
100 1001
s &
g i g g 501
<C-41 ®] O
1S O 01 0]
= 2 = -
— Ni-doped Co,0, NW arrays © 5 © . 3
64 —— Ni-doped Co,0, NW ° — Ni-doped Co,0, NW arrays [ = —— Ni-doped Co,0, NW arrays
——Co0,NW 0 -501 ——PtiC x —— PtIC
—— graphene foam
T T T T T T T T T T T -50 T T T T
05 06 0.7 0.8 0.9 1.0 1.1 0 100 200 300 400 500 0 100 200 300 400 500
Potential (V vs RHE) Time (s) Time (s)

Figure 4. (a, b) SEM images of the Ni-doped Co3O4 NW arrays. (c) Typical TEM image of the
Ni-doped Cos0a4. (d) RDE voltammograms at 10 mV s for different electrodes in an O.-
saturated 0.1 M KOH solution at a rotation rate of 1600 rpm. (e, f) Chronoamperometric
responses of the Ni-doped Co30s NW arrays and Pt/C in Oz-saturated 0.1 M KOH with the
addition of 3 M methanol and CO after about 200 s at 0.765 V. Reproduced with permission
from ref.”® Copyright 2015, The Royal Society of Chemistry.
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Figure 5. SEM images of (a) CFP, (b) Co(OH)2 nanosheet arrays on CFP, and (¢) CONCNTSs
arrays on CFP. (d) Schematic illustration of the fabrication procedure of CONCNTs on CFP.
(e) ORR polarization curves of the three electrodes in oxygen-bubbled 6M KOH solution
without IR-correction, the T-CONCNT-CFP electrode shows the fastest current density
increase, result in higher ORR current densities than commercial Pt/C electrodes under high
overpotentials. (f) Stability testing of the three electrodes under high current densities, a stable
and high current density is observed on the T-CoNCNT-CFP electrode, manifesting a
prominent ORR stability. Reproduced with permission from ref.22 Copyright 2016, WILEY -
VCH.
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Figure 6. (a) SEM image of the NiFe/NF electrode (inset shows the high-resolution SEM
image of the selected area). (b) TEM image of NiFe nanosheets scratched off from the NiFe/NF
(inset shows the corresponding selected area diffraction pattern). (¢) The OER polarization
curve of NiFe/NF in 10 M KOH at 5 mV s~ with 75% iR compensation. (d) The Tafel plot of
NiFe/NF in 10 M KOH at 0.1 mV s ! with 95% iR compensation. (€) The first OER polarization
curves obtained with the NiFe- and Ir/C-coated GC electrodes, respectively. (f) The
chronopotentiometry curve of NiFe/NF in 10 M KOH with a constant current density of 500

mA cm 2. Reproduced with permission from ref.?! Copyright 2015, Nature Publishing Group.
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Figure 7. (a) Schematic illustration of direct growth of N and P-doped carbon nanofibers on
carbon paper. (b) SEM and (c) TEM images of NPC-CP (inset in panel (c) shows the
corresponding SAED pattern. (d) OER curves and (e) Tafel plots of NPC-CP, NC-CP, IrOa,
and pristine CP in Oz-satuated 1M KOH (scan rate: 2 mV s™%). (f) Chronoamperometric
responses of NPC-CP and IrO; at a constant potential of 1.54 V (inset in panel (d) shows the
corresponding chronopotentiometric response curves with the constant current density held at
10 mA cm™). (g) Volcano plots of OER overpotential versus the difference between the
adsorption energy of O* and OH*, that is, AG(O*) — AG(OH*), for the simulated carbon
structures. Reproduced with permission from ref.%” Copyright 2017, WILEY-VCH.
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Figure 8. (@) SEM image of MoS;@Ni/CC. (b) Polarization curves of MoS>@Ni/CC,
MoS2/CC, Ni/CC, Pt/C, and bare CC in 1.0 M KOH solution with a scan rate of 5 mV s, (c)
Polarization curves of MoS;@Ni/CC in 1.0 M PBS. Reproduced with permission from ref.102
Copyright 2016, American Chemical Society. (d) SEM image of FeosCoosP/CC. (e) LSV
curves for Pt/C on CC, bare CC, and FexCo;-xP/CC with a scan rate of 2 mV s for HER. (f)
Time-dependent current density curves of FeosC0osP/CC at fixed overpotentials of 37, 72, and
98 mV to drive 10, 50, and 100 mA cm?, respectively. Reproduced with permission from
ref.19” Copyright 2016, American Chemical Society. (g) SEM image of WN NW/CC. (h)
Polarization curves and (i) corresponding Tafel plots of WN NW/CC in comparison with those
of Pt and CC and in 1 M KOH. Reproduced with permission from ref.*1° Copyright 2017, The
Royal Society of Chemistry.
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Figure 9. (a) Schematic illustration of the process for NDD/Si RA preparation. (b) SEM image
of NDDL/Si RA. (c) Faradaic efficiency for acetate and formate production for electrochemical
reduction of CO2 on NDD(/Si RA electrode at —0.55 to —1.30 V (CO2 saturated 0.5 M NaHCOs3
solution). Reproduced with permission from ref.>® Copyright 2015, American Chemical
Society. (d) Transient current curve of pulse electrodeposition. (¢) SEM image of Bi nanoflakes
grown by pulse-current 6 cycles. (f) HCOO™ Faradaic efficiency of PC-6¢, DC-60s and DC-
120s deposited Bi films in CO2-purged 0.1 M KHCO:s electrolyte. Reproduced with permission
from ref.1¥> Copyright 2017, Elsevier.
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Figure 10. (a) 45<tilted SEM and (b) TEM images of the as-synthesized GaN NWs. Inset (a)
shows the sample size. (c) TEM image of 5 wt% Ru-modified GaN NWs. Inset plot (c) shows
diameter distribution of Ru clusters. NH3 generation rate over (d) pure GaN materials with
different doping levels and forms (24 h), (e) Plots of NHz3 release as a function of time over the
optimized 5 wt% Ru-loaded n-GaN NWs under UV irradiation. Inset: reusability of Ru@n-
GaN (2h for each cycle). Reproduced with permission from ref.*'® Copyright 2017, WILEY -
VCH.
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Figure 11. (@) FESEM image for Se-Ni(OH).@NiSe/NF. (b) TEM image for Se-
Ni(OH)@NiSe core-shell nanowires. (c) STEM image and EDX elemental mapping for Ni,
Se, and O for NiSe nanowire. (d) LSV curves for different electrodes toward 0.33 M urea with
a scan rate of 5mV s1. (e) Chronopotentiometric curve of Se-Ni(OH).@NiSe/NF with current
density of 100 mA c¢cm™2. The schematic of CO, adsorption on the (f) pristine and (g) Se-
Ni(OH)2 (110) surface, in which the insets display the energy profile of the desorption process,
IS, TS and FS represent the initial state (adsorption), transition state and final state (desorption).
C, O, O, Se and Ni atoms are colored grey, red, white, yellow and blue, respectively.
Reproduced with permission from ref.13 Copyright 2017, Elsevier.
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Figure 12. (a) SEM image of a VA-NCCF array grown by CVD. (b) TEM image of an
individual VA-NCCF. (c) The sketch of Li.O2 grown on a coral-like carbon fiber, which has
an advantage to tightly hold the Li>O. deposit by the rugged surface. (d) Cycling performance
of the VA-NCCF array on the SS cloth substrate (inset in (d) shows rate performance of the
VA-NCCF electrode under current densities of 100, 600, and 1000 mA g1). Reproduced with
permission from ref.14® Copyright 2014, American Chemical Society. (e, f) SEM images of the
C0304-NCNT/SS air electrode. (g) TEM image of the individual Coz04-NCNT (inset in (Q)
shows the petal-like (spinous) scale patterns of human hair). (h) Galvanostatic charge-
discharge cycling at a current density of 25 mA cm2 with each cycle being 20 min. Reproduced
with permission from ref.*>! Copyright 2016, WILEY-VCH.
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Figure 13. (a) SEM image of C0304-MTA (inset shows the TEM image of an individual
C0304-MTA). (b) LSV curves of a two-electrode alkaline electrolyzer with Co30s-
MTA//C0304-MTA and Pt/C//1IrO2/C (inset in (b) shows galvanostatic water splitting at a
stationary current density of 10 mA cm™2 for 12 h for Cos0s-MTA//C030s-MTA and
Pt/C//IrO2/C). Reproduced with permission from ref.>? Copyright 2017, WILEY-VCH. (c)
SEM image of the Ni3S2/NF. (d) HER and (e) OER steady-state current density as a function
of applied voltage in alkaline media (pH 14) over NisS2/NF. (f) I-t curve at pH 14 at an applied
potential of 1.76 V for an electrolyzer with both NisS2/NF anode and cathode (inset shows the
generation of Hz and Oz bubbles on the NisS2/NF electrodes). Reproduced with permission

from ref.5° Copyright 2015, American Chemical Society.
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Self-supported earth-abundant nanoarrays have emerged as the most promising electrocatalysts for
various energy conversion reactions and devices due to their unique structures and fascinating
electrochemical properties. Recent progress on their synthetic methods and applications for

different energy-related processes and practical devices are presented.

Keywords: self-supported nanoarray, earth-abundant electrocatalyst, synthetic method, energy-

related reaction, bifunctional electrocatalysis

Jinlong Liu, Dongdong Zhu, Yao Zheng, Anthony Vasileff, and Shi-Zhang Qiao

Title: Self-supported Earth-abundant Nanoarrays as Efficient and Robust Electrocatalysts for

Energy-Related Reactions
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Chapter 3: ldentification of pH-Dependent Synergy on Ru/MoS:
Interface: A Comparison of Alkaline and Acidic Hydrogen

Evolution

3.1 Introduction and Significance

Understanding the HER mechanism at molecular level plays a critical role in rational design
of advanced HER electrocatalysts. The discovery of significantly enhanced HER activity on
Pt/Ni(OH). catalysts provides some evidences for water dissociation as an essential step in
alkaline HER, where Ni(OH)2 can effectively cleave the HO—H bond. To obtain more
insights into the HER mechanism, it is necessary to develop more general catalyst models
that are stable under both alkaline and acidic conditions. In this chapter, a new catalyst,
consisting of Ru nanoparticles on defect-rich MoS, nanosheets vertically aligned on carbon
paper, was designed and fabricated, and its HER behaviours in alkaline and acidic solutions
were investigated and compared. It was found that the Ru/MoS: exhibited remarkable
catalytic activity in 1.0 M KOH, while no improved HER activity was observed in 0.5 M
H>SO4, demonstrating pH-dependent synergy for the HER. The highlights in this study

include:

1. A new model catalyst based on Ru and MoS> was rationally designed and successfully
synthesized by a facile wet-chemical method, in which Ru facilitates the dissociation of water
and MoS:; accelerates the recombination of hydrogen intermediates into molecular hydrogen

towards synergistically improved alkaline HER.

2. The resultant Ru/MoS2/CP achieved remarkable activity and durability for the alkaline
HER, with an onset overpotential close to zero, an extremely low n1o at 13 mV, favourable
Kinetics, near ideal Faradaic efficiency (~100%), and considerable structural and chemical
stability for long-term operation, which far exceeded previous reports on MoS,-based and

Ru-based electrocatalysts, even outperformed commercial Pt catalyst in alkaline media.

3. The pH-dependent synergy on Ru/MoS; interface was identified for the first time through
a comparison of intrinsic HER activities in alkaline and acidic media, and the interfacial
synergy for enhanced HER rate was further verified by the self-consistent Tafel slopes from

experiment results and theoretical calculations.

77


KevinUoA
打字機
77


78

3.2 Identification of pH-Dependent Synergy on Ru/MoS: Interface: A Comparison of
Alkaline and Acidic Hydrogen Evolution

This chapter is included as it appears as a journal paper published by Jinlong Liu, Yao
Zheng, Dongdong Zhu, Anthony Vasileff, Tao Ling and Shi-Zhang Qiao, Identification of
pH-Dependent Synergy on Ru/MoS; Interface: A Comparison of Alkaline and Acidic
Hydrogen Evolution, Nanoscale, 2017, 9, 16616—16621.
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Engineering bifunctional interfaces for enhanced alkaline hydro-
gen evolution reaction (HER) kinetics is achieved by rational coup-
ling of Ru nanoparticles and defect-rich MoS, nanosheets
via a simple wet-chemical method. Comprehensive material
characterizations, especially high-resolution transmission electron
microscopy, reveal well-defined interfaces between both com-
ponents, leading to interfacial synergy whereby Ru expedites water
dissociation and nearby defect-rich MoS, enables favorable hydro-
gen adsorption for recombination into H,. The designed Ru/MoS,
material demonstrates remarkable catalytic activity towards alka-
line HER (—13 mV at —10 mA cm™2) with stable operation after 12 h
or 1000 cycles, which is superior to almost all Ru-based and MoS,-
based electrocatalysts and even outperforms commercial 20 wt%
Pt/C at overpotentials larger than —78 mV in alkaline media. No
improved HER activity is observed for Ru/MoS; in acidic electrolyte
(-96 mV at —10 mA cm™3), which is even inferior to Ru/CP
(=78 mV at —10 mA cm™?). The correlation between alkaline and
acidic HER results confirms that the intrinsic HER activity of this
material originates from the desired synergistic effect under alka-
line conditions.

Photoelectrochemical water splitting in alkaline or neutral
media has attracted renewed interest to produce high-purity
hydrogen fuel for hydrogen-based energy devices like hydrogen
fuel cells."* Such techniques greatly rely on the development
of efficient catalysts to increase reaction rate and reduce the
required energy input.' In particular, the higher efficiency of
water electrolyzers in alkaline electrolyte over those in acidic
media makes it more significant to explore improved electro-
catalysts for alkaline water splitting." Fundamentally, the
binding energy of the hydrogen intermediate, being the hydro-
gen-metal bond energy (Ey_g) or the hydrogen adsorption free

“School of Chemical Engineering, The University of Adelaide, Adelaide, SA 5005,
Australia. E-mail: s.qiao@adelaide.edu.au

bSchool of Materials Science and Engineering, Tianjin University, Tianjin, 300072,
P.R. China

tElectronic supplementary information (ESI) available: Experimental section,
supplementary figures, tables, notes, and movie. See DOI: 10.1039/c7nr06111k

Jinlong Liu,? Yao Zheng,® Dongdong Zhu,? Anthony Vasileff,

Identification of pH-dependent synergy on
Ru/MoS; interface: a comparison of alkaline
and acidic hydrogen evolutiont

b

“Tao Ling and

energy (AGy-+),>° is considered to be the activity descriptor for
the cathodic hydrogen evolution reaction (HER) in hydrolysis.
As proposed by Parsons and Gerischer, the optimal catalyst for
the HER must bind atomic hydrogen (H,qs) neither too
strongly nor too weakly.”® Under acidic conditions, this
descriptor explains HER activities on various catalyst surfaces
very well from analytical, experimental, and computational
perspectives.® However, for common phenomena, such as the
significantly lower HER activity of Pt in alkaline media com-
pared to in acidic media, it is inadequate.'® As a result, there
is debate whether AGy- can be the sole descriptor for the HER
rate over the whole pH range.>'"™® Some pioneering works
reported by Markovic et al. indicate that the HER activity of Pt
in alkaline can be enhanced significantly by modification with
Ni(OH), as an OH -adsorption promoter via a facilitated water
dissociation process.'" Additionally, Koper et al. found that the
rate of interfacial water reorganization was increased by the
addition of a submonolayer of Ni(OH), to the Pt(111) surface,
which enhanced overall HER kinetics.'” Although this inter-
facial engineering strategy provides some evidence for the con-
tribution of water dissociation towards the reaction rate of
hydrogen evolution and presents new insight to understanding
the mechanism of alkaline HER, current models are mainly
limited to precious Pt and Ni(OH), couples.'”'*> However, in
order to validate this new theory on the synergistic effect
between water dissociation and hydrogen adsorption towards
alkaline HER performance, more general cases are required. In
addition, it is likely that the interfacial synergy is pH-depen-
dent due to different reaction pathways under alkaline and
acidic conditions. Hence, the comparison of alkaline and
acidic HER activity may provide evidence for this synergistic
effect whereby the effect should not be apparent in acidic
media due to the lack of the initial water dissociation process.
Unfortunately, previous studies based on model catalyst Pt/Ni
(OH), have not taken this into consideration, likely due to the
instability of Ni(OH), in acidic electrolyte.

To this end, the design of a novel bifunctional system, that is
stable in both alkaline and acidic environments, is needed with
the aim of confirming this pH-dependent interfacial synergy
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and developing a Pt-free catalyst for superior alkaline HER.
Among various alternatives to Pt, MoS, has been
theoretically identified as having a favourable AGy- close to
zero (AGy~ = +0.08 eV on the unsaturated Mo and/or S edges)."*
Therefore, some MoS,-based electrocatalysts have exhibited
promising HER activity in acidic media,">"” but still suffer
from sluggish HER kinetics in alkaline conditions. This is
mainly due to their poor water dissociation ability.'® Recently,
both spectroscopic characterization and computational tech-
niques have indicated that Ru possesses the greatest water dis-
sociation capability, and strongest (electro)chemical adsorp-
tions of H and OH amongst almost all of the precious metals
(Pt, Rh, Ir, Pd, Au, etc.).">>* Accordingly, it is proposed that if
synergy does exist at the interface of a bifunctional system in
alkaline electrolyte, the coupling of Ru and MoS, with tailored
interfacial structure is desirable for the optimization of ener-
getics for both water dissociation and hydrogen adsorption. In
such a model, Ru would greatly facilitate water dissociation,
and the nearby unsaturated Mo and/or S atoms of MoS, would
rapidly capture reactive hydrogen atoms and prompt their com-
bination into molecular H,. This kind of functionality would
realize a synergistic effect on the interfacial reactivity for overall
hydrogen evolution in alkaline electrolyte. In comparison, no
synergistic effect can be observed on the Ru/MoS, interface with
the absence of water dissociation step during acidic HER.
Nevertheless, it remains a great challenge to manipulate the
well-defined Ru/MoS, interface with abundant exposure of
unsaturated Mo/S sites, as conventional MoS, basal planes are
inactive for hydrogen adsorption.

Inspired by these hypotheses, herein, we present the design
and fabrication of such bifunctional system, composed of Ru
nanoparticles decorated on defect-rich MoS, nanosheets verti-
cally aligned on carbon paper (Ru/MoS,/CP). The Ru/MoS,
heterostructures feature well-defined interfaces between Ru
nanoparticles and defect-rich MoS, nanosheets. As a result,
Ru/MoS,/CP exhibits excellent alkaline HER performance, even
superior to commercial 20 wt% Pt/C, as well as almost all
reported Ru-based and MoS,-based electrocatalysts. A series of
controlled electrochemical tests identify that the intrinsic alka-
line HER activity of Ru/MoS,/CP likely originates from the
interfacial synergy between the two active components to
promote both water dissociation and hydrogen adsorption pro-
cesses. In contrast, Ru/MoS,/CP shows no better HER activity
than Ru/CP and commercial 20 wt% Pt/C in acidic conditions,
further demonstrating the pH-dependence of the interfacial
synergy. This work may provide solid evidence for the impor-
tance of water dissociation in alkaline HER processes based on
alternative systems beyond Pt.

As illustrated in Fig. 1a, Ru/MoS,/CP was synthesized via
hydrothermal growth of vertically aligned MoS, nanosheets on
carbon paper and subsequent chemical modification with Ru
from impregnation and calcination. By means of hydrothermal
reaction, pre-cleaned carbon paper was fully covered by verti-
cally aligned MoS, nanosheets with a highly developed inter-
connected structure (Fig. S1t). Notably, under hydrothermal
conditions, oxygen can be effectively incorporated into the
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Calcination

(a)
/irotherma Impregnation
CP MoS,
e

Ru/MoS,/CP

Fig. 1 (a) Schematic illustration of the synthesis process of Ru/MoS,/
CP. (b, c) SEM, (d) HRTEM, (e) HADDF-STEM images and (f) corres-
ponding element mapping of Ru/MoS,/CP.

MoS, to enhance intrinsic conductivity (Fig. S2a and b¥).”?
Excess thiourea was introduced to create defect-rich MoS,
nanosheets (Fig. S2c¢ and df), as additional thiourea can be
adsorbed on primary nanocrystallites to prevent their regular
crystal growth.>* Subsequently, the obtained MoS,/CP was
immersed in 5 mM RuCl; solution to modify MoS, with Ru
(OH)z;, which was further reduced by H, under calcination to
obtain Ru/MoS,/CP. As can be seen in the scanning electron
microscope images (SEM, Fig. 1b and c), Ru/MoS,/CP shows
identical morphology to MoS,/CP, except that the MoS,
nanosheet planes are decorated with homogeneous Ru nano-
particles, resulting in a rougher MoS, nanosheet surface. By
comparison, the Ru deposited on CP in Ru/CP formed
wrinkled agglomerates (Fig. S31). From high-resolution trans-
mission electron microscope imaging (HRTEM, Fig. 1d), the
Ru/MoS, heterostructure shows an obvious interface with close
contact between Ru nanoparticles and MoS, nanosheets,
where the lattice fringes with interlayer distances of 0.21 and
0.62 nm correspond to the (002) plane of hexagonal Ru and
(002) plane of hexagonal MoS,, respectively. It is found that
the Ru nanoparticles are approximately 10 nm in size (Fig. 1d
and Fig. S4t). Perpendicular to the MoS, nanosheet planes,
many defects (e.g. dislocation, vacancy, and distortion) are
evident, offering plenty of active sites for reinforced interfacial
synergy. It is worth noting that Ru/MoS,/CP possessed more
and larger defects across MoS, planes compared with bare
MoS,, which is probably a result of the corrosive effect of
RuCl;. Furthermore, the high-angle annular dark field scan-
ning TEM (HAADF-STEM) image and corresponding elemental
mapping analyses (Fig. 1e and f) indicated the homogeneous
distribution of Ru, Mo, S, and O throughout the nanosheet
network, suggesting the uniform decoration of Ru nano-
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particles and the successful incorporation of O in MoS,
nanosheets. According to these results and previous
studies,'*"**** Ru/MoS,/CP likely offers improved alkaline
HER activity and increased conductivity due to its large
amount of active sites, strong interfacial synergy, and
O-incorporation.

For further structural and chemical analyses, X-ray diffrac-
tion (XRD) and X-ray photoelectron spectroscopy (XPS) charac-
terizations were carried out. Following the hydrothermal reac-
tion, in the absence of CP, pure MoS, nanosheets display an
XRD pattern that can be indexed to hexagonal MoS, (Fig. S5a,
JCPDS card no. 73-1508). Fig. S5bt shows the XRD pattern of
Ru/MoS,/CP. Aside from the characteristic peaks arising from
MosS, and CP (graphite, JCPDS no. 75-2078), the two peaks
centred at 43.9° and 77.9° can be assigned to hexagonal Ru
(JCPDS no. 06-0663), in accordance with the results discussed
above. Also, the XPS survey spectrum of Ru/MoS,/CP shows
distinct signals of Mo, S, O, Ru, and C (Fig. S6T). As shown in
Fig. 2a, the spin-orbit peaks in the Mo 3d region are fitted to
four peaks. Specifically, the peaks located at 229 and 232 eV
are attributed to the Mo"™ 3ds;, and Mo" 3dj,, respectively,
while the peaks centred at 232.8 and 235.8 eV are ascribed to
the Mo"" 3d;/, and Mo"" 3d;),, respectively. This implies the
coexistence of Mo" and Mo"" in the product material.>>?® The
S 2p region (Fig. 2b) exhibits the representative peaks of S 2ps,
and S 2p;, with binding energies at 161.7 and 163.9 eV,
respectively, suggesting a —2 valence of S.>* The O 1s spectrum
is deconvoluted into three peaks centred at 530.5, 531.3, and
532 eV, which are assigned to Mo-O bonds, carbon-oxygen
species, and adsorbed water, respectively (Fig. 2c).>**” The
presence of Mo-O bonds strongly support O-incorporation in
MoS, nanosheets. In the Ru 3d spectrum of Ru/MoS,/CP
(Fig. 2d), two spin-orbit peaks, that is, Ru 3ds,, and Ru 3d;,,
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Fig. 2 High-resolution XPS spectra of (a) Mo 3d, (b) S 2p, (c) O 1s, and
(d) Ru 3d & C 1s of Ru/MoS,/CP.
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are observed at 280.3 and 284.4 eV with an interval of 4.1 eV,
indicating the metallic state of Ru.>® Due to the proximity of
binding energy for Ru 3d;/, and C 1s, the Ru 3d;, is further
divided into four peaks. Among them, the peaks at 284.6,
285.7, and 288.4 eV correspond to C-C, C-O, and C=O0,
respectively.>® All these results further validate O-incorporation
and Ru-decoration of MoS, nanosheets in the resultant Ru/
MoS,/CP.

The electrochemical performance of the Ru/MoS,/CP,
together with control groups including PtC/CP, Ru/CP, MoS,/CP,
and pristine MoS,, were evaluated in a typical three-electrode
cell setup with 1.0 M KOH electrolyte. Fig. 3a shows their linear
sweep voltammetry (LSV) curves towards cathodic HER. As
expected, Ru/MoS,/CP exhibited much improved alkaline HER
activity compared to bare MoS,, MoS,/CP, and Ru/CP, achieving
the lowest onset overpotential (17onser = ~0 mV, ESI Note 1) com-
parable to PtC/CP. More impressively, Ru/MoS,/CP requires an
overpotential of only —13 mV to produce a current density of
—10 mA ecm™2, which is —347, —181, and —22 mV less than that
of bare MoS,, MoS,/CP, and Ru/CP, respectively. This value is
much smaller than many other recently reported electrocata-
lysts, such as CogegFegs,P (-116 mV)** and Mo,C-IOL
(=117 mV).>' As far as is known, this overpotential is also
superior to almost all previously reported electrocatalysts based
on Ru or MoS, under alkaline and/or acidic conditions (Tables
S1 and S2t). Moreover, the current density of Ru/MoS,/CP
increases sharply with more negative potentials, even surpass-
ing PtC/CP when the potential decreases further than —0.078 V
vs. RHE. The corresponding Tafel plots show that Ru/MoS,/CP
has a small Tafel slope (ESI Note 1) of —60 mV dec™" (Fig. 3b),
suggesting its favourable reaction kinetics.
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Fig. 3 (a) Polarization curves of Ru/MoS,/CP electrode in 1.0 M KOH,
along with PtC/CP, Ru/CP, MoS,/CP, and MoS, for comparison.
(b) Corresponding Tafel plots. (c) Comparison of jspecific and Ry for Ru/MoS,/
CP, MoS,/CP, and Ru/CP in 1.0 M KOH. (d) Chronoamperometric curve
of Ru/MoS,/CP electrode at an overpotential of —15 mV. Inset presents
HER polarization curves recorded before and after 1000 potential
sweeps in 1.0 M KOH.
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Considering that overall HER activity is determined by the
intrinsic activity and the number of electrocatalyst active sites,*>
it is necessary to estimate the catalytically active surface area for
revealing the synergistic effect in Ru/MoS,/CP. In this regard,
the double-layer capacitance (Cqj), which is generally pro-
portional to the catalytically active surface area,**>* was investi-
gated using cyclic voltammetry (CV, Fig. S7 and ESI Note 27).
From the scan-rate dependent CVs, the Cq4; of Ru/MoS,/CP, Ru/
CP, and MoS,/CP are 25, 71.6, and 20.6 mF cm™2, respectively,
which matches well with the Cg4 estimated by electrochemical
impedance spectroscopy (EIS, Fig. S81) within an error range of
+10% (ESI Note 31). Thus, the roughness factor (R¢) and specific
alkaline HER current density (jspecific) Of various samples were
evaluated as illustrated in ESI Note 2. As presented in Fig. 3c,
although Ru modification in Ru/MoS,/CP contributes somewhat
to increasing its Ry in comparison to MoS,/CP, Ru/MoS,/CP
exhibits the highest js,ecitic by decoupling the geometric effect.
As a result, the significant enhancement in activity of Ru/MoS,/
CP for alkaline HER is most likely associated with its high
intrinsic activity originating from its interfacial synergy.

The long-term operating durability of the Ru/MoS,/CP elec-
trode under alkaline conditions was assessed using chrono-
amperometry and CV techniques (Fig. 3d). Notably, the chron-
oamperometric curve of the Ru/MoS,/CP electrode shows neg-
ligible attenuation during 12 h of operation, and no obvious
potential shift was observed in LSV curves after 1000 CV cycles.
It was found that the initial morphology and steady chemical
states of Ru/MoS,/CP were preserved after long-term operation
(Fig. S9 and S10%), indicating good structural and chemical
stability. Accordingly, the strong coupling of Ru/MoS,/CP
offers structural and chemical stability for practical operation.
To evaluate the Faradaic efficiency, evolved H, gas was
measured quantitatively using gas chromatography (GC), and
the amount of measured H, strongly agrees with theoretical
predictions (Fig. S11t). This reflects a near 100% Faradaic
efficiency for Ru/MoS,/CP towards alkaline HER.

From a reaction pathway standpoint, the proposed inter-
facial synergy between Ru and MoS, for enhanced alkaline
HER can be explained indirectly by comparing the HER activi-
ties of various electrocatalysts with those under acidic con-
ditions, as acidic HER is predominately correlated with hydro-
gen adsorption ability without the need for water dissociation.
Fig. 4a gives the LSV curves of various electrodes in 0.5 M
H,SO, electrolyte. It can be seen that Ru/MoS,/CP exhibits
poorer HER activity than that of Ru/CP and PtC/CP. In terms of
the overpotential at —10 mA cm™> (i7,0, Fig. 4b), the 71, of Ru/
MoS,/CP and Ru/CP increase to —96 and —78 mV, respectively.
In contrast, bare MoS, and MoS,/CP achieve considerably
smaller 7,0 under acidic conditions. This comparison unam-
biguously demonstrates that Ru is more capable of dissociat-
ing water to promote subsequent hydrogen adsorption and
recombination on MoS,, resulting in significantly enhanced
HER kinetics in alkaline solution. Consequently, this study
provides substantiating evidence for the synergistic effect of
Ru/MoS,/CP towards alkaline HER through the coupling of
water dissociation on Ru and hydrogen adsorption on MoS,.
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Fig. 4 (a) Polarization curves of Ru/MoS,/CP, PtC/CP, Ru/CP, MoS,/CP,
and MoS; electrodes in 0.5 M H,SO4. (b) Comparison of the overpoten-
tial values required to afford a current density of —10 mA cm™2 under
basic and acidic conditions. (c) Schematic illustration of interfacial
synergy between Ru and MoS, for enhanced alkaline HER.

With the establishment of physical structure and electro-
chemical properties, the outstanding performance of Ru/
MoS,/CP for alkaline HER can be ascribed to its rationally
designed composition with favourable electrode configuration,
as schematically illustrated in Fig. 4c. Firstly, the highly con-
ductive CP promotes fast electron transport to the MoS,
nanosheet arrays,>** and O-incorporation and Ru-decoration
facilitate the effective charge transfer to active sites, leading to
a highly improved capability of delivering electrons
(Fig. S81).>® Secondly, the vertically aligned MoS, nanosheets
are able to expose more edge sites as active centres.*>>®
Meanwhile, the “inert” MoS, nanosheet planes are activated by
a large amount of defects and Ru modification, allowing for
the exposure of numerous in-plane active sites. Thirdly, and
most importantly, the reaction kinetics for alkaline HER are
significantly improved by the interfacial synergy between Ru
nanoparticles and defect-rich MoS, nanosheets. As high-
lighted in Fig. 4c, Ru can efficiently dissociate a water mole-
cule into an OH™ ion and an intermediate H,qs. Nearby unsa-
turated Mo and/or S atoms can then immediately absorb the
generated H,qs and promote their recombination into H,,
which can also be verified by HER mechanism analysis using
the Tafel slopes of Ru/MoS,/CP at low and high overpotentials
(Fig. S12 and ESI Note 47). Additionally, the unique porous
structure among vertically alignhed MoS, nanosheets facilitates
rapid access of the electrolyte to the reaction sites, the release
of evolved H, (Movie S1t), and the diffusion of OH™.*”
Collectively, these features contribute to the fascinating HER
activity on Ru/MoS,/CP in alkaline electrolyte. Furthermore,
the excellent structural and chemical stability of Ru/MoS,/CP
provide durability for long-term operation.
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Conclusions

In summary, nanostructured Ru/MoS, nanosheets, featuring
strong interfacial interactions between Ru metal nanoparticles
and defect-rich MoS, nanosheets, have been directly grown on
carbon paper. The self-supported Ru/MoS,/CP electrode exhi-
bits superior activity and favourable kinetics towards alkaline
HER, which can be attributed to the significant interfacial
synergy between Ru and MoS,, allowing for accelerated water
dissociation on Ru nanoparticles and rapid hydrogen adsorp-
tion on nearby defect-rich MoS, nanosheets for efficient
recombination into H,. Moreover, it also shows excellent long-
term durability with robust structural and chemical stability
under alkaline electrolyte, making it attractive for practical
application. Comparison of the intrinsic alkaline and acidic
HER activity of the Ru/MoS,/CP identifies a pH-dependence of
the interfacial synergy, thereby establishing a more solid basis
for the bifunctional theory. From a more fundamental point of
view, the interface engineering strategy developed in this work
can provide new perspectives in the design of more advanced
electrocatalysts for photoelectrochemical water splitting and
water-alkali electrolyzers.
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1. Experimental Section

1.1 Materials

All chemicals (analytical reagent grade) used in this work, including (NH4)¢Mo07,0,4-4H,0,
NaH,PO, 4H,0, thiourea, urea, KOH, H,SO,4, Pt/C (20 wt.% of Pt on Vulcan XC72), Nafion
(15 wt.%) were purchased from Sigma-Aldrich and used without further purification. Carbon
paper (CP, AvCarb MGL 190, Product Code: 1594008) was bought from FuelCellStore. Ultra-
pure water (18.2 MQ-cm, PURELAB Option-Q) was used in all experiments.

1.2 Synthesis of Electrocatalysts

Preparation of MoSy/CP: A piece of CP (2 cm % 4 cm) was washed thoroughly with ethanol,
0.5 M H,SO,, and water in sequence under sonication for 1 h each time. The vertically aligned
MoS; nanosheets were grown on the cleaned CP via a facile hydrothermal approach. Typically,
(NH4)sMo070,4-4H,0 (0.088 g), thiourea (0.163 g), NaH,PO,-4H,0 (0.023 g) were added into
35 mL of deionized water under magnetic stirring to obtain a precursor solution, which was
then transferred to a Teflon-lined stainless autoclave (50 mL) with a piece of pre-cleaned CP.
Subsequently, the autoclave was kept in a preheated oven at 180 °C for 24 h. After the
autoclave cooled down naturally to ambient temperature, the sample was collected and rinsed

with deionized water several times, and then dried in a vacuum oven at 60 °C overnight.

Preparation of Ru/MoSyCP: The obtained MoS,/CP was completely immersed into 20 mL of
RuCl; aqueous solution (5 mM) for 24 h. The product was collected and dried using
compressed N, at ambient temperature. To obtain the final product, the sample was then heated
to 250 °C in a tube furnace at a rate of 2 °C min~! and held at that temperature for 2 h under
H,/Ar flow. For the as-prepared Ru/MoS,/CP, the mass increment of CP was about 1.0 mg
cm2. XPS quantification analysis revealed that the atomic percentage of Ru in Ru/MoS, was
~15 at.%, which converts to a Ru mass percentage of about 10%. Accordingly, the Ru loading
for Ru/MoS,/CP was ~0.1 mg cm™2,

Preparation of MoS,: Bare MoS, was synthesized via a hydrothermal approach similar to that
of MoS,/CP. Specifically, (NH4)sM070,4:-4H,0 (1.236 g), thiourea (2.284 g), NaH,PO,-4H,0
(0.318 g) were added into 35 mL of deionized water under magnetic stirring to obtain a
precursor solution, which was then transferred to a Teflon-lined stainless autoclave (50 mL)
without CP. Subsequently, the autoclave was kept in a preheated oven at 180 °C for 24 h. After

the autoclave cooled down naturally to ambient temperature, the resultant precipitates were
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collected by centrifugation, washed with deionized water several times, and then dried in a

vacuum oven at 60 °C overnight.

Preparation of Ru/CP: A piece of pre-cleaned CP was completely immersed in 20 mL of
RuCl; aqueous solution (5 mM) for 24 h. The following procedure was the same as the
preparation of Ru/MoS,/CP. For the as-prepared Ru/CP, the mass increment of CP was ~0.31

mg cm2, which was attributed to the Ru loading.

Preparation of PtC/CP: 5 mg of 20 wt.% Pt/C was dispersed in 2 mL of ethanol containing
0.15 wt.% of Nafion under ultrasound for 1 h. Next, 200 uL of the Pt/C dispersion was loaded
onto a piece of pre-cleaned CP (1 cm x 1 cm) to obtain the PtC/CP electrode.

1.3 Characterizations

The morphology, structure, and chemical composition of the samples were characterized by
field emission scanning electron microscopy (SEM, QUANTA 450) equipped with energy
dispersive spectrometer (EDS), transmission electron microscopy (TEM, Tecnai G2 Spirit and
JEOL 2100 Cryo) equipped with EDS, powder X-ray diffractometer (XRD, Cu-target Bruker
D8 Advance), X-ray photoelectron spectroscopy (XPS, ESCALab250).

1.4 Electrochemical Measurements

Electrochemical measurements were performed on a 760D (CH Instruments, Inc., USA) in a
standard three-electrode glass cell (Pine Research Instruments, USA). 1 cm X 1 cm
Ru/MoS,/CP, MoS,/CP, Ru/CP, and PtC/CP were directly used as the working electrode. For
MoS,, a glassy carbon rotating disk electrode (RDE, diameter: 5 mm) was employed.
Specifically, 5 mg of MoS, was dispersed in 2 mL of ethanol containing 0.15 wt.% of Nafion
under sonication for 1 h. 40 pL of the catalyst ink (2 mg mL™") was loaded onto the RDE (0.196
cm?) serving as the working electrode. A carbon rod and an Ag/AgCl (4 M KCl) electrode were
used as the counter electrode and the reference electrode, respectively. All potentials were
referenced to the reversible hydrogen electrode (RHE) using the following equation: E(RHE)
= E(Ag/AgCl) + 0.205 + 0.059 x pH. All the electrolytes were purged with N, for 30 min
before measurements to remove dissolved O,. The linear sweep voltammetry (LSV) curves
were collected with a scan rate of 5 mV s™!. Electrochemical impedance spectroscopy (EIS)
was measured in the frequency range from 0.1 Hz to 100 kHz with an amplitude of 5 mV. The
double-layer capacitance (Cq) and roughness factor (R¢) of various samples were evaluated
from the capacitance of the double-layer at the electrode-electrolyte interface using cyclic

voltammetry (CV) in a small potential range of 0.15—0.25 V vs. RHE. IR compensation of
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polarization curves was performed using the solution resistance (R;) estimated from EIS
measurements. The long-term stability test was carried out by chronoamperometric
measurement and repetitive CV scans in a potential window from 0 to —0.35 V vs. RHE (refer
to IR-uncompensated values). The evolved H, was analyzed using gas chromatograph (GC,

Clarus 480, PerkinElmer, USA with Ar as a carrier gas and 5 A molecular sieve column).

2. Supplementary Figures

Fig. S1 (a,b) SEM images of pre-cleaned carbon paper (CP) with clean surface. (c,d) SEM

images of MoS,/CP, showing the full and homogeneous coverage of CP by vertically aligned

MoS, nanosheets.
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Fig. S2 (a) SEM image of MoS,. (b) Magnified SEM image and corresponding element

mapping of MoS, for the selected area. (c) HRTEM image of few-layer MoS, nanosheets. The
well-defined interplanar distance of 0.62 nm corresponds to (002) planes of hexagonal MoS,,
while the large distance of 0.97 nm indicates the appearance of enlarged interlayers, which
agrees with previous reports.! (d) Cross-sectional HRTEM image of MoS, nanosheets.
Selected areas, indicated by red dashed circles, show the presence of defects in the MoS,

nanosheets.
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Fig. S3 (a) SEM image of Ru/CP. (b,c) Magnified SEM images of Ru/CP for selected areas,
showing the wrinkled Ru on CP. (d) EDS spectrum of Ru/CP containing C and Ru.
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Fig. S4 TEM image of Ru/MoS,. Inset HRTEM image shows an individual Ru nanoparticle of

about 10 nm in size.
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Fig. S5 XRD patterns of (a) bare MoS, and (b) Ru/MoS,/CP. The standard patterns of the
hexagonal MoS, (JCPDS card No. 73-1508) and the hexagonal Ru (JCPDS card No. 06-0663)
are given as references. In the XRD pattern of bare MoS,, the shift of the (002) peak to a lower
angle indicates the expansion of partial interlayers, matching well with HRTEM observation
(Fig. S2¢). According to Xie et al.’s report, thermal treatment (> 232 °C) could lead to a
structural conversion to the thermodynamically stable 2H-MoS,.! For this reason, the XRD
pattern of Ru/MoS,/CP shows no shift of the (002) peak of MoS,, which can be further
confirmed by its HRTEM result without enlarged interlayers (Fig. 1d).
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Fig. S6 XPS survey spectrum of Ru/MoS,/CP.
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Fig. S7 CV curves and corresponding capacitive current densities at +0.20 V vs. RHE against

scan rate for Ru/MoS,/CP (a,b), MoS,/CP (c,d), Ru/CP (e,f) and CP (g,h).
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20

Sample R, (Qcm?)R_ (Qcm?)Y, (mFs™"cm?) n
PtC/CP 2.495 6.348 16.361 0.875
Ru/MoS,/CP 2548 12.87 14.568 0.852
Ru/CP 2.436 13.54 35.408 0.846
MosS,/CP 2.601 36.36 10.956 0.844
15+ MoS, 2.662 256.9 10.764 0.845
N’I'-\
E —— PtC/CP
& 10 —+— Ru/MoS,/CP
S —+— Ru/CP
N
! —s+— MoS,/CP
—— MoS,
B CPE
0 10 20 30 40

Z' (Q cm?)

Fig. S8 Nyquist plots for Ru/MoS,/CP, PtC/CP, Ru/CP, MoS,/CP, and MoS, electrodes,
measured at —0.05 V vs. RHE in 1.0 M KOH. Insets are the equivalent circuit and simulated
parameters, where Ry, R, Y and n are the solution resistance, charge-transfer resistance, and
the parameters of a constant phase element (CPE), respectively. The solid lines present the

fitted curves.

It was found that bare MoS, possesses the highest charge transfer resistance (R, up to 256.9
Q cm?), as the resistivity through the basal planes is approximately 2200 times higher than
along the planes for MoS, nanosheets.> For MoS,/CP, the R, decreases significantly due to the
fast electron transfer along CP and the intimate contact between CP and vertically aligned
MoS, nanosheets. This result is consistent with previous studies.>* Interestingly, Ru/CP
displays the smallest R, which is likely attributed to the metallic character of Ru and its direct
contact with CP. It is clear that Ru/MoS,/CP exhibits a small R, of 12.87 Q cm™, indicating
favourable electrode kinetics for alkaline HER. In addition to the conductive CP framework,
the Ru-decoration and O-incorporation ensure better conductivity along and through the planes

of the MoS, nanosheets.
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Fig. S9 (a—c) SEM images of Ru/MoS,/CP electrode after long-term operation.
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Fig. S10 (a) XPS survey spectrum and high-resolution XPS spectra of (b) Mo 34, (¢) S 2p, (d)
O 1s, and (e) Ru 3d & C 1s of Ru/MoS,/CP electrode after long-term operation.
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Fig. S11 The amount of H, experimentally measured and theoretically calculated versus time

for alkaline HER of Ru/MoS,/CP at a current density of —10 mA cm=2.
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Fig. S12 Tafel plots of Ru/MoS,/CP at low (solid squares) and high (open squares) potentials.

3. Supplementary Tables

Table S1. Comparison of Ru-based electrocatalysts for HER.

Catalyst Electrode Electrolyte Nonset (MV) N1 (MV) '(I'r:{;eldselg_;:)e Ref. Year
Ru/MoS, Carbon paper 1M KOH 0 -13 -60 This work

Ru@C:N Glassy carbon 1M KOH - -17 -38 5 2017
Ru-MoO, Glassy carbon 1M KOH - -29 =31 6 2017
Co-Ru-Pt Carbon paste 0.5MH,S0, - -73.1 @ 4 mA cm2 -30.4 7 2017
Ru/C;3N4/C Glassy carbon 1M KOH - -79 - 8 2016
Ru/GLC Glassy carbon 0.5MH,S0, -3 -35 -46 9 2016
Ru/SiNW-42.9 Glassy carbon 0.5MH,S0, - —-200 -81 10 2015
GCE-S-GNs-1000-CB-Ru  Glassy carbon 0.5MH,SO, 0l —750] -61 11 2015

[l Values estimated from polarization curve found in corresponding Ref.
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Table S2. Comparison of MoS,-based electrocatalysts for HER.

Catalyst Electrode Electrolyte Nonset (MV) N1 (MV) (Tnisldf:_?; Ref. Year
Ru/MoS, Carbon paper 1M KOH 0 -13 -59.7 This work

MoS,-Ni;S; HNRs/NF Nickel foam 1M KOH -31 -98 -61 12 2017
MoS,|NiS|MoO; Ti sheet 1M KOH -36 -91 -54.5 13 2017
(M0S2)0.6(SN02)0.4/rGO Glassy carbon 0.5 M H,SO4 - —263t5 -50.8 14 2017
0O-MoS2 Carbon cloth 0.5 M H,SO, - —258 -57 15 2017
MoS;(1_Sex(HD)/CNTs Carbon nanofibers 0.5 M H,SO,4 -54 -150 -144 16 2017
Co,M0gS26 FTO 0.5 M H,SO, - —260 —64 17 2017
1T/2H MoS, Glassy carbon 0.5 M H,SO,4 - -234 -46 18 2017
Coral MoS,@GQDs Glassy carbon 0.5 M H,SO,4 -95 -120 -40 19 2017
MoS, QDs@GS 3:1 Glassy carbon 0.5 M H,SO, -94 —-140 -68 20 2017
C-1TMoS, Glassy carbon 0.5 M H,SO, -113 —-156 -42.7 21 2017
MoS,@CNTs-5 Glassy carbon 0.5 M H,SO,4 - -62 -49 4 2017
MoS,/NizS, Nickel foam 1M KOH -50 -110 —-83.1 22 2016
NiS,-MoS, Ti foil 1M KOH -76 - -70 23 2016
MoS,@Ni/CC Carbon cloth 1M KOH -30 -91 -89 24 2016
HF-MoSP Glassy carbon ?'fﬂ“l’lgﬁso“ jg :1?3 :;g 25 2016
Pt/MoS,/CC Carbon cloth 0.5 M H,SO, 0 -18 —-49 26 2016
Pt/MoS, Mo foil 0.5 M H,SO, - —60lel - 27 2016
N-MoS,-3 Glassy carbon 0.5 M H,SO,4 -37 -46 -47 28 2016
Se-GL-MoS,/G Glassy carbon 0.5 M H,SO, -102 —185lal -50 29 2016
Sn-FL-MoS,/G Glassy carbon 0.5 M H,SO,4 -134 —2500 -54 30 2016
Co-MoS,/G-3 Glassy carbon 0.5 M H,SO,4 -142 -194 —-44.3 31 2016
Cu;S4@MoS, Glassy carbon 0.5 M H,SO, - -133 —48 32 2016
C0S,-M0S,/CNTs Glassy carbon 0.5 M H,SO, -70 —180¢l —67 33 2016
Ni,P/MoS, Glassy carbon 0.5 M H,SO, -75 —1900 -76 34 2016
MoS,-W3 Glassy carbon 0.5 M H,SO,4 -200 -260 -45.1 35 2016
Co-FL-MoS,/NG Glassy carbon 0.5 M H,SO,4 -90 —1750l -59 36 2016
MoSSe@rGO Glassy carbon 0.5 M H,SO, - -153 -51 37 2016
Ni-MoS, Glassy carbon 0.5 M H,SO, —200 305!l —47 38 2016
P-1T-MoS, Glassy carbon 0.5 M H,SO, - —-153 —43 39 2016
0O-MoS,/rGO Glassy carbon 0.5 M H,SO,4 -100 - -40 40 2016
MoS,/N-RGO-180 Glassy carbon 0.5 M H,SO,4 -5 -56 -41.3 41 2016
CoMoS; Glassy carbon 0.5 M H,SO,4 -112 -171 -56.9 42 2016
CoMoS-2-C Glassy carbon 0.5 M H,SO,4 -90 -135 -50 43 2015
MoS,/CoSe, Glassy carbon 0.5 M H,SO, -11 —68 -36 44 2015
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MoS, composite (NMP)
H-MoS,
C0ySs@MoS,/CNFs
[Mo2S ]2

Se-doped MoS,
IF-Re;Mo1,S;
Pt-MoS,

CoS,@MoS,

ET&IE MoS,

NG-Mo

MoS, QDs
MWCNTs@Cu@MoS,
MoS,-NCNT

MoP|S

MoS; film

1L MoS,@NPG
0O-MoS; (S 180)
1T-MoS;

MoS,/RGO

Glassy carbon
Glassy carbon
Glassy carbon
Glassy carbon
Glassy carbon
Glassy carbon
Glassy carbon
Ti foil

Glassy carbon
Graphene film
Glassy carbon
Glassy carbon
Glassy carbon
Ti foil

Ti foil
Nanoporous Au
Glassy carbon
Glassy carbon

Glassy carbon

0.5 M H;SO4
0.5 M H,SO,
0.5 M H;SO,
0.5 M H,SO4
0.5 M H,SO4
0.5 M H;SO4
0.1 M H;SO4
0.5 M H,SO,
0.5 M H;SO,
0.1 M H,SO4
0.5 M H,SO4
0.5 M H;SO4
0.5 M H;SO4
0.5 M H,SO,
0.5 M H;SO,
0.5 M H,SO4
0.5 M H,SO,
0.5 M H;SO4

0.5 M H;SO4

—44

—-103

-210

—146

—-150

-118

-120

~25001

-167

-190

-161

2808

-250

—1408l

-110.5

—149

-140.6

~3008!

-184

-110

-64

—226

—180%!

-187

~15001

-57.3

-49

-105

—43

—41

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

2014

2014

2014

2014

2013

2013

2011

@l Values estimated from polarization curves found in corresponding Ref.
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4. Supplementary Notes

Supplementary Note 1. Definition of overpotential and Tafel slope

According to classic electrochemistry books,®%* the overpotential (n) is defined as the
difference between the actual applied potential (E) and the reversible potential (E,) of the
reaction:

n=E-E

For the HER, E, is 0 V vs. RHE. As a result, HER 1 equals to the actual applied potential E,
which is always a negative quantity. Moreover, according to the Tafel equation (n =a + b-log]|
7 1), the HER Tafel slope b determined from the Tafel plot (n vs. log| j |) should also be negative.
Note that presenting the data in this way is consistent with electrochemistry conventions.
Note that much of the literature have not paid attention to the definitions and reported HER n
and Tafel slope in absolute values. To practice correct notations, the electrochemistry research

community should adopt the strict attitude towards electrochemical quantities.

Supplementary Note 2. Double-layer capacitance, roughness factor, and intrinsic alkaline

HER activity

Sample Cgq (mF cm™2)l R j@-0.05V vs. RHE Jspecific @ —0.05 V vs. RHE

(mA cm™) (A cm™2)le]

RUMoS,/CP 25 4167 -31.98 —76.75

Ru/CP 71.6 1193.3 -19.22 -16.11

MoS,/CP 20.6 343.3 -1.93 -5.62

Y Ua = Jo)
N . : A= 5 T T o , ,

[al Cy4 is estimated by applying the equation: 2 2:v 65 where j, and j. are the

anodic and cathodic current density, respectively, recorded at a potential of +0.20 V vs. RHE,
and v is the scan rate (Fig. S7).

[b] According to the Ref. 66, an ideal plane electrode has a Cg of 60 uF cm™2, and Ry can be

Cdl
R,= — x 1000
calculated using the equation: 60 .
. _ ]
J specific — R_
[ According to the Ref. 67 and 68, jpecific 1S calculated by the equation: f, where

Jj 1s the HER current density at a potential of —-0.05 V vs. RHE.

Supplementary Note 3. C4 measured by EIS
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The parameters (i.e., R, R, Yo, and n) from the EIS measurement using the applied equivalent
circuit can be used to calculate Cg according to the following equation:63-63-70
1

1 1 >
Cy=[Yo(—+ —) D
0= oG+ ")

ct
As shown in the below table, the Cg4 values estimated by EIS match well with those obtained

from the scan rate-dependent CVs (within an error range of +=10%).

Sample Rs (Q cm™?) R. (Q cm™2) Yo (MF s™' cm™2) n Cq (mF cm™2)
Ru/MoS,/CP 2.548 12.87 14.568 0.852 26.45
Ru/CP 2.436 13.54 35.408 0.846 77.34
MoS,/CP 2.601 36.36 10.956 0.844 20.09

Supplementary Note 4. HER mechanism and Tafel slope
Regarding the HER mechanism, two possible reaction pathways have been proposed.”’’? (i)
The first step is to form electrochemically adsorbed hydrogen (H,g4s, Volmer reaction):
H*" + e~ & H,q (in acidic solution)
H,0 + ¢~ = H,yqs + OH™ (in alkaline solution)
p=_""""" 2:303-RT ~—120mV dec™ !
B-F

where R is the ideal gas constant, T is the absolute temperature, = 0.5 is the symmetry
coefficient, and F is the Faraday constant.
A different reaction step in the next pathway leads to a different HER mechanism. To be
specific, (i) the formed H,4 undergoes an electrochemical desorption step (Heyrovsky
reaction):
H.4s + H + ¢ & H; (in acidic solution)
H.q4s + H,O + ¢~ = H, + OH™ (in alkaline solution)
p=_—"""" 2303-RT ~— 40 mV dec™ !

1+ p)-F
or a recombination step (Tafel reaction)

H.gs + Hags = H» (in both acidic and alkaline solutions)
-2.303:R-T _1
b= ——— =-30mV dec
2:-F
For Ru/MoS,/CP in this work, its Tafel slope in 1.0 M KOH was found to be =60 mV dec™!.

In fact, a Tafel slope of about —60 mV dec™! is commonly observed on Ru-based HER
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catalysts.”>"78 It can be explained by a formal kinetics approach in two cases: (i) the Heyrovsky
mechanism is operative and the adsorption of the reaction intermediate H,qs proceeds under
Temkin conditions in the range of intermediate surface coverages 0.2 < 0 < 0.8;7779 (ii) the
mechanism involves a surface chemical rearrangement step Ha.4s(A) — H,qs(B) as the rate-
determining step (RDS), which features the surface sites A and B having different energy
levels.%87578.79 The latter case supports the proposed hypothesis on the synergy between Ru

and MoS,. Accordingly, the following HER mechanism is predicted:

H,0 + e = Hyg(Ru) + OH- (1)
Hags(Ru) — H,gs(Mo) (2)
Hads(MO) + Hads(MO) = H2 (3)

If Step 2 representing the surface diffusion of H,4s from the Ru sites to the nearby unsaturated
Mo atoms of MoS; is the RDS, the overall reaction rate is equal to:
—j =2-F-ky-0(Ru) (1 — 6(MoS,)) 4)
where ky; is the rate constant of step i in the forward (+) or backward (—) direction and 0 the
fractional occupancy of H-adsorption sites on Ru or MoS,. If we assume that the Volmer step
(Step 1) preceding the RDS is in quasi-equilibrium at low overpotentials, we obtain the
following equation:

B FE (1-B)FE

kl'(l-H(Ru))-e_ RT = k_-c(OH )-0(Ru)-e FT “

where B is the symmetry factor. Since 6(Ru) is close to 0 at low overpotentials, it can be

approximated that (1-6(Ru)) — 1. In that case from Eq. 5, we obtain:

ky 1 —%
0(Ru) = —— e
kic(oH™)
(6)
Now, by replacing 6(Ru) in the rate law of the total reaction (Eq. 4), we get:
FE
k 1 -—
-j= 2Fk2k_1—_e R-T
-1 C(OH ) (7)
For T =298 K, the Tafel slope is:
2.303-R-T _1
b= _T: - 60mV dec

®)
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Given that the theoretical Tafel slope is identical to the observed one on Ru/MoS,/CP (—60 mV
dec™), such a result further supports the interfacial synergy between Ru and MoS, towards
improve alkaline HER kinetics.
Notably, the aforementioned mechanism could apply to Ru/MoS,/CP only at low
overpotentials when 6 — 0 (at overpotentials lower than —25 mV according to Fig. 3b). At
higher overpotentials, i.e. at higher current densities, where 6 — 1, the reaction pathway
involving Step 2 as the RDS reaches a reaction limiting current density,” and H desorption
from the Ru sites dominantly proceeds through the Heyrovsky step:
Hags(Ru) + H,O + e~ =H, + OH- 9)
Under such conditions, the overall reaction rate is then given by:

By FE

—j=2Fkye FT

(10)
For T =298 K, assuming ; = 0.5, the theoretical Tafel slope is:
2.303-R-T _1
= -——— = -120mV dec
B1F (11)

To this end, we also calculated the Tafel slope of Ru/MoS,/CP at higher overpotentials, as
presented in Fig. S12. A Tafel slope of =122 mV dec™! is observed on Ru/MoS,/CP at high
overpotentials, which is also consistent with the theoretically calculated slope. All these results

further demonstrate the proposed alkaline HER mechanism on Ru/MoS,/CP.

5. Supplementary Movie

Movie S1. The self-supported Ru/MoS,/CP electrode is directly employed as the working
electrode in a typical three-electrode cell setup using 1.0 M KOH as the electrolyte. H, bubbles
are visibly observed on the Ru/MoS,/CP electrode at an overpotential of —15 mV. When the
overpotential increases from —15 to —100 mV, the evolution rate of H, bubbles increases
significantly, and the generated bubbles release quickly without obvious adherence on the
electrode. No visible peeling of the active material from the electrode can be observed,

reflecting remarkable structural robustness of the as-synthesized electrode.
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Chapter 4. Free-Standing Single-Crystalline NiFe-Hydroxide
Nanoflake Arrays: A Self-Activated and Robust Electrocatalyst

for Oxygen Evolution

4.1 Introduction and Significance

NiFe-based materials, especially NiFe-hydroxide, have stimulated great interest in
electrocatalysis, due to their appealing OER activity as a class of earth-abundant and noble-
metal-free electrocatalysts. However, conventional powdery NiFe-hydroxide catalysts with
inferior structural properties suffer from low conductivity and poor stability, which is
detrimental for practical applications. In this chapter, a strategy comprising the construction
of self-supported single-crystalline nanoarrays is proposed to address these issues. Due to its
advantageous electrode configuration and unique electronic structure, the developed Fe-
Ni(OH)2/NF electrode achieves superior activity and excellent stability towards the OER,

making it attractive substitute of expensive IrO> catalysts. The highlights in this study include:

1. A simple dissolution-precipitation hydrothermal process was developed to produce single-
crystalline Fe-Ni(OH). nanoflake arrays grown vertically on nickel foam (Fe-Ni(OH)2/NF),
leading to a self-supported electrode with rational configuration that bypassed disadvantages
associated with powder catalysts (e.g., elaborate electrode preparation, high contact
resistance, and exfoliation off of substrates).

2. The as-obtained Fe-Ni(OH)2/NF exhibited higher OER activity and more favourable
Kinetics than benchmark IrO2/NF, and many recently reported OER electrocatalysts under
alkaline electrolyte. More impressively, it shows significant stability and further enhanced
activity during long-term operation, affording 10 mA cm™ at a decreased overpotential from
267 mV to 235 mV after 75 h cycling.

3. The outstanding electrochemical performance was correlated to several aspects: (i)
increased intrinsic OER activity related to the strong electronic interaction between Fe** and
Ni2* species; (ii) enhanced electrical conductivity for rapid charge transport; (iii) improved
mass transfer and bubble release due to the vertically aligned nanoflake arrays; (iv) chemical
stability and structural robustness originating from the single-crystalline structure as well as

the self-supported electrode configuration.
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4.2 Free-Standing Single-Crystalline NiFe-Hydroxide Nanoflake Arrays: A Self-

Activated and Robust Electrocatalyst for Oxygen Evolution

This chapter is included as it appears as a journal paper published by Jinlong Liu, Yao
Zheng, Zhenyu Wang, Zhouguang Lu, Anthony Vasileff, and Shi-Zhang Qiao, Free-Standing
Single-Crystalline NiFe-Hydroxide Nanoflake Arrays: A Self-Activated and Robust
Electrocatalyst for Oxygen Evolution, Chemical Communications, 2018, 54, 463-466.


KevinUoA
打字機
111


Statement of Authorship

Title of Paper

Free-standing single-crystalline NiFe-hydroxide nanoflake arrays: a self-activated and robust
electrocatalyst for oxygen evolution

Publication Status

¥ Published [ Accepted for Publication

Unpublished and Unsubmitted w ork w ritten in

|- Submitted for Publication manuscript style

Publication Details

Jinlong Liu, Yao Zheng, Zhenyu Wang, Zhouguang Lu, Anthony Vasileff and Shi-Zhang Qiao,
Free-standing single-crystalline NiFe-hydroxide nanoflake arrays: a self-activated and robust
electrocatalyst for oxygen evolution, Chemical Communications, 2018, 54, 463—466.

Principal Author

Name of Principal Author (Candidate)

Jinlong Liu

Contribution to the Paper

Research plan, material synthesis, most of the characterizations and data analysis,
electrochemical measurements, and manuscript drafting.

Overall percentage (%)

Certification:

This paper reports on original research | conducted during the period of my Higher Degree by
Research candidature and is not subject to any obligations or contractual agreements with a
third party that would constrain its inclusion in this thesis. | am the primary author of this paper.

Signature

Date

4-/02/ 2018

Co-Author Contributions

By signing the Statement of Authorship, each author certifies that:

i the candidate’s stated contribution to the publication is accurate (as detailed above);

ii. permission is granted for the candidate in include the publication in the thesis; and

iii. the sum of all co-author contributions is equal to 100% less the candidate’s stated contribution.

Name of Co-Author

Yao Zheng

Contribution to the Paper

Discussion of research plan, data analysis, and manuscript revision.

. -~ N )
Signature Date 5 e b 2c¢ | X
Name of Co-Author Zhenyu Wang

Contribution to the Paper Assistance with TEM characterization.

Signature Date 4‘ Fbé 7/"/ i



KevinUoA
戳记

KevinUoA
戳记

KevinUoA
戳记


Name of Co-Author

Zhouguang Lu

Contribution to the Paper

Assistance with TEM characterization.

Signature

Date F&é 5 5 1/9/57

Name of Co-Author

Anthony Vasileff

Contribution to the Paper

Assistance with manuscript editing and polishing.

Signature

Date 05,/0 z/ 201%

Name of Co-Author

Shi-Zhang Qiao

Contribution to the Paper

Supervision of the work, data interpretation, and manuscript evaluation.

Signature

Date IJ'/D 2/20 15



KevinUoA
戳记

KevinUoA
戳记

KevinUoA
戳記


ChemComm

W) Check for updates ‘

Cite this: Chem. Commun., 2018,
54, 463

Received 17th November 2017,

Accepted 8th December 2017
*aC

and Shi-Zhang Qiao
DOI: 10.1039/c7cc08843d

rsc.li/chemcomm

Free-standing single-crystalline NiFe-hydroxide nanoflake arrays
grown in situ on nickel foam are synthesized using a simple hydro-
thermal method and they exhibit remarkable activity and durability
for oxygen evolution in 1.0 M KOH, achieving a decreased over-
potential of 235 mV to produce 10 mA cm2 current density after
long-term operation up to 100 h.

Water electrolysis, especially using electricity derived from renew-
able sources (e.g., sunlight, wind, and tides), is being pursued as
one of the most promising technologies towards sustainable
development.' In order to improve the reaction rate and energy
conversion efficiency, electrocatalysts for the anodic oxygen evolu-
tion reaction (OER) and the cathodic hydrogen evolution reaction
(HER) are critical.'"™ In particular, the overall rate is heavily
dependent on the OER catalyst, due to the sluggish kinetics and
complex reaction pathway of the OER.*” Currently, state-of-the-art
OER catalysts are based on scarce and expensive precious metals
(e.g., RuO, and Ir0,).>° Despite the prominent OER activities, they
generally suffer from short lifetimes due to dissolution into the
electrolyte under oxidizing potentials.>”® Therefore, it is highly
desirable to develop earth-abundant, efficient, and robust OER
catalysts for water splitting.”>°

Since the discovery of the induced effects that Fe impurities
have on catalysing the OER in Ni-based alkaline batteries, NiFe-
based materials have stimulated great interest in water oxidation
over the past few decades.*'*"? Specifically, NiFe-hydroxide, ie.,
Ni-Fe layered double hydroxide (LDH), materials are found to be
ideal OER electrocatalysts amongst all noble-metal-free alterna-
tives, owing to their high abundance and significant activity."'*"?
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Their biggest disadvantage, however, is their poor electrical
conductivity.'* In general, conductive carbon nanomaterials, such
as carbon nanotubes (CNTs) and reduced graphene oxide (rGO),
have been hybridized with two-dimensional (2D) NiFe-hydroxide
nanosheets to overcome this issue."*'> For instance, Gong and
co-workers reported a NiFe-LDH nanoplate/CNT complex as an
advanced OER electrocatalyst."* Recently, Ma et al. fabricated a
hetero-assembly composed of exfoliated Ni-Fe LDH nanosheets
and rGO, which exhibited significantly enhanced OER perfor-
mance compared to bare Ni-Fe LDH nanosheets.'> Although these
nanocomposites afforded improved OER activity and conductivity,
they exhibited unsatisfactory long-term stability, evidenced by the
gradual increase in overpotential during prolonged operation.
Corrosion of the carbon (C + 2H,0 — CO, + 4H' + 4e,
E° =0.207 V versus reversible hydrogen electrode (vs. RHE)) under
the harsh potential conditions might be responsible for the aggra-
vated performance attenuation.”'® Additionally, by loading the
powdery catalysts on nickel foam (NF) to prepare the working
electrode, increased overpotentials are required. This can be attrib-
uted to higher contact resistance and inferior structural properties.
Therefore, addressing the issues of poor intrinsic conductivity and
stability of NiFe-hydroxide materials remains a fundamental
challenge in designing better OER electrocatalysts.

Herein, we propose a versatile strategy to resolve the afore-
mentioned issues by constructing single-crystalline NiFe-hydroxide
nanoflake arrays vertically grown on NF (Fe-Ni(OH),/NF) as a self-
supported OER electrocatalyst. The following advantages are pre-
dicted for an electrode developed in this way: (1) the self-supported
catalyst can be directly used as an OER working electrode, avoiding
the undesired issues involved with powder catalysts, such as
elaborate electrode preparation, the use of a binder and a carbon
support, high contact resistance, and exfoliation off of the substrate;
(2) the in situ growth of NiFe-hydroxide nanoflakes on NF, using NF
as the Ni source, results in a robust structure and facilitates rapid
electron transfer between the substrate and the active material;
(3) the single-crystalline NiFe-hydroxide nanoflakes contribute to
electrode durability due to their rigid and defect-free structure; and
(4) the well-aligned nanoflake arrays with vertical orientation allow

112


http://orcid.org/0000-0003-3769-9356
http://orcid.org/0000-0003-1945-7740
http://orcid.org/0000-0002-4568-8422
http://crossmark.crossref.org/dialog/?doi=10.1039/c7cc08843d&domain=pdf&date_stamp=2017-12-14
http://rsc.li/chemcomm
http://dx.doi.org/10.1039/C7CC08843D
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC054005
KevinUoA
戳記

KevinUoA
打字機
112

KevinUoA
戳記


Communication

for full contact between active sites and the electrolyte, and promote
mass transfer and bubble release. For NiFe-hydroxide, significant
effort has been devoted to achieving high activity through creating
various defects or by reducing the primary particle size for greater
exposure of active sites."”'” However, very few studies focus on
balancing high activity with good stability (crystallinity), as catalytic
activity is often enhanced at the expense of structural stability.'® In
this regard, this is the first report on well-defined single-crystalline
NiFe-hydroxide for the OER. Benefitting from the above advantages,
the as-designed Fe-Ni(OH),/NF electrode can efficiently catalyse the
OER with low overpotential and significant long-term durability,
even outperforming the benchmark IrO, OER catalyst. The
developed strategy in this work provides a foundation for
designing active and robust OER electrocatalysts for practical
alkaline water electrocatalysis.

As illustrated in Fig. 1a, single-crystalline Fe-Ni(OH),/NF nano-
flake arrays were grown on NF viag a simple hydrothermal method
using NF as both the substrate and the Ni source. According
to Tian et al,' the growth of the nanoflake arrays follows a
dissolution-precipitation mechanism, whereby the HCI etches
the NF surface, forming Ni*>* ions. Once the HCl is consumed,
the generated Ni*" ions co-precipitate in situ with the Fe*" ions

(@)

Hydrothermal
HCI, FeCl,

Fig.1 (a) Schematic illustration of the synthesis of Fe—Ni(OH),/NF.
(b) SEM image of Fe—Ni(OH), nanoflakes grown on NF. Inset: Magnified
SEM image of Fe—Ni(OH), nanoflakes. (c) TEM image of a single Fe—Ni(OH),
nanoflake. Inset: Corresponding SAED pattern. (d) HRTEM image of a single
Fe—Ni(OH), nanoflake. Inset: Corresponding FFT pattern. (€) HADDF-STEM
image of a single Fe—Ni(OH), nanoflake and elemental mapping of the
selected area (red).
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to form robust and well-aligned arrays of single-crystalline
Fe-Ni(OH), on the NF. For comparison, single-crystalline Ni(OH),
nanoflake arrays on NF (Ni(OH),/NF) were fabricated using the
same procedure, but in the absence of FeCl,.

The X-ray diffraction (XRD) patterns of Fe-Ni(OH),/NF and
Ni(OH),/NF (Fig. S1, ESIt) are almost identical, and can be indexed
to the hexagonal Ni(OH), (JCPDS Card No. 03-0177) and cubic Ni
(JCPDS Card No. 04-0850). Therefore, the presence of the Fe
precursor has no significant influence on the crystal structure and
phase purity of the final product. The morphology of the as-obtained
samples was first characterized using scanning electron microscopy
(SEM). As shown in Fig. 1b, the surface of the NF is completely
covered with vertically aligned Fe-Ni(OH), nanoflake arrays. A close
observation using transmission electron microscopy (TEM) shows
that the Fe-Ni(OH), nanoflake is a perfect single crystal with a
hexagonal phase, demonstrated by the 120° dihedral angle and the
corresponding selected area electron diffraction (SAED) spots
(Fig. 1c). Meanwhile, it can be seen that the hexagonal side length
of the Fe-Ni(OH), nanoflakes is about 1.5 pm, while the thickness is
about 100 nm (Fig. S2a, ESIt). High-resolution TEM (HRTEM) was
also performed to investigate the detailed crystal structure of a single
Fe-Ni(OH), nanoflake. In Fig. 1d, the distinct and consecutive lattice
fringes with an interplanar spacing of 0.27 nm correspond well to
the d-spacing of the (100) and (010) planes of hexagonal Ni(OH),. No
obvious crystal defects can be observed, suggesting a perfect crystal
structure. The corresponding fast Fourier transform (FFT) pattern is
consistent with the SAED result, further confirming the single
crystalline nature of the resultant Fe-Ni(OH), nanoflake. High-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and energy dispersive spectroscopy (EDS) elemental
analyses reveal the presence of O, Fe, and Ni, as well as their uniform
distribution throughout the Fe-Ni(OH), nanoflake (Fig. le and
Fig. S2b, ESIt). Likewise, Ni(OH),/NF shows a similar morphology
and single-crystalline structure to Fe-Ni(OH),/NF (Fig. S3, ESIt). This
is due to their identical growth mechanism.

Xray photoelectron spectroscopy (XPS) measurements were
carried out to probe the surface element content and chemical
valence states. As depicted in Fig. S4a (ESIt), the wide survey XPS
spectrum of Fe-Ni(OH),/NF shows the presence of O, Fe, and Ni
near the surface, in accordance with the EDS result. Quantitative
analysis indicates that the surface composition of O, Fe, and Ni is
74.64, 22.72, and 2.64 at%, respectively. The deconvoluted Fe 2p
region for Fe-Ni(OH),/NF (Fig. S4b, ESIt) exhibits two main peaks,
namely Fe 2ps, (712.5 eV) and Fe 2p,, (724.6 eV), together with a
satellite peak (718.9 €V), implying the +3 oxidation state of the Fe
species.”” In Fig. S4c (ESIT), the Ni 2p region of both Fe-Ni(OH),/NF
and Ni(OH),/NF is fitted to five peaks: Ni° (852.9 V) emanating from
the underlying NF substrate (Fig. S5, ESIt), two spin-orbit doublets
(Ni 2ps;, and Ni 2p,,), and the corresponding shakeup satellites,
indicating the presence of Ni** in the materials.”* > In contrast, the
Ni 2ps, and Ni 2p,, peaks in Fe-Ni(OH),/NF shift to a higher
binding energy by ~0.4 €V, which is indicative of electron transfer
from the Ni d band to the Fe d band, demonstrating a strong
interaction between the Fe*" and Ni** species. In the O 1s region
(Fig. S4d, ESIt), the peaks located at 529.1, 530.4, and 532.1 eV can
be assigned to Fe-O, Ni-O, and adsorbed water, respectively.
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The positive shift of the Ni-O peak in Fe-Ni(OH),/NF also provides
evidence of the electronic interaction. It is very likely that such
electronic interaction could increase charge transfer and improve
the OER activity of Fe-Ni(OH),/NF.

The electrocatalytic properties of the single-crystalline
Fe-Ni(OH),/NF towards OER were evaluated in 1.0 M KOH using a
three-electrode cell, and compared with the IrO,/NF benchmark and
control samples (i.e., Ni(OH),/NF and bare NF). Fig. 2a presents their
linear sweep voltammetry (LSV) curves at a very slow scan rate of
1 mV s ' to minimize capacitance behaviour. A characteristic
oxidation peak, originating from Ni(OH), to NiOOH,">** is observed
in the potential range of 1.4-1.47 V vs. RHE for both Fe-Ni(OH),/NF
and Ni(OH),/NF. It is widely acknowledged that the potential-
induced NiOOH is the active species for the OER.">?** Interestingly,
cyclic voltammetry (CV) curves at different scan rates show that the
oxidation is reversible (Fig. S6, ESIt). Based on previous studies, the
asymmetric and broadened oxidation peak in the CV curves contains
two processes, namely transformation from o-Ni(OH), to y-NiOOH
and B-Ni(OH), to B-NiOOH,* which can be verified by the two
separated reduction peaks on the reverse sweep. It is interesting to
note that the redox transformation between Ni(OH), and NiOOH is
relatively more reversible for Fe-Ni(OH),/NF with smaller polariza-
tion, suggesting easier formation of active NiOOH species. As a
result, Fe-Ni(OH),/NF exhibits a much smaller onset overpotential
than IrO,/NF, Ni(OH),/NF, and NF, indicating excellent electrocata-
lytic activity for the OER. As can be seen from the inset in Fig. 2a,
Fe-Ni(OH),/NF requires only an overpotential of 267 mV to achieve a
current density of 10 mA cm ™2, which is about 50, 60, and 112 mV
smaller than those of IrO,/NF, Ni(OH),/NF, and NF, respec-
tively. More importantly, the Tafel slope of Fe-Ni(OH),/NF is
51.5 mV dec ', whereas IrO,/NF, Ni(OH),/NF, and NF show Tafel
slopes of 52.6, 61.4, and 66.3 mV dec ', respectively (Fig. 2b),
suggesting more favourable OER kinetics on Fe-Ni(OH),/NF. Note
that both the overpotential and Tafel slope of the as-designed
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Fig. 2 (a) OER polarization curves of Fe—Ni(OH),/NF, IrO,/NF, Ni(OH),/NF,
and NF with a scan rate of 1mV s in 1.0 M KOH. Inset: Magnified polarization
curves. (b) Corresponding OER Tafel plots. (c) Comparison of jepecific at 1.53 V
vs. RHE and Ry for Fe—Ni(OH),/NF, Ni(OH),/NF, and NF. (d) Nyquist plots of
various samples, along with fitted curves represented by solid lines. Inset: The
equivalent circuit.
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Fe-Ni(OH),/NF are also superior to many recently reported OER
electrocatalysts (Table S1, ESIT).

To get more insight into the intrinsic OER activity of the single-
crystalline Fe-Ni(OH), nanoflake arrays, it is necessary to decouple
the contribution of the increased active surface area to the improve-
ment in activity. As an effective approach to estimate the electro-
chemically active surface area, the double-layer capacitance (Cyqj) of
Fe-Ni(OH),/NF, Ni(OH),/NF, and the NF electrode was determined
via CV measurements prior to self-oxidation and OER (in the poten-
tial window of 0.85-0.9 V vs. RHE without apparent Faradaic pro-
cesses). As given in Fig. S7 (ESIT), the average Cy values calculated
from the scan-rate dependent CVs are 712, 757, and 453.6 pF cm >
for the Fe-Ni(OH),/NF, Ni(OH),/NF, and NF, respectively. Given that
a smooth electrode surface has a Cg value of 60 pF cm 2> the
relative roughness factor (Ry) of each electrode is thereby estimated to
be 11.87, 12.62, and 7.56, respectively. The specific OER current
density (Jspecific) (Fig- 2¢) can then be obtained by dividing the OER
current density at 1.53 V vs. RHE by the corresponding Ry. The jopeciic
value of Fe-Ni(OH),/NF is about 14.1 and 126.5 times higher than
those of Ni(OH),/NF and NF, respectively (Table S2, ESIt). This
evidence shows that the intrinsic OER activity of Fe-Ni(OH),/NF is
significantly greater than those of Ni(OH),/NF and NF. Viewing the
binding energy shift in the Ni 2p region, the higher intrinsic OER
activity is likely related to the strong electronic interaction between
Fe®* and Ni** in Fe-Ni(OH),/NF. As discussed above, the advanta-
geous electrode configuration and unique electronic interaction of
Fe-Ni(OH),/NF are predicted to facilitate charge transfer. In the
electrochemical impedance spectra of various samples, Fe-Ni(OH),/
NF shows the smallest charge transfer resistance (R, Fig. 2d), which
may be the main reason for its enhanced OER activity.

From the prospective of practical application, long-term stability
is of paramount importance for an electrocatalyst, yet only a few
studies have investigated prolonged operation up to 100 h. To this
end, the operational durability of Fe-Ni(OH),/NF was tested under
different overpotentials at 25 h intervals, as shown in Fig. 3a.
Remarkably, throughout each 25 h interval, an extremely stable
current density of 10, 50, and 100 mA cm™ > is achieved at an over-
potential of 267, 276, and 288 mV, respectively. More interestingly,
after long-term operation at high current densities, a dramatically
decreased overpotential of 235 mV is required for Fe-Ni(OH),/NF
to afford a constant 10 mA em > current density, suggesting the
occurrence of self-activation during the prolonged stability test.
When comparing the OER polarization curves of Fe-Ni(OH),/NF
before and after each interval (Fig. 3b-e), it is noted that the
oxidation peak assigned to the Ni(OH),/NiOOH transition increases
continuously during the first three intervals. This either indicates the
formation of more active NiOOH species or the oxidation into deeper
layers of single-crystalline Fe-Ni(OH), nanoflakes at a very slow rate,
finally reaching a limit, which agrees with previous studies.">*>
Consequently, it is safe to conclude that the accumulated active
NiOOH species during long-term operation leads to further
improved OER activity. All these results strongly demonstrate that
the developed strategy for constructing self-supported single-
crystalline nanoflake arrays is successful in balancing high activity
and excellent durability, making the as-synthesized Fe-Ni(OH),/
NF very attractive for practical use.
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Fig. 3 (a) Current—time chronoamperometric curves of Fe—Ni(OH),/NF

in 1.0 M KOH at overpotentials of 267, 276, 288, and 235 mV during 25 h
intervals. (b—e) OER polarization curves of Fe—Ni(OH),/NF recorded before
and after each step at a scan rate of 1 mV s%.

Some other important factors, including chemical stability and
structural robustness of Fe-Ni(OH),/NF, were also taken into account
in order to demonstrate its potential as a high-performance OER
catalyst. Accordingly, the electrolyte was collected during the long-
term stability test before and after each interval, and analysed using
inductively coupled plasma mass spectrometry (ICP-MS). Surpris-
ingly, no signals for Ni**/Ni** and Fe*" were detected throughout the
whole test, that is, the concentration of both Ni and Fe ions was
below the detection limit of ICP-MS (<1 ppb). Hence, Fe-Ni(OH),/
NF demonstrates extraordinary chemical stability without dissolu-
tion, even under harsh oxidizing potential conditions. It may also be
that any dissolved Ni*/Ni** and Fe*" could re-precipitate on the
single crystal surface with readily available OH™ and undergo
dynamic surface reconstruction.”® XPS results after long-term opera-
tion also demonstrated the excellent chemical stability of Fe-
Ni(OH),/NF (Fig. S8, ESIf). In addition, as shown in the SEM images
of Fe-Ni(OH),/NF after long-term OER electrolysis (Fig. S9, ESIt), the
well-aligned nanoflake arrays were well preserved, implying strong
structural durability. All these features are closely correlated with the
single-crystalline nature of the Fe-Ni(OH), nanoflakes as well as
their self-supported and robust electrode configuration.

In summary, a simple hydrothermal method was developed to
realize the in situ growth of single-crystalline Fe-Ni(OH), nanoflake
arrays. As a self-supported electrode, Fe-Ni(OH),/NF can efficiently
catalyse the OER under alkaline electrolyte conditions with higher
catalytic activity and more favourable kinetics, outperforming the
benchmark IrO,/NF as well as the control catalysts (i.e., Ni(OH),/NF
and NF). Moreover, it exhibits high stability and enhanced activity
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during long-term operation. The outstanding electrochemical per-
formance can be attributed to the single-crystalline Fe-Ni(OH),
nanoflakes and the advantageous electrode configuration, affording
great potential for practical applications in water electrolysis. It is
believed that the proposed strategy in this work may inspire the
development of other free-standing single-crystalline nanoarrays as
high-performance electrocatalysts for a diverse range of energy-
conversion reactions, such as the hydrogen evolution reaction,
oxygen reduction reaction, CO, reduction, and so on.
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I. Experimental Section

1.1 Materials

Nickel foam (NF, thickness 1.6 mm, bulk density 0.45 g cm™3), iron (III) chloride hexahydrate
(FeCl;-6H,0), hydrochloric acid (HCI, 37%), iridium (IV) oxide (IrO,), and potassium
hydroxide (KOH) were purchased from Sigma-Aldrich and used without further purification.
The water used in all experiments was ultra-pure water (18.2 MQ-cm) produced using a

PURELAB Option-Q purification system.

1.2 Synthesis of Electrocatalysts

Preparation of Fe-Ni(OH) yNF: Single-crystalline Fe-Ni(OH), nanoflake arrays were grown
in situ under hydrothermal conditions. Typically, a piece of NF (1 cm x 4.5 cm) was pre-
cleaned in 3 M HCI and ethanol under sonication, and then rinsed with water. To prepare the
precursor solution, 0.5 mL of FeCl;-6H,O (2mg mL™") and 42 pL of HCI1 (3 M) were added
into 40 mL of water and stirred for 30 min. The solution was then transferred into a 50 mL
Teflon-lined stainless steel autoclave, and the pre-cleaned NF was immersed into the reaction
solution. The autoclave was then sealed for hydrothermal reaction at 180 °C for 6 h. The final
product was collected and rinsed with water and ethanol several times, and dried in a vacuum

oven at 50 °C for 12 h.

Preparation of Ni(OH)yNF: To prepare Ni(OH),/NF, the same hydrothermal procedure for
the preparation of Fe-Ni(OH),/NF was also used but with the absence of FeCl; in the reaction

solution.

Preparation of IrO/NF: 10 mg of IrO, was dispersed in 2 mL of ethanol containing 0.15 wt. %
of Nafion under sonication for 1 h. 400 pL of the dispersion was loaded onto a piece of pre-

cleaned NF (1 cm % 1 cm) and dried using an infrared lamp to obtain the IrO,/NF electrode.

1.3 Characterizations

X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance powder
diffractometer with Cu Ka radiation (A = 1.540598 A). The morphology and crystal structure
of the samples were studied using a QUANTA 450 field emission scanning electron

microscope and a Tecnai G? F30 scanning transmission electron microscope (S/TEM) with
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high-angle annular dark-field (HADDF) detector. X-ray photoelectron spectroscopy (XPS)
measurements were performed on an ESCALab250 XPS spectrometer. An Agilent 8900 triple
quadrupole inductively coupled plasma mass spectrometer (ICP-MS) was used to analyze the

trace amounts of Ni and Fe ions in the electrolyte during the long-term stability test.

1.4 Electrochemical Measurements

Electrochemical measurements were performed on a 760D electrochemical workstation (CH
Instruments, Inc., USA) using a standard three-electrode glass cell (Pine Research Instruments,
USA) with an Ag/AgCl (4 M KCl) electrode as the reference electrode, a carbon rod as the
counter electrode, and 1.0 M KOH aqueous solution as the electrolyte. 1 cm x 1 cm Fe-
Ni(OH),/NF, IrO,/NF, Ni(OH),/NF and bare NF were investigated as the working electrode.
All potentials were referenced to the reversible hydrogen electrode (RHE) using the following
equation: E(RHE) = E(Ag/AgCl) + 0.205 + 0.059 x pH. Prior to all measurements, the
electrolyte was purged with N, for 30 mins to remove dissolved O,. The linear sweep
voltammetry (LSV) curves were collected at a scan rate of 1 mV s™!. Electrochemical
impedance spectroscopy (EIS) was recorded in the frequency range of 0.1 Hz to 100 kHz with
an amplitude of 5 mV. The Cy of the various samples was measured using CV technique in a
small potential range of 0.85—0.90 V vs. RHE. The long-term stability test was evaluated using
a chronoamperometric method. All electrochemical measurements were carried out at ambient

temperature, and all data were corrected for the iR contribution within the cell.
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I1. Supplementary Figures and Tables
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Fig. S1 XRD patterns of Fe-Ni(OH),/NF, Ni(OH),/NF, and bare NF, along with standard XRD
patterns of Ni(OH), and Ni for reference.
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Fig. S2 (a) TEM cross-sectional view of an individual Fe-Ni(OH), nanoflake showing a
thickness of ~100 nm. (b) EDX spectrum of the Fe-Ni(OH), nanoflakes from the TEM image.
The signals for C and Cu originate from the TEM grid.
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Fig. S3 (a,b) SEM images of Ni(OH),/NF. (c) TEM image of an individual Ni(OH), nanoflake.

Inset: corresponding SAED pattern. (d) TEM cross-sectional view of an individual Ni(OH),

nanoflake showing a thickness of ~100 nm. (¢) HRTEM image of Ni(OH), nanoflake. Inset:

corresponding FFT pattern. (¢) EDX spectrum of Ni(OH), nanoflakes from the TEM image.
The signals for C and Cu originate from the TEM grid.
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Fig. S4 (a) XPS survey spectrum of Fe-Ni(OH),/NF. (b) Deconvoluted high-resolution Fe 2p
spectrum of Fe-Ni(OH),/NF. (c) Deconvoluted high-resolution Ni 2p spectra of Fe-
Ni(OH),/NF and Ni(OH),/NF. (d) Deconvoluted high-resolution O 1s spectra of Fe-
Ni(OH),/NF and Ni(OH),/NF.

121


KevinUoA
戳記

KevinUoA
打字機
121


Intensity (a.u.)

I | | 1
880 870 860 850
Binding Energy (eV)
Fig. S5 Deconvoluted high-resolution XPS spectrum for Ni 2p of bare NF. The peak at 852.9
eV originates from the metallic Ni substrate, and the other peaks are attributed to the native

oxides on the NF surface.
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Fig. S6 CV curves of (a) Fe-Ni(OH),/NF, (b) Ni(OH),/NF, and (¢) NF in 1.0 M KOH at various

scan rates from 1 to 10 mV s
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Fig. S7 CV curves at various scan rates from 10 to 100 mV s ! in a non-Faradaic region and

corresponding currents measured at 0.875 V vs. RHE plotted as a function of scan rate for (a,b)

Fe-Ni(OH),/NF, (c,d) Ni(OH),/NF, and (e,f) NF. The determined Cq is taken as the average

absolute value of the slopes of both cathodic and anodic linear fits.
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Fig. S8 (a) XPS survey spectrum and deconvoluted high-resolution (b) Fe 2p, (c) Ni 2p, (d) O
Is spectra of Fe-Ni(OH),/NF after long-term stability testing.

Compared with the XPS results of pristine Fe-Ni(OH),/NF (Fig. S4), the Fe-Ni(OH),/NF after
long-term stability testing showed similar chemical states. It is noted that the intensity of the O
Is in the XPS survey spectrum increased significantly. In the corresponding high-resolution O
Is spectrum (Fig. S8d), the Ni—O species dominated among all components of the O 1s. This
result supports the increased Ni(OH),/NiOOH redox oxidation peak observed in the CV curve
of Fe-Ni(OH),/NF after prolonged operation. This also provides evidence for the generation of

more active NiIOOH species during long-term stability testing.
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Fig. S9 (a) SEM image and (b) magnified SEM image of Fe-Ni(OH),/NF after long-term
stability testing.
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Table S1. Comparison of recently reported OER electrocatalysts in alkaline electrolyte.

Catalysts Electrolyte OER ny (MV) OER Tafel slop (mV dec™) Ref.
Fe-Ni(OH),/NF 1.0 M KOH 267 . 51.5 This work
235 after stability test
NiO/Ni 1.0 M KOH 294 41 1
FeBo-NF 1.0 M KOH 296 52.4 2
Co(SxSe1x)2 1.0 M KOH 283 65.6 3
RuO,/Co30, 1.0 M KOH 305 69 4
Niz.oMog 26@NC 1.0 M KOH 310 62.7 5
Cu,0-Cu foams 1.0 M KOH 350 67.52 6
CuO/Cu foam 1.0 M NaOH 290 64 7
Fe304/Co3S, 1.0 M KOH 270 56 8
ZnCo,04/Au/CNTs 1.0 M KOH 440 46.2 9
NiC0,04 1.0 M NaOH 290 53 10
CoFePO/NF 1.0 M KOH 274.5 51.7 11
NiFeOOH/CNT-47% 1.0 M KOH 278 58 12
NiO/Ni 1.0 M KOH 345 53 13
Ni1Fe2-250 1.0 M KOH 310 42 14
Feo.5Nip 50 0.1 M KOH 584 72 15
FeNi/NiFe,0,@NC-800 1.0 M KOH 316 60 16
NiO/NiFe;04 1.0 M KOH 302 42 17
Feo.1Nig 9O 0.5 M KOH 297 37 18
FegNi1oOx 1M KOH 286 48 19
Nio.seF€0.310+/C 1.0 M KOH 280 30 20
Table S2. Electrochemical analysis of Fe-Ni(OH),/NF, Ni(OH),/NF, and NF.
Sample Ca(MFcm™2) R¢ j@1.53V vs. RHE Jspecific @ 1.53 V vs. RHE®™
Fe-Ni(OH),/NF 712 11.87 454 3.825
Ni(OH)./NF 757 12.62 3.2 0.254
NF 453.6 7.56 0.23 0.03

(2] jpecific 1S calculated using

j _
specific — R_
f
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Chapter 5: S-NiFe204 Ultra-Small Nanoparticle Built Nanosheets
for Efficient Water Splitting in Alkaline and Neutral pH

5.1 Introduction and Significance

Earth-abundant bifunctional electrocatalysts have been keenly pursued towards overall water
splitting in recent years. In particular, a substantial OER overpotential is mainly responsible
for the energy loss during water electrolysis. As one of the most efficient OER
electrocatalysts, NiFe-based oxides hold great potential in this demand. However, they
generally exhibit poor HER activity and unsatisfactory durability for overall water splitting,
especially in neutral electrolyte, due to their low conductivity and limited active sites. In this
chapter, a brand new self-supported electrode, consisting of S-doped NiFe2O4 ultra-small
nanoparticle built nanosheets on nickel foam (S-NiFe2O4/NF), was developed as an efficient
bifunctional electrocatalyst for overall water splitting. Thanks to the chemical modification
and nanostructure engineering, the optimized S-NiFe2O4/NF performed well as both OER

and HER catalysts in alkaline and neutral pH. The highlights in this work include:

1. A novel and general synthesis strategy of confined growth was proposed to realize
hierarchical nanostructure and uniform S incorporation via the thiourea-assisted
electrodeposition, giving the optimized S-NiFe2O4/NF with ultra-small primary nanoparticles
(~2 nm) with abundant grain boundaries and defects, interconnected nanosheet network with
rich porosity, robust 3D nickel foam framework as a conductive substrate, and homogeneous

S doping throughout the NiFe2O4 nanosheets.

2. The optimized S-NiFe204/NF showed outstanding OER and HER activity for overall water
splitting under alkaline and neutral conditions, with low overpotentials, fast kinetics,
excellent durability, and high Faradaic efficiency, even outperforming precious Pt/C and

most of the recently reported electrocatalysts.

3. The impressive electrocatalytic activity is associated with three aspects: (i) numerous
active sites related to the ultra-small nanoparticles with plentiful grain boundaries and defects,
(i1) accelerated mass transport in a highly-developed porous network, and (iii) improved

electrical conductivity originating from uniform S doping and conductive nickel foam.
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5.2 S-NiFe204 Ultra-Small Nanoparticle Built Nanosheets for Efficient Water Splitting
in Alkaline and Neutral pH

This chapter is included as it appears as a journal paper published by Jinlong Liu, Dongdong
Zhu, Tao Ling, Anthony Vasileff, and Shi-Zhang Qiao, S-NiFe>O4 Ultra-Small Nanoparticle
Built Nanosheets for Efficient Water Splitting in Alkaline and Neutral pH, Nano Energy,
2017, 40, 264-273.
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ARTICLE INFO ABSTRACT

Efficient electrocatalyst is essential to develop water splitting technology for large-scale hydrogen production,
especially using bifunctional earth-abundant alternative catalysts under alkaline and neutral conditions. NiFe-
based oxides have promising activity towards the oxygen evolution (OER). However, they usually show un-
satisfactory performance for the hydrogen evolution reaction (HER), due to their large particle size with limited
active sites and poor conductivity. Herein, we report the synthesis of sulfur-incorporated NiFe,O4 nanosheets on
nickel foam (S-NiFe;04/NF), composed of ultra-small nanoparticles (~ 2nm), by a facile confined growth
strategy with the assistance of thiourea. Due to the favorable 3D hierarchical structure, the self-supported
electrocatalyst endows abundant active sites, high electrical conductivity and rapid mass transfer, thereby
achieving remarkable catalytic performance for overall water splitting under alkaline and neutral conditions.
Specifically, the optimal S-NiFe,04/NF electrode requires only 1.65 and 1.95 V to deliver a current density of
10 mA cm ™2 in 1.0 M KOH and 1.0 M PBS, respectively, outperforming that of the commercial Pt/C as well as its
counterparts (i.e. S-NiO/NF, S-Fe304/NF and pure NiFe,O4/NF). In addition, the synthesis strategy developed
here can be applied to other mixed transition metal oxides with similar morphology and structure for various
applications, such as supercapacitors, metal-air batteries, and photocatalysis.

Keywords:

Ultra-small nanoparticle
S-doped NiFe,O,4 nanosheet
Electrocatalysis

Water splitting

1. Introduction

Hydrogen (H,) is considered to be an appealing alternative energy
carrier to conventional fossil fuels, and can address current issues re-
lated to them such as global warming and long-term energy security
[1,2]. In this respect, water electrolysis is of particular interest, as it can
make full use of renewable energy to produce H, [3]. However, the key
challenge to developing such a technology lies in the exploration of
earth-abundant, cost-effective, and environmentally friendly electro-
catalysts with comparable catalytic activity to that of state-of-the-art
precious metal based catalysts (i.e. Pt, IrO5 and RuO,) [4-6]. During
past decades, a great number of transition metal based materials, in-
cluding alloys [7,8], carbides [9,10], nitrides [11,12], oxides [13,14],
phosphides [15,16], and chalcogenides [17,18], have been intensively
investigated as electrocatalysts for water splitting. It should be noted
that most of the emerging hydrogen evolution reaction (HER) electro-
catalysts achieve high activities in acidic electrolytes [7,9,16-18].
However, almost all contemporary oxygen evolution reaction (OER)
electrocatalysts perform well only under alkaline or neutral conditions,
as almost all non-precious metal catalysts show drastic degradation

under oxidizing potentials in acidic media [19]. Currently, industrial
water electrolysis is mainly carried out in alkaline electrolyte, but the
harsh alkaline operating conditions often cause serious corrosion and
related environmental problems. In the long run, the splitting of ocean
or river water in neutral pH is the ultimate goal to satisfy a sustainable
future hydrogen economy [20]. Given these facts, it is of great im-
portance to develop earth-abundant, efficient, and durable bifunctional
electrocatalysts that can simultaneously catalyse both the HER and OER
under alkaline and/or neutral conditions for overall water splitting.
Further, bifunctional electrocatalysts can not only reduce cost by uti-
lizing only one electrode material, but also by simplyfying water elec-
trolyzer design and operating conditions by using the same electrolyte
[21,22]. Yet it remains a great challenge to screen suitable bifunctional
catalysts with these requirements.

Among various electrocatalysts for water splitting, NiFe-based
compounds have shown great potential for replacing noble metal based
catalysts for the OER, owing to their unique physicochemical proper-
ties, earth abundance, and low cost [23]. In recent years, with the rising
demand for H, as a renewable commodity, NiFe-based compounds have
also been employed as electrocatalysts towards the HER [24-26]. For
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E-mail address: s.qiao@adelaide.edu.au (S.-Z. Qiao).

http://dx.doi.org/10.1016/j.nanoen.2017.08.031

Received 3 July 2017; Received in revised form 7 August 2017; Accepted 10 August 2017
Available online 18 August 2017

2211-2855/ © 2017 Elsevier Ltd. All rights reserved.

131


http://www.sciencedirect.com/science/journal/22112855
http://www.elsevier.com/locate/nanoen
http://dx.doi.org/10.1016/j.nanoen.2017.08.031
http://dx.doi.org/10.1016/j.nanoen.2017.08.031
mailto:s.qiao@adelaide.edu.au
http://dx.doi.org/10.1016/j.nanoen.2017.08.031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2017.08.031&domain=pdf
KevinUoA
打字機
131


J. Liu et al.

instance, Xia and co-workers synthesized iron-nickel sulfide (INS) ul-
trathin nanosheets by topotactic transition of its hydroxide precursor,
which showed excellent HER activity and stability, but the electro-
chemical measurements were still conducted in acidic media [24].
Wang et al. demonstrated that the ultra-small NiFeO, nanoparticles
with large surface area and abundant grain boundaries, synthesized by
lithiation and de-lithiation processes through assembling lithium-ion
battery, were effective in enhancing the catalytic activity and stability
for both the OER and HER in alkaline electrolyte [25]. However, the
lithium-induced conversion reaction was rather complicated and time-
consuming. Further, the as-synthesized NiFeO, exhibited poor activity
in neutral electrolyte. Consequently, it is essential to fabricate NiFe-
based materials with well-defined nanostructures to fully exploit their
catalytic properties towards both the HER and OER in both alkaline and
neutral media.

Given that NiFe-based compounds are regarded as one of the most
promising OER candidates [19], the key to exploit NiFe-based materials
as bifunctional electrocatalysts hinges on the enhancement of their HER
performance. From the perspective of catalyst design, an ideal HER
electrocatalyst should meet the following criteria. First, a HER catalyst
must possess multiple active sites to attain desirable catalytic activity.
In this aspect, nanotechnology is favorable for significantly enlarging
surface area and thus exposing abundant active sites [27]. Second, the
catalyst should be conductive to promote electron transfer. Generally,
element doping or incorporation has been demonstrated as a useful
strategy to regulate the electronic structure for improving intrinsic
conductivity [28], while integrating active materials with conductive
substrates such as carbon cloth and nickel foam (NF) provides another
option to increase charge transfer [20,21]. Third, the catalyst should
have excellent durability for practical operation. To this end, the pre-
paration of three-dimensional (3D) self-supported electrodes using ro-
bust substrates like NF is expected to facilitate product transfer and
boost mechanical strength, aiming at the enhancement of long-term
stability [21]. Additionally, the catalyst should be synthesized using
facile techniques and based on inexpensive raw materials for large-scale
application [26]. As two earth-abundant elements, Fe and Ni are very
attractive non-noble metal candidates. When designing rational NiFe-
based electrocatalysts in alkaline and neutral electrolytes, these con-
siderations are important to realize superior activity, conductivity,
stability, and viability for the HER.

Inspired by these criteria, we herein highlight the synthesis of
sulfur-incorporated nickel ferrite ultra-small nanoparticle built na-
nosheets grown on NF (denoted S-NiFe,O,/NF) via in situ thiourea-
assisted electrodeposition and subsequent low-temperature calcination.
As a free-standing electrode, S-NiFe,O4/NF exhibits remarkable cata-
lytic activity and durability for overall water splitting in both alkaline
and neutral pH, outperforming its counterparts (i.e. S-NiO/NF, S-
Fe304/NF and pure NiFe,O,/NF) as well as many recently reported
electrocatalysts [22,29-33]. Moreover, the facile synthetic method
proposed in this study can be easily extended as a general approach for
producing other mixed metal oxides with ultra-small nanoparticles as
primary building units for diverse applications, such as supercapacitor
and lithium/sodium-ion batteries.

2. Experimental section
2.1. Materials and synthesis of electrocatalysts

All chemicals used in this work, including Ni(NO3)>6H5O, Fe
(NO3)3'9H,0, Co(NO3),6H,0, thiourea, urea, KOH, phosphate buffer
solution (1.0 M, pH 7.4), Pt/C (20 wt% of Pt on Vulcan XC72), Nafion
(15wt%) and nickel foam (thickness 1.6 mm, bulk density
0.45 g cm ™~ %), were purchased from Sigma-Aldrich and used without
further purification. All chemicals were of analytical reagent grade and
ultrapure water (18.2 MQ cm, P.LAB Option-Q) was used in all ex-
periments. S-NiFe,O4/NF was synthesized through thiourea-assisted
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electrodeposition followed by low-temperature calcination. In a typical
experiment, nickel foam (NF, 1 cm X 4 cm) was cleaned thoroughly
with 3 M HCl, ethanol, and water in sequence under sonication for
10 min each time. 1 mM nickel nitrate (Ni(NO3),6H,0), 2 mM iron
nitrate (Fe(NO3)39H,0), and 60 mM thiourea were dissolved in 100 mL
of deionized water to obtain the precursor solution. The electro-
deposition was performed with a CHI 760D electrochemical work-
station using a three-electrode configuration, in which the cleaned NF,
carbon rod and Ag/AgCl electrode were used as the working electrode,
counter electrode, and reference electrode, respectively. The electro-
deposition was conducted at a constant potential of — 1.1V vs. Ag/
AgCl for 600 s in a single-compartment glass cell (125 mL) at ambient
temperature. After electrodeposition, the sample was removed and
washed with deionized water several times to remove remaining elec-
trolyte, and then dried in a vacuum oven at 60 °C overnight. Under Ar
atmosphere, the obtained NiFe-precursor was heated to 250 °C in a tube
furnace at a rate of 2°Cmin~ "' and held at that temperature for 2 h.
After cooling naturally to room temperature, the target S-NiFe,04/NF
sample was collected. To investigate the effect of applied potential, the
electrodeposition was also performed at — 0.9, — 1, — 1.2, and —
1.4V vs. Ag/AgCl for 600 s. The influence of electrodeposition time was
investigated by varying the time from 150s to 1200s at — 1.1V vs.
Ag/AgCl. Moreover, the typical NiFe-precursor/NF obtained above was
treated under 400 °C for 2 h to investigate the influence of calcination
temperature. For comparison, S-NiO/NF, S-Fe304/NF and NiFe,0,4/NF
were also prepared as control groups under the same conditions (elec-
trodeposition at — 1.1 V vs. Ag/AgCl for 600 s and calcination in Ar
under 250 °C for 2 h) except for the absence of Fe>*, Ni2™ and thiourea,
respectively. For benchmark comparison, 10 mg of 20 wt% Pt/C was
dispersed in 2 mL of ethanol containing 0.15 wt% of Nafion under ul-
trasound for 1 h. Next, 200 uL of the Pt/C dispersion (5 mg mL ') was
loaded onto a piece of NF (1 cm X 1 cm) to produce the PtC/NF elec-
trode. To confirm the general applicability of the proposed synthesis
strategy, S-NiC0,04/NF and S-CoFe,O,/NF were further prepared by
same approach using corresponding nitrates.

2.2. Characterizations

The morphologies of the as-synthesized samples were directly ob-
served on field emission scanning electron microscopy (SEM, QUANTA
450). The electrodeposited S-NiFe,04, S-NiFe,04 (400 °C), NiFe,0y,, S-
NiO, and S-Fe3;0, were flaked off the electrodes via ultrasonication for
further characterizations. The microstructure and elemental distribu-
tion were analyzed by transmission electron microscopy (TEM, Tecnai
G2 Spirit and JEOL 2100 Cryo) equipped with EDS. The crystal struc-
tures were tested using powder X-ray diffractometer (XRD, Cu-target
Bruker D8 Advance). Fourier transform infrared (FTIR) spectroscopy
and X-ray photoelectron spectroscopy (XPS) data were collected using a
Nicolet 6700 spectrometer and an ESCALab250 spectrometer, respec-
tively. The produced H, and O, were assessed by gas chromatograph
(GC, Clarus 480, PerkinElmer, USA with Ar as a carrier gas and 5 A
molecular sieve column).

2.3. Electrochemical measurements

Electrochemical measurements were conducted in a standard three-
electrode glass cell and a two-electrode glass cell on a 760D workstation
(Pine Research Instruments, US). For the HER and OER tests, a carbon
rod and a Ag/AgCl (4 M KCl) electrode were used as the counter elec-
trode and the reference electrode, respectively. Before measurements,
the cells were purged with N5 for 30 min to remove dissolved O,. After
repetitive cyclic voltammetry (CV) scan for 20 cycles, the linear sweep
voltammetry (LSV) curves were collected with a scan rate of 5 and
1 mV s~ for the HER and OER, respectively, and all polarization curves
were corrected for the iR contribution within the cell. The onset over-
potential is defined as the overpotential at which HER or OER current
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Electrodeposition

Ni?*, Fe*, thiourea

NiFe-precursor/NF

density is at 1.0 mA cm ™~ 2. Electrochemical impedance spectroscopy
(EIS) was carried out in the frequency range from 0.1 Hz to 100 kHz
with an amplitude of 5mV. In the case of overall water splitting,
electrodes constructed with the same material were employed as both
the anode and cathode. All potentials were calibrated to a reversible
hydrogen electrode (RHE) by adding a value of (0.205 + 0.059 x pH).

3. Results and discussion

As illustrated in Fig. 1, the fabrication of S-NiFe;O4/NF involves two
main steps, that is, thiourea-assisted electrodeposition and low-tem-
perature calcination in Ar atmosphere. First, NiFe-based layered double
hydroxide (denoted NiFe-precursor) is deposited onto the surface of
cleaned NF (Fig. S1 in the Supporting information) using a potentio-
static technique in an aqueous electrolyte containing Ni?* and Fe®*
(mole ratio 1:2) according to the following reactions [34,35].

NO;~ + 7H,0 + 8e~ — NH4;" + 100H™ @
2H,0 + 2e~ — H, | + 20H ™ (HER) )
Ni2* + 2Fe** 4+ 8OH™ — NiFe,(OH)s | 3)

Notably, the addition of excess thiourea plays a significant role in
tuning the micro-structure of the NiFe-precursor, because the thiourea
can be adsorbed on the freshly generated primary nanocrystallites to
avoid their rapid growth (Fig. S2 in the Supporting information)
[36,37]. Meanwhile, part of the adsorbed thiourea can serve as a source
of sulfide through the decomposition reaction (SC(NH,), + H,0 — $2-
+ OC(NHy), + 2H%) under the applied negative potential [37], in
which the produced urea is coordinated with fringe metal ions (Fig. S2
in the Supporting information) and the sulfide ions are able to termi-
nate the nanocrystal growth. In contrast, the absence of thiourea leads
to the rapid co-deposition of Ni?* and Fe** due to the drastic gen-
eration of hydroxide ions, resulting in the rapid extension of NiFe-
precursor nanoparticles. Afterwards, the as-obtained NiFe-precursor/
NF is calcinated in Ar atmosphere for 2 h, during which the NiFe-pre-
cursor is converted into S-NiFe,O,4 with low crystallinity. For the NiFe-

Calcination

250 °C, 2h, Ar
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Fig. 1. Schematic illustration of the confined growth
for the fabrication of S-NiFe,O4/NF with the assis-
tance of thiourea.

S-NiFe,0,/NF

precursor synthesized without the assistance of thiourea, NiFe,O4/NF is
obtained after calcination.

In such a developed strategy, the applied potential, electrodeposi-
tion time and calcination temperature have a significant effect on the
morphology and structure of the resultant S-NiFe,O4/NF (see Figs.
S3-S5 in the Supporting information for details). Specifically, the
cathodic current increases continuously with a decrease in the applied
potential (Fig. S6 and S7 in the Supporting information), leading to
faster electrodeposition of NiFe-precursor. On the other hand, longer
electrodeposition times give rise to thicker coatings of NiFe-precursor
on NF. In general, too much or too little mass loading of a catalyst can
hardly achieve the optimal catalytic activity [28]. Correspondingly, the
applied potential and electrodeposition time should be well controlled
to reach the optimal deposition of NiFe-based compound. In terms of
thermal treatment, the calcination temperature is crucial to realize the
balance between amorphousness and crystallinity, as amorphousness is
essential to achieve high activity with abundant active sites, whereas
appropriate crystallinity plays an indispensable role in stabilizing the
structure for excellent durability [23]. High temperature is likely to
cause the further growth or even aggregation of primary nanoparticles,
so an appropriate low-temperature calcination is beneficial to maintain
ultra-small nanoparticles with abundant defects, grain boundaries, and
preferable crystallinity. For comparison, S-NiO/NF, S-Fe;04/NF, and
pure NiFe,0,/NF, synthesized with the absence of Fe**, Ni®>*, and
thiourea, respectively, were also prepared as control groups under the
same conditions. Additionally, commercial 20 wt% Pt/C was loaded
onto NF (denoted PtC/NF) using Nafion as a binder, and the proposed
strategy was extended to fabricate S-NiCo,0,4/NF and S-CoFe,0,/NF, in
order to validate its general applicability.

The low magnification scanning electron microscopy (SEM) image
of S-NiFe,0,4/NF (Fig. 2a) reveals that the surface of NF was completely
covered by uniform S-NiFe,O, nanosheets. As shown in Fig. 2b, the
high magnification SEM image indicates the interconnection of well-
defined S-NiFe,O,4 nanosheets with porous architecture, constructing an
advantageous network structure for both charge and mass transfer. The
interconnected porous S-NiFe,O4 network was further confirmed by the

133


KevinUoA
戳記

KevinUoA
打字機
133


J. Liu et al.

transmission electron microscopy (TEM) image (Fig. 2c). The high re-
solution TEM (HRTEM) image (Fig. 2d) demonstrates that the na-
nosheets were composed of interconnected nanocrystals with ultra-
small sizes of ~ 2 nm, creating numerous grain boundaries between
nanoparticles. Well-resolved lattice fringes show an interlayer distance
of 0.21 nm, consistent with the theoretical interplanar spacing of (400)
planes for spinel NiFe,O,4. Notably, as indexed in the HRTEM image,
distortions and dislocations can be observed among the crystal lattices,
implying the existence of rich defects. The selected-area electron dif-
fraction (SAED) pattern (inset in Fig. 2d) indicates the polycrystalline
nature of S-NiFe,O, nanosheets due to the ultra-small nanoparticle
assembly. To verify the incorporation of S species and their uniform
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Fig. 2. Morphology and structure characterizations
of S-NiFe,04/NF. (a) Low magnification SEM image
and (b) high magnification SEM image of S-NiFe,04/
NF. (¢) TEM image, (d) HRTEM image (Inset: SAED
of S-NiFe,O,4 nanosheets), (¢€) HAADF-STEM image
and (f) corresponding element mapping of S-NiFe,O4
nanosheets.

distribution in the S-NiFe,O, nanosheets, scanning TEM (STEM)
equipped with energy dispersive X-ray (EDX) detector was employed to
get more insightful structure information. Fig. 2e gives a typical high-
angle annular dark field (HAADF) STEM image of S-NiFe,O, na-
nosheets. Corresponding EDX mapping indicates that the Ni, Fe, O, and
S elements were uniformly distributed throughout the network, sug-
gesting the successful incorporation of S as well as the homogeneous
distribution of all elements. In comparison, the as-synthesized S-NiO/
NF was composed of nanosheet arrays, while massive nanosheet clus-
ters were observed in S-Fe3;04/NF. Both S-NiO and S-Fe;0,4 nanosheets
consisted of a large number of nanoparticles with size of ~ 5 nm (Figs.
S8 and S9 in the Supporting information). NiFe,O4/NF exhibited a
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similar morphology to S-Fe304/NF and noticeable aggregation can be
observed. Significantly, no obvious grain boundary was seen on the
pure NiFe,O, nanosheets, evidence of continuous crystal growth
without the confinement of thiourea (Fig. S10 in the Supporting in-
formation). In addition, S-NiCo,04/NF and S-CoFe,O,/NF were made
up of well-defined nanosheets grown on NF (Fig. S11 in the Supporting
information). Especially in S-NiCo,04/NF, the NF was homogeneously
covered by interconnected nanosheet arrays with perpendicular or-
ientation. All these results provide strong support for the confined
growth strategy and its general feasibility.

The structural information of the as-fabricated S-NiFe,O, and its
counterparts was investigated by X-ray diffraction (XRD, Fig. S12 in the
Supporting information). Intriguingly, the XRD spectroscopy of S-
NiFe,O, nanosheets showed no characteristic peaks of spinel NiFe,O,,
suggesting that the size of the primary nanoparticles is under the co-
herence length of the X-ray [38]. In contrast, the XRD pattern of pris-
tine NiFe,O4 displayed distinct peaks which are well indexed to crys-
talline reflections of spinel NiFe,O, (JCPDS card no. 54—0964).
Evidently, the assistance of thiourea can prevent oriented crystal
growth in accordance with the above analysis. Meanwhile, S-Fe;0,4 and
S-NiO showed very weak signals assigned to spinel Fe;0, (JCPDS card
no. 19—-0629) and cubic NiO (JCPDS card no. 47 —1049), respectively,
indicating the presence of larger nanoparticle sizes compared to that of
S-NiFe,O,4. On the basis of the HRTEM observations and XRD patterns,
it is likely that single metal ions tend to grow quickly after nucleation
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during the electrodeposition, whereas mixed metal ions are inclined to
rapid nucleation.

For more insight into the elemental composition and oxidation state
of all samples, X-ray photoelectron spectroscopy (XPS) measurements
were further performed. The XPS survey spectrum of S-NiFe,O,/NF
(Fig. 3a) showed the presence of Ni, Fe, O, and S atoms on the surface of
the nanosheets, which agrees with the element mapping results. In the
Ni 2p and Fe 2p spectra of S-NiFe,O,4/NF (Fig. 3b and c), two spin-orbit
peaks, namely 2p3,» and 2p;,,, accompanied with two shake-up sa-
tellites (denoted Sat.) were observed. By using a Gaussian fitting
method, all spin-orbit peaks in Ni 2p and Fe 2p regions were best fitted
into two characteristic peaks which were attributed to the coexistence
of Ni2*/Ni®** and Fe?>* /Fe®™ cations [11,24,35]. For comparison, a Ni
2p XPS spectrum of bare NF was also obtained (Fig. S13 in the
Supporting information). In addition to the peaks originating from
oxides on the surface of bare the NF, the distinct peak located at
852.9 eV can be assigned to Ni° or metallic Ni [8]. This indicates that
the surface oxide layer is non-uniform or too thin to completely mask
the underlying metallic Ni signal. It is worth noting that no peak re-
presenting the metallic state of Ni was detected in the Ni 2p spectrum of
S-NiFe;O4/NF [8,26], verifying the full coverage of NF by the S-
NiFe,O4 nanosheets. The deconvolution peaks of the O 1 s spectrum are
centered at 530, 531.8, and 533.2 eV (Fig. 3d), which are usually as-
cribed to metal-oxygen bonds, low-coordinated oxygen ions at the
surface and defect sites, and adsorbed water, respectively [35].

Fig. 3. Surface chemistry of S-NiFe,04/NF. (a) XPS survey
(a) spectrum and high-resolution XPS spectra of (b) Ni 2p, (c)
;.‘ Fe 2p, (d) O 1s, and (e) S 2p of S-NiFe,04/NF.
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(a) 0 (b) 0.5 Fig. 4. Bifunctional S-NiFe,O4/NF for alkaline water
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Similarly, the S 2p XPS spectrum was deconvoluted into two peaks at
168.9 and 170.1 eV (Fig. 3e), corresponding to metal-sulfur bonds and
coordinatively unsaturated sulfur ions at the surface and defect sites,
respectively [39]. In parallel, S-NiO/NF, S-Fe304/NF, and NiFe,04/NF
had similar oxidation states (Figs. S14-S16 in the Supporting in-
formation). Specifically, the large amount of low-coordinated oxygen
and sulfur ions at the surface and defect sites may give important im-
plications in providing abundant active sites for water splitting.

To highlight the as-prepared S-NiFe,O4/NF as an efficient bifunc-
tional electrocatalyst for water splitting, S-NiFe,O4/NF, along with S-
Fe304/NF, S-NiO/NF, NiFe,O,/NF, PtC/NF, and NF, were firstly in-
vestigated and compared as an integrated electrode in 1.0 M KOH using
a three-electrode configuration (Fig. S17 in the Supporting informa-
tion). Taking alkaline HER as a proof-of-concept, among a series of S-
NiFe,O,4/NF samples, the sample synthesized at — 1.1 V vs. Ag/AgCl
for 600 s and calcinated under 250 °C showed the best catalytic activity
and the most favorable charge transfer resistance (R, Fig. S18 in the
Supporting information). Therefore, S-NiFe;O4/NF refers to this sample
unless otherwise noted. Fig. 4a gives the linear sweep voltammetry
(LSV) curves of various samples for the HER. As expected, S-NiFe,04/
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NF exhibited remarkably superior HER activity with much lower onset
potential and greater current density than NiFe,O,4/NF, S-Fe30,4/NF, S-
NiO/NF, and NF. To be specific, S-NiFe;O4/NF achieved an earlier
onset potential of — 0.029 V vs. RHE and delivered a current density of
10 mA cm 2 at an overpotential (n10) of 138 mV, which is 50, 81, 155,
and 180 mV smaller than that for NiFe,O,4/NF, S-Fe30,4/NF, S-NiO/NF,
and NF, respectively. More importantly, the corresponding HER Tafel
plots show that S-NiFe,0,/NF had a Tafel slope of 61.3 mV dec™!
which was much smaller than the control groups (Fig. 4b). Evidently,
the lower Tafel slope of S-NiFe,O,/NF affords more favorable kinetics
to drive a large current density towards HER at low overpotential.

At the same time, all freshly prepared samples were evaluated as
catalytic electrodes for the OER. The OER polarization curves are de-
picted in Fig. 4c. Before the onset of OER, distinct oxidation peaks
centered at 1.40 and 1.41 V vs. RHE are observed for S-NiO/NF and S-
NiFe,04/NF, respectively, originating from the pre-oxidation of Ni?* to
Ni®* [40-42]. The slight positive shift of oxidation peak in S-NiFe,04/
NF was induced by the introduction of Fe, which is consistent with
previous reports [41,42]. It is noted that S-NiO/NF featured a bigger
Ni?*/Ni®*oxidation peak but inferior OER activity to that of S-
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NiFe;O4/NF, indicating that the introduced Fe ions in spinel NiFe,O4
may serve as the main active centers for the OER. Clearly, the S-
NiFe;O4/NF electrode showed the highest OER activity among all
samples. After the pre-oxidation process, the anodic current increased
rapidly, generating the lowest 119 of 267 mV. In comparison, an 1o of
279, 306, 343, 359, and 392 mV was required for S-Fe;04/NF, S-NiO/
NF, NiFe,04/NF, PtC/NF, and NF, respectively. Although Pt is currently
an unbeatable HER electrocatalyst, the poor OER activity of Pt will
definitely impair its advantage as a bifunctional electrocatalyst for
overall water splitting. Similarly, the corresponding Tafel plots (Fig. 4d)
indicate that S-NiFe,O4/NF had the lowest OER Tafel slope of
36.7 mV dec ™!, implying appreciable kinetics for the OER. It should be
mentioned that the prominent performance of S-NiFe,04/NF towards
the HER and OER in alkaline pH is not only associated with its abun-
dant active sites, but also closely related to the significant improve-
ments in its conductivity that can be explained by its smaller R (Fig.
$19 in the Supporting information).

Furthermore, S-NiFe,04/NF, PtC/NF, and NF were evaluated as
bifunctional electrodes for overall water splitting in 1.0 M KOH using a
two-electrode configuration (Fig. S20 in the Supporting information),
and their polarization curves are presented in Fig. 4e. It can be seen that
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S-NiFe,;04/NF exhibited comparable performance to PtC/NF for alka-
line water splitting under voltages less than 1.7 V, while surpasses it
with further increases in cell voltage. Granted, PtC/NF achieves su-
perior HER activity to S-NiFe,O4/NF, however, this is largely out-
weighed by its poor OER activity. Correspondingly, S-NiFe,O4/NF is the
superior electrode at higher voltages due to its remarkable OER ac-
tivity. Theoretically, the voltage for overall water splitting in a two-
electrode configuration can be calculated from the potential difference
(AV) between HER and OER at the same current density in a three-
electrode system. Taking S-NiFe,O,4/NF for example, it should require a
voltage of 1.63V to produce 10mAcm™2 in 1.0 M KOH (Inset of
Fig. 4e). S-NiFe,04/NF actually reaches 10 mA cm~2 at 1.65V for
overall water splitting, almost identical to the calculated value. The
catalytic performance of S-NiFe,O4/NF in alkaline electrolyte is com-
parable to most of the recently reported electrocatalysts under similar
conditions (Tables S1-S3 in the Supporting information). To fulfil
practical application, chronoamperometry was adopted to investigate
the durability of S-NiFe,O,/NF. Impressively, S-NiFe,O4/NF displays
excellent stability for 24 h, achieving steady 10 mA cm™2 at 1.65V
with negligible decay. During the long-term stability test, H, and O,
bubbles were visibly observed (see Fig. S20 and Video S1 in the

(a) 0 (b) 05 Fig. 5. Bifunctional S-NiFe,0,4/NF for neutral water split-
PIC/NF ’ PtC/NF ) ting. (a) HER polarization curves and (b) correspondin,
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Supporting information). The evolved H, and O, were further assessed
quantitatively using gas chromatography (GC). The generation of H,
and O, over time is close to the ideal mole ratio of 2:1, reflecting a near
100% Faradaic efficiency (FE) towards H, and O, (Fig. S21 in the
Supporting information). Regarding the stability of doped S, XPS was
employed to analyse the S content before and after stability testing (Fig.
S22 in the Supporting information). Compared to the electrode before
the test, the S content of both HER and OER electrodes after long-term
operation shows little decrease, demonstrating considerable stability of
the doped S. These results strongly demonstrate that the as-synthesized
S-NiFe,04/NF is capable of promoting overall alkaline water splitting
with good catalytic activity, remarkable durability, and high FE.

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.08.031.

Apart from alkaline water splitting, S-NiFe,O4/NF was also in-
vestigated and compared with its control group in neutral electrolyte to
demonstrate our original intention for realistic application. As seen in
Fig. 5a, all samples require higher overpotential to drive HER in 1.0 M
phosphate buffer solution (PBS) with a pH of 7.4, due to the relatively
impaired kinetics in neutral pH. Nevertheless, they display a similar
polarization trend to that performed in alkaline solution, and S-
NiFe,O4/NF still exhibited the best activity towards HER over its
counterparts, achieving an n,¢ of 197 mV. This value is 55, 87, 136, and
206 mV lower than that of S-Fe30,4/NF, S-NiO/NF, NiFe,04/NF, and
NF, respectively. The small Tafel slope (81.3 mV dec™ L Fig. 5b) and R,
(6.26 Q, Fig. S23a and b in the Supporting information) of S-NiFe,0,4/
NF enabled enhanced intrinsic activity and conductivity for better HER
performance. Likewise, increased polarization towards the OER is also
observed in neutral electrolyte (Fig. 5c). Yet S-NiFe,0,4/NF retained the
highest OER catalytic activity with a considerably small n,, of 494 mV.
Note that the pre-oxidation peaks observed under alkaline condition
completely disappeared in neutral electrolyte. This is likely owing to
the significantly smaller OH™ concentration (~1 x 10”7 M) in neutral
PH, causing less oxidation of Ni** to Ni** (generally from Ni(OH), or
NiO to NiOOH) [40,42]. Among all studied samples, S-NiFe,O4/NF
shows the smallest Tafel slope of 118.1 mV dec ™' (Fig. 5d) and lowest
R of 9.85Q (Fig. S23c and d in the Supporting information). When
using S-NiFe,O4/NF as a bifunctional electrocatalyst in a two-electrode
configuration containing 1.0 M PBS, the neutral water splitting per-
formance of S-NiFe,O,/NF outperforms that of PtC/NF and NF, in
which 10 mA ecm ™2 is produced at 1.95V, correlating significantly
close to the calculated voltage of 1.93V in a three-electrode system
(Fig. 5e). Again, the electrocatalytic performance of S-NiFe,O,/NF are
remarkable when compared with a series of recent electrocatalysts in
neutral electrolytes (Tables S4-S6 in the Supporting information).
Moreover, the excellent durability of S-NiFe,O4/NF under neutral
condition is further confirmed by the steady chronoamperometric curve
over 24 h at 1.95 V (Fig. 5f). Continuous gas bubbling was still observed
for both the HER and OER electrodes during the test (see Video S2 in
the Supporting information). According to the above results, the as-
developed S-NiFe,04/NF, as a bifunctional electrocatalyst for overall
water splitting, is versatile in a wide pH range from alkaline to neutral.

Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.08.031.

Based on the above results, the water splitting mechanism on the S-
NiFe;O4/NF electrode originates from its optimized composition and
well-defined 3D hierarchical structure. Firstly, as a NiFe-based com-
posite, S-NiFe,O, is intrinsically active towards the OER. The ultra-
small nanoparticles with rich defects and grain boundaries can provide
abundant active sites, leading to improved OER activity as well as ap-
preciable activity for the HER. Besides, anion doping has been de-
monstrated to be an effective strategy for modifying the electronic
structure, which is beneficial in optimizing the hydrogen adsorption
energy (|AGy+|) and improving intrinsic conductivity [28,43-45]. Ac-
cordingly, the uniform S incorporation throughout the nanosheets
contrillal?l,tgs to regulating |AGy-+|, making it close to zero and offering
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additional active sites for the HER. Combining the significantly reduced
R, and previous reports [28,45], the doped S can further improve the
intrinsic conductivity of S-NiFe,O, nanosheets. Secondly, the inter-
connected nanosheet networks create plentiful pores, enabling full ac-
cess of the electrolyte to numerous active sites and thereby accelerating
mass transfer, especially reactant diffusion and product transfer away
from the active sites. Thirdly, the highly conductive 3D NF facilitates
rapid charge transport to the S-NiFe,O4 nanosheets, and the porous
nanosheet network further promotes the charge transfer to active sites.
In addition, the robustness of the 3D NF framework and its strong in-
teraction with S-NiFe,O,4 nanosheets are in favor of long-term stability.
Thanks to these unique physiochemical features, S-NiFe,O4/NF as an
integrated electrode affords superior catalytic activity and durability
for both alkaline and neutral water splitting.

4. Conclusions

In conclusion, a facile and reliable strategy was proposed and suc-
cessfully demonstrated to synthesize S-NiFe,O4/NF via thiourea-as-
sisted electrodeposition and subsequent low-temperature calcination.
Benefitting from the rationally designed 3D hierarchical structure and
optimized composition with favorable conductivity, the as-synthesized
S-NiFe;O4/NF as an integrated bifunctional electrode exhibited fasci-
nating catalytic properties for both the HER and OER, achieving
10 mA cm ™~ 2 for overall alkaline and neutral water splitting at a cell
voltage of 1.65 and 1.95V, respectively. The excellent catalytic ac-
tivity, remarkable stability, and facile synthesis technique make S-
NiFe,0,/NF one of the most promising bifunctional electrocatalysts for
overall water splitting, especially under neutral conditions. The strategy
developed in this work can be extended to other mixed transition metal
oxides with similar structure, and may be extended to other applica-
tions such as supercapacitors, metal-air batteries, and photocatalysis.
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I. Supplementary Results

Fig. S1. SEM image of nickel foam (NF) cleaned by 3 M HCI, ethanol, and water sequentially.
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Fig. S2. Fourier transform infrared (FTIR) spectra of (a) thiourea, (b) urea, (c) S-NiFe204
precursor, S-NiFe204, NiFe204 precursor and S-NiFe20a.

As can be seen in the FTIR spectrum of S-NiFe204 precursor, the exclusive vibration bands at
1592, 1479, 1379 and 596 cm ™! can be assigned to the in-plane bending of the ~NH2 groups (i.e.
0(NH2)), the asymmetric stretching of C—N and/or symmetric twisting of N—C—N (i.e. v«(CN)
and/or ys(N—C—N)), the asymmetric twisting of C=S (i.e. y4s(C=S)), and the scissoring of N—C—N
and/or the symmetric in-plane bending of C=0 (i.e. z(N—C—N) and/or 0s(C=0)), respectively,
indicating the presence of thiourea and urea in the S-NiFe2O4 precursor.[1,2] Besides, the vibration

band observed at 2192 cm™! can be correlated with the twisting of N=C=S (i.e. (N=C=S)) in the
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thiourea molecule,[2] and the significantly intensified absorption around 3300 cm™! for the S-
NiFe204 precursor should be attributed to the stretching and twisting of abundant —NH2 groups
(i.e. v(NH2) and y(NH2)).[1,2] By contrast, no characteristic absorption bands associated with
thiourea and urea were found in the NiFe2O4 precursor, NiFe2O4 and S-NiFe20a4. This evidence
suggests that the added thiourea and generated urea could co-deposit with Ni>" and Fe*" as
coordination agents, and they can be removed completely by thermal decomposition under low-

temperature calcination.

Fig. S3. SEM images of S-NiFe204/NF synthesized at different applied potentials for 600 s: (a)
—-09V,(b)-1V,(c)-1.1V,(d)—-1.2V,(e)—1.4V vs. Ag/AgClL

Under relatively high applied potential, the fast nucleation resulted in dense small S-NiFe204
nanosheets. While with more negative applied potential, the substantial hydroxide ions resulted in
rapid growth of NiFe-precursor nanoparticles, leading to the appearance of S-NiFe204
nanoparticles among the nanosheet architect, and even the severe aggregation of S-NiFe204
nanoparticles. Only at moderate applied potentials, a compromise between nucleation and crystal

growth can be achieved to generate well-defined S-NiFe204 nanosheets with porous structure.
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Fig. S4. (a) Optical image of typical NF and S-NiFe204/NF electrode synthesized at —1.1 V vs.
Ag/AgCl for different electrodeposition time, and SEM images of S-NiFe2O4/NF synthesized at
—1.1 V vs. Ag/AgCl for (b) 150 s, (c) 300 s, (d) 600 s, (e) 1200s.

When the electrodeposition time is too short, the NF can hardly be completely covered by S-
NiFe204 nanosheets. With prolonged reaction time, excessive electrodeposition occurred in the
pores of S-NiFe20O4 nanosheets, ruining the porous structure. Therefore, both situations resulted in

adverse effects on catalytic activity and stability.
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Fig. S5. (a) Low magnification SEM and (b) high magnification SEM images of S-NiFe204/NF
calcinated at 400 °C for 2 h. (c) TEM and (d) HRTEM images of corresponding S-NiFe2O4

nanosheets.

Due to the higher temperature, the S-NiFe204/NF calcinated at 400 °C suffers evident structural
shrinkage and the primary nanoparticle grows to about 10 nm with less grain boundaries and
improved crystallinity, compared with S-NiFe2O4/NF obtained at 250 °C. Further, the interplanar
distances of 0.21 and 0.25 nm corresponded well to the (400) and (311) planes of spinel NiFe204
(JCPDS card No. 54—0964).
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Fig. S6. Cyclic voltammetry (CV) curve of the typical electrodeposition system in aqueous

electrolyte containing 10 mM Ni(NO3)2, 20 mM Fe(NOs3)3 and 0.6 M thiourea.
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Fig. S7. I-t curves of S-NiFe204/NF during the electrodeposition under different applied potentials
(vs. Ag/AgCl) for 600 s.
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Fig. S8. (a) Low magnification SEM and (b) high magnification SEM images of S-NiO/NF. (c)
TEM and (d) HRTEM images S-NiO nanosheets.
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Fig. S9. (a) Low magnification SEM and (b) high magnification SEM images of S-Fe304/NF. (c)

TEM and (d) HRTEM images of S-Fe30O4 nanosheets.
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Fig. S10. (a) Low magnification SEM and (b) high magnification SEM images of NiFe204/NF. (c)

TEM and (d) HRTEM images of pristine NiFe204 nanosheets.
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Fig. S11. (a) Low magnification SEM and (b) high magnification SEM images of S-NiCo204/NF.
(c) Low magnification SEM and (d) high magnification SEM images of S-CoFe204/NF.

151


KevinUoA
戳記

KevinUoA
打字機
151


(’a\) —— S-NiFe,0,
= NiFe,0, ,
Py
£ ‘
c
L
£ JCPDS carg NO. 54-0964
2 ] 2 k] ™ ] 2
1 L 1 y 1 ¥ || L 1 L 1 Ll
10 20 30 40 50 60 70 80
20 (degree)
(b)

——— S-Fe,0,

Intensity (a.u.)

JCPDS card NO. 19-0629
: L Lo i o N

I 2 1 L I * 1 L I v I

70 80

—
o
N
o
w
o
N
o
(6]
o
()]
o

20 (degree)

(c)
—_ —— S-NiO
=
E’,
_Zs
g JCPDS card NO. 47-1049
o
E |
. : : : . A—y
1 1 1 || 1 1
10 20 30 40 50 60 70 80

20 (degree)

Fig. S12. (a) XRD spectra of S-NiFe204 (red) and pristine NiFe204 (black) with standard XRD
pattern of spinel NiFe204 (JCPDS card No. 54—0964) and corresponding unit cell. (b) XRD
spectrum of S-Fe3O4 (green) with standard XRD pattern of spinel Fe3O4 (JCPDS card No. 19—0629)
and corresponding unit cell. (c) XRD spectrum of S-NiO (blue) with standard XRD pattern of
cubic NiO (JCPDS card No. 47—1049) and corresponding unit cell.
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Fig. S13. High-resolution XPS spectrum of Ni 2p of bare NF.
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Fig. S14. (a) XPS survey spectrum and high-resolution XPS spectra of (b) Ni 2p, (c¢) O 1s, and (d)

S 2p of S-NiO/NF.
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Fig. S15. (a) XPS survey spectrum and high-resolution XPS spectra of (b) Fe 2p, (¢) O 1s, and (d)
S 2p of S-Fe304/NF.
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Fig. S16. (a) XPS survey spectrum and high-resolution XPS spectra of (b) Ni 2p, (c) Fe 2p, (d) O
Is, and (e) S 2p of NiFe204/NF. No S was detected in the NiFe2O4/NF due to the absence of

thiourea during the electrodeposition.
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Electrode N2 flov == Bt : bubbles

Fig. S17. (a) Digital photograph of the three-electrode glass cell for HER and OER measurements
and (b) the magnified image of gas bubbles formed on the surface of S-NiFe204/NF electrode
during the test.
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Fig. S18. (a) Polarization curves and (b) Nyquist plots of S-NiFe2O4/NF prepared at different
applied potentials (vs. Ag/AgCl) for 600 s; (c) polarization curves and (d) Nyquist plots of S-
NiFe204/NF prepared at —1.1 V vs. Ag/AgCl for various electrodeposition time ranging from 150
to 1200 s; (e) polarization curves and (f) Nyquist plots of S-NiFe2O4/NF prepared at 250 and 400
°C.
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Fig. S19. (a) Nyquist plots and (b) simulated Ret of various electrodes at —0.15 V vs. RHE in 1.0
M KOH. (c) Nyquist plots and (d) simulated Ret of various electrodes at 1.5 V vs. RHE in 1.0 M
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KOH. The fitted curves using the equivalent circuit (inset) are presented by solid lines.
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Fig. S20. Digital photograph of the two-electrode cell connected with a CHI 760D electrochemical
workstation for overall water splitting. Inset: Enlarged view showing the obvious evolution of Hz

and O2 bubbles on the S-NiFe204/NF electrodes.
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Fig. S21. The amount of H2 and Oz experimentally measured and theoretically calculated versus

time for overall water splitting of S-NiFe204/NF in 1.0 M KOH.
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Fig. S22. XPS survey spectra of S-NiFe204/NF (a) before stability test, (b) after stability test for
HER, and (c¢) after stability test for OER. Inset: Atomic percentages of S, Ni, Fe, and O.
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Fig. S23. (a) Nyquist plots and (b) simulated Rct of various electrodes at —0.2 V vs. RHE in 1.0 M
PBS. (c¢) Nyquist plots and (d) simulated Ret of various electrodes at 1.75 V vs. RHE in 1.0 M PBS.

The fitted curves using the equivalent circuit (inset) are presented by solid lines.
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Table S1. Comparison of recent electrocatalysts for HER in alkaline electrolytes.

Catalyst Electrolyte Nonset (MV) N1 (MV) Tafel slope (mV dec™) Ref.
S-NiFe,O4/NF 1M KOH 29 138 61.3 This work
FeosC00s@NC/NCNS-800 1M KOH 0.63 150 49.1 [3]
c-CoSe,/CC 1M KOH - 190 85 [4]
Pr0.5BSCF 1 M KOH 179 237 45 [5]
NisS; 1M KOH - 335 97 [6]
Co0-M0,C-0.020 1M KOH 25 118 44 [7]
Mo,C-GNR 1 M NaOH 116 217 64 [8]
NisS2/AT-NF 1 M KOH - 200 107 9]
Co-NRCNTs 1M KOH 160 370 - [10]
CoP/CC 1M KOH 115 209 129 [11]
Mo,C 1 M KOH ~135% ~190% 54 [12]

% Values estimated from polarization curve found in Ref [12].

Table S2. Comparison of recent NiFe-based electrocatalysts for OER in alkaline electrolytes.

Catalyst Nanoparticle size (hm) Electrolyte N1 (MV) Tafel slope (mV dec™) Ref.
S-NiFe,O4/NF ~2 1M KOH 267 36.7 This work
Nio s3F€0.4704/1TO 6 1M KOH 310 28 [13]
NilFe2-250 ~100 1 M KOH 310 42 [14]
FeosNipsOx 10-15 0.1 M KOH ~584 72 [15]
NiO/NiFe,O4 6.4 1M KOH 302 42 [16]
FeNi/NiFe,O,@NC-800 11.1+2.2 1M KOH ~316 60 [17]
Feo.1Nio.sO 2.0£0.4 0.5 M KOH 297 37 [18]
E\',\ilflfjg)g de) ~52 0.1 M KOH 328 42 [19]
Nio 8sF€0.1204/ITO ~8 0.1 M KOH 300 42 [20]
FegNioOx 2200 1M KOH 286 48 [21]
NiFeOy - 1 M NaOH 350+10 - [22]

3 Value estimated from HRTEM image found in Ref [19].
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Table S3. Comparison of recent bifunctional electrocatalysts for overall water splitting in

alkaline electrolytes.

HER Tafel
Catalysts Electrolyte HER nio slop (mV OER nye (MV) OER Tafel_sllop Exo (V) Ref.
(mV) dec?) (mV dec™)
S-NiFe,04/NF 1M KOH 138 61.3 267 36.7 1.65 This work
RuO,/C030, 1M KOH 89 91 305 69 1.645 [23]
Co-NC/CNT 1 M KOH 203 125 354 78 1.625 [24]
310mV @ ~
CoO/MoO, 1 M KOH 163 44 o A e - 172 [25]
NisFeN-NPs 1M KOH 158 42 280 46 - [26]
NiC0,0,4 1 M NaOH 110 49.7 290 53 1.65 [27]
Nio.oFeo1/NC 1M KOH 85 111 270 45 1.58 [28]
Co-P/NC 1M KOH 154 51 319 52 >1.7 [29]
. 230 270
NiC0,S4/CC IMKOH (o 141 (onset 89 1.68 [30]
. ~1.76V @

NisS2/NF 1 M KOH 223 - 260 - 13 mA o2 131]
Co-P films 1M KOH 94 42 345 47 ~1.65% [32]
2-cycle

NIFRO./CFP 1 M KOH 88 150.2 250 315 155 133]
NiSe/NF 1M KOH 96 120 - 64 1.63 [34]
NiFe LDH/NF 1 M NaOH 210 - 240 - 1.7 [35]

3 Value estimated from polarization curve found in Ref [32].
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Table S4. Comparison of recent electrocatalysts for HER in neutral electrolytes.

Catalyst Electrolyte Nonset (MV) N1 (MV) Tafel slope (mV dec™) Ref.
S-NiFe,O4/NF 1 MPBS 81 197 81.3 This work
C0oS¢/CC-2 PBS (pH=7) 25 175 - [36]
I-Cu,S/CF 1MPBS 105 190 98.8 [37]
Mo,C-GNR 1 MPBS 124 266 74 [8]
Ni-Mo-S/CFC 0.5 M PBS (pH 6.9) 132 200 85.3 [38]
WP, SMPs 1 M PBS (pH=7) ~120% 244 92 [39]
Co-B 0.5 M PBS (pH 7) ~1509 251 75 [40]
NisS,/NF 1 MPBS 180 220 108 [41]
Co-NRCNTs 0.1 M PBS (pH=7) 330 540 - [10]
Ni-S/FTO PBS (pH7) 227 330 77 [42]

3 Values estimated from polarization curves found in Ref [39] and [40].

Table S5. Comparison of recent electrocatalysts for OER in neutral electrolytes.

Catalyst Electrolyte ?;;‘\S;)' N1 (MV) Tafel slope (mV dec™) Ref.
S-NiFe,O4/NF 1 MPBS 307 494 118.1 This work
a-Co,P 0.1 M PBS 320 592 94.4 [43]
1-D CoHCF PBS (pH7) 474 880 - [44]
Co-Bi NS/G PBS (pH7) 235 570mV @ 14.4 mA cm2 160 [45]
Bi,WOs CNPs 0.5 M Na,SO, (pH6.6) 370 540 - [46]
C0sS, ultrathin PBS 310  700mV @ 3.97 mA cm™ 151 [47]
nanosheets

CuC0,0,/NrGO 0.1 M PBS (pH7.6) - 540 79 [48]

Table S6. Comparison of recent bifunctional electrocatalysts for overall water splitting in neutral

electrolytes.

HER ni,  HER Tafel slope OER njyo OER Tafel slope

Catalysts Electrolyte mv) (MV dec) mv) (mV dec) Eio (V) Ref.
S-NiFe,O4/NF 1MPBS 197 81.3 494 118.1 1.95 This work
CoO/CoSe,-Ti 0.5M PBS 337 131 510 137 2.18 [49]
Fe10C0o4oNispoP/NF 1 MPBS 88 62 466 246 - [50]
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I11. Supplementary Videos
Supplementary Video 1.

H2 and O evolution of water splitting on S-NiFe2O4/NF electrode in 1.0 M KOH at an applied
voltage of 1.65 V.

Supplementary Video 2.

H2 and O2 evolution of water splitting on S-NiFe204/NF electrode in 1.0 M PBS at an applied
voltage of 1.95 V.
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Chapter 6: NiO as a Bifunctional Promoter for RuO: toward

Superior Overall Water Splitting

6.1 Introduction and Significance

The ever-increasing advances in computational quantum chemistry allow for in-depth
understanding of fundamental reaction kinetics on various electrocatalysts at the atomic
and/or molecular level, thus guide the design of more advanced bifunctional electrocatalysts.
According to previous computational studies, RuOz is found close to the top of OER volcano
and is predicted to be a better OER electrocatalyst by strengthening oxygen binding.
Meanwhile, Ru is a promising HER electrocatalyst, due to the favourable hydrogen
adsorption. Interestingly, the RuO: surface can be reduced to Ru under applied HER
potentials. Therefore, RuO2 provides an idea platform for a proof-of-concept study of
engineering bifunctional electrocatalyst towards water electrolysis. In this chapter, NiO was
proposed as a suitable promoter to modify RuO2 for such a goal. Hierarchical RuO2/NiO
nanosheet arrays, designed with rational in situ interfacial engineering, revealed unique
potential-induced synergies that dramatically improved OER and HER activities. The
highlights in this work include:

1. Rationally designed porous nanosheet arrays, consisting of strongly interacting RuO2 and
NiO nanoparticles, were grown vertically on three-dimensional nickel foam (RuO2/NiO/NF)
through a simple hydrothermal reaction, chemical etching and thermal treatment process. As
a promotor, NiO can not only reinforce the oxygen binding energy of RuOz, approaching the
OER volcano peak, but also promote the prior water dissociation step by cleaving the HO—H

bond.

2. The RuO2/NiO/NF displayed significantly enhanced activity, favourable kinetics, and
strong long-term/cyclic durability for both OER and HER compared to its counterparts (i.e.
RuO2/NF, NiO/NF, and bare NF), even outperforming commercial 20 wt.% Pt/C and IrOo.
More impressively, this bifunctional electrode assured remarkable activity and stability for
overall water splitting with a constant 10 mA cm™2 at a cell voltage of 1.5 V in 1.0 M KOH,
which was superior to the PtC/NF||IrO2/NF couple (1.56 V) and most of recently reported

bifunctional electrocatalysts.

3. Reasonable mechanism analysis revealed the origins of such electrocatalytic reactivity

from several merits: (i) enhanced electrical conductivity for rapid charge transport; (ii)
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enlarged electrochemical active surface to expose abundant active sites; (iii) porous vertically
aligned nanosheet arrays enabling fast mass transfer; (iv) most importantly, advantageous
potential-induced interfacial synergy toward enhanced intrinsic OER and HER under alkaline

conditions; (v) excellent chemical and structural robustness for long-term operation.
6.2 NiO as a Bifunctional Promoter for RuO; toward Superior Overall Water Splitting

This chapter is included in this thesis as it appears as a research paper published by Jinlong
Liu, Yao Zheng, Yan Jiao, Zhenyu Wang, Zhouguang Lu, Anthony Vasileff, and Shi-Zhang
Qiao, NiO as a Bifunctional Promoter for RuO2 toward Superior Overall Water Splitting,
Small, 2018, 14, 1704073.
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NiO as a Bifunctional Promoter for RuO, toward

Superior Overall Water Splitting

Jinlong Liu, Yao Zheng, Yan Jiao, Zhenyu Wang, Zhouguang Lu, Anthony Vasileff,

and Shi-Zhang Qiao*

Conventional development of nanomaterials for efficient electrocatalysis is
largely based on performance-oriented trial-and-error/iterative approaches,
while a rational design approach at the atomic/molecular level is yet to be
found. Here, inspired by a fundamental understanding of the mechanism

for both oxygen and hydrogen evolution half reactions (OER/HER), a unique
strategy is presented to engineer RuO, for superior alkaline water electrolysis
through coupling with NiO as an efficient bifunctional promoter. Benefitting
from desired potential-induced interfacial synergies, NiO-derived NIOOH
improves the oxygen binding energy of RuO, for enhanced OER, and NiO
also promotes water dissociation for enhanced HER on RuO,-derived Ru.
The resulting hybrid material exhibits remarkable bifunctional activities,
affording 2.6 times higher OER activity than that of RuO, and an HER activity
comparable to Pt/C. As a result, the simple system requires only 1.5 V to
deliver 10 mA cm2 for overall alkaline water splitting, outperforming the
benchmark PtC/NF||IrO,/NF couple with high mass loading. Comprehensive
electrochemical investigation reveals the unique and critical role of NiO on
the optimized RuO,/NiO interface for synergistically enhanced activities,
which may be extended to broader (electro)catalytic systems.

input through smaller overpotentials.'™* In
general, platinum (Pt) and iridium dioxide
(IrO,) are regarded as the benchmark elec-
trocatalysts for the HER and OER, respec-
tively.”#] From the perspective of device
simplification and cost reduction, it is
highly desirable to develop effective bifunc-
tional electrocatalysts for both the HER
and OER using the same electrolyte.’12
Although there have been some relevant
studies in recent years, such as transi-
tion metal alloys,>'¥  oxides,[101215-18]
nitrides,™ chalcogenides,?*?2 and phos-
phides,[''?3l most of these studies have
been guided by a trial-and-error and/or
iterative approach. However, few reports
have focused on the rational design of
bifunctional electrocatalysts based on an
in-depth understanding of the reaction
mechanism at a molecular level, particu-
larly when substantial experimental and
theoretical insights into water electrolysis

1. Introduction

Developing water electrolysis toward sustainable H, produc-
tion, especially using clean and renewable energy sources (solar,
wind, and hydro power etc.), requires efficient catalysts. Efficient
catalysts increase reaction rate by improving the kinetics for both
the cathodic hydrogen evolution reaction (HER) and the anodic
oxygen evolution reaction (OER), and by reducing the energy
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on many well-studied catalysts has been
accumulated.?4

Among various model catalysts, ruthenium dioxide (RuO,)

is known to be the most active OER electrocatalyst, with an
optimal oxygen binding energy close to the top of volcano
plot, even surpassing 1rO, with lower overpotential.l?>2¢l For
example, Lee et al. demonstrated that RuO, nanoparticles have
slightly higher intrinsic and mass OER activities than IrO, nan-
oparticles with similar size.””l For the HER, Ru-based catalysts
possess considerable activity, due to the favorable hydrogen
adsorption of Ru.l?$2l Notably, RuO, surfaces, at least sev-
eral atomic layers, are reduced to metallic Ru, if the applied
potential is more negative than =0.04 V versus the reversible
hydrogen electrode (vs RHE),% i.e., RuO, surface is converted
into Ru under HER potentials. As a result, RuO, is believed to
be an ideal platform for constructing more advanced bifunc-
tional electrocatalysts for overall water splitting. In this aspect,
1D RuO, nanowires on carbon nitride (1D RuO,-CN,) and
MOF-derived RuO,/Co;0, heterojunctions have recently been
reported as efficient bifunctional electrocatalysts for OER and
HER in alkaline environments.['®31 Regardless of the enhanced
OER/HER activities, these performance-oriented studies fail to
reveal the rational design principle of RuO, based bifunctional
electrocatalysts. Hence, modification of RuO, with a suitable
promoter is still a great challenge, whereby further improved
OER and HER activity can be simultaneously achieved.
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Fundamentally, in order to realize such a goal, there remains
several major issues needed to be addressed: (i) RuO,
approaches the top of OER volcano plot from the weak oxygen
binding branch, and theoretical predictions indicate that
improvements can be made by slightly increasing the oxygen
adsorption of RuO,;*’ accordingly, the target promoter should
possess strong capability of binding oxygen intermediates.
(ii) Regarding the HER in alkaline electrolyte, it involves the
initial water dissociation step to cleave H,O molecule into H
and OH, which is found to be crucial for the overall alkaline
HER rate;®? consequently, the selected promoter should also
be able to facilitate the cleavage of HO—H bonds, thus acceler-
ating subsequent hydrogen adsorption on RuO,-derived Ru for
further recombination into molecular hydrogen.l?! (iii) Also,
it is preferable to choose promoter candidate with high earth
abundance and corrosion resistance, aiming to lower the cost
and improve the stability.

Given these criteria, NiO is selected as a potential cocatalyst
for engineering hybrid catalyst with RuO, to testify the above
hypotheses. According to previous studies, individual NiO
bind OH too strongly, leading to a higher overpotential for the
OER.B2% Due to the strong adsorption of OH, it has appre-
ciable capability for water dissociation, but its unfavorable
hydrogen adsorption limits the alkaline HER activity.**!
Interestingly, fruitful synergy is expected to achieve superior
overall water electrolysis through hybridizing NiO with RuO,.
To be specific, under applied oxidizing potentials before the
OER onset, NiO and/or Ni(OH), are oxidized into NiOOH as
the actual active species.?*3437l As such, the formed RuO,/
NiOOH interface enables reinforced oxygen adsorption
approaching the OER volcano peak, and optimizing the OER
catalyst system by satisfying the Sabatier principle.?*?5] Mean-
while, the coupling of NiO and RuO, can experience enhanced
alkaline HER activity via bifunctional interaction, where NiO
promotes the cleavage of HO—H bonds and the nearby RuO,-
derived Ru facilitates the hydrogen adsorption and recombina-
tion into molecular hydrogen. Note that under HER potentials,
RuO, can be reduced to Ru, while NiO is electrochemically
stable (Note S1, Supporting Information). For these reasons,
although NiO itself is a poor bifunctional electrocatalyst, it
holds great potential to serve as a bifunctional promoter for
RuO, toward superior overall water splitting. Yet this remains
to be seen.

To this end, we herein report the fabrication of hybrid porous
nanosheet arrays composed of strongly coupled RuO, and NiO
nanoparticles vertically aligned on nickel foam (denoted RuO,/
NiO/NF). The resultant RuO,/NiO/NF, synthesized by a simple
wet chemistry method, features numerous well-defined RuO,/
NiO interfaces with homogeneous distribution of RuO, nano-
particles on the NiO surface. This not only offers abundant
active sites, but also provides the targeted interfacial synergy.
Remarkably, this nanostructured hybrid material shows sig-
nificantly enhanced bifunctional catalytic activities toward both
the OER and HER. The correlation of mechanism analysis
results demonstrates that NiO is a versatile cocatalyst to pro-
mote RuO, as a highly efficient bifunctional electrocatalysts
for superior overall alkaline water splitting. Further, the RuO,/
NiO assembly also exhibits excellent long-term stability due to
its favorable electrode configuration. As an example of “theory

174

www.small-journal.com

guides practice,” this work may provide valuable strategies for
developing multicomponent catalyst systems toward advanced
water electrolysis.

2. Results and Discussions

The synthetic strategy used for fabricating hierarchical RuO,/
NiO/NF is illustrated in Figure 1a. Typically, well-defined
Ni(OH), nanoflake arrays were first grown on NF using
a simple hydrothermal reaction in aqueous HCl solution
reported by Tian et al.?® As can be seen in the X-ray diffraction
(XRD) pattern of Ni(OH),/NF (Figure S1, Supporting Infor-
mation), all the diffraction peaks can be indexed to hexagonal
Ni(OH), (JCPDS card No. 03-0177), except for the background
peaks originating from the cubic NF substrate (JCPDS card No.
04-0850). The scanning electron microscopy (SEM) images in
Figure S2a,b in the Supporting Information show the full cov-
erage of NF with vertically aligned Ni(OH), nanoflake arrays,
and corresponding energy dispersive X-ray (EDX) analysis
shows the presence of Ni and O without any impurity elements
(Figure S2c, Supporting Information). Transmission electron
microscopy (TEM) image and selected area electron diffraction
(SAED) patterns demonstrate that the anisotropic 2D nano-
flakes correspond to hexagonal Ni(OH), single crystals oriented
along the [001] direction (Figure S3a—c, Supporting Informa-
tion). High-resolution TEM (HRTEM) images further confirm
the single crystal nature of the hexagonal Ni(OH), nanoflakes,
with a distinct hexagonal fast Fourier transform (FFT) pattern
and a clear (101) interplanar spacing of 0.235 nm (Figure S3d-f,
Supporting Information).

The as-obtained Ni(OH),/NF was subsequently decorated
with amorphous Ru(OH); by a chemical etching process in
5 x 1073 M RuCl;. The etching preferentially occurs on the sur-
face of the Ni(OH), nanoflakes, leading to the in situ forma-
tion of amorphous Ru(OH); deposited on Ni(OH), nanoflakes.
SEM images show that the nanoflake arrays are well preserved,
though the smooth surfaces of the Ni(OH), nanoflakes become
rougher after the chemical etching (Figure S4a,b, Supporting
Information). From TEM imaging (Figure S4c, Supporting
Information), it can be seen that the Ni(OH), nanoflakes
crack into multiple blocks due to the etching process. How-
ever, the corresponding SAED pattern shows evidence that the
Ni(OH), nanoflakes retain their single crystal nature, which is
also shown by HRTEM image and corresponding FFT pattern
(Figure S4d,e, Supporting Information). No diffraction pattern
or lattice fringe associated with Ru(OH); nanocrystals can be
found, suggesting that the deposited Ru(OH); is amorphous.
The uniform deposition of Ru(OH); throughout the Ni(OH),
nanoflakes is confirmed by high-angle annular dark-field
scanning transmission electron microscope (HAADF-STEM)
imaging, element mapping, and corresponding EDX spectrum
(Figure S5, Supporting Information).

After thermal treatment at 300 °C in Ar atmosphere, the
Ru(OH);/Ni(OH), nanoflake arrays were decomposed and con-
verted into porous RuO,/NiO nanosheet arrays. As reflected
in the XRD pattern (Figure 1b), the resultant RuO,/NiO/NF
contains tetragonal RuO, (JCPDS card No. 21-1172) and cubic
NiO (JCPDS card No. 04-0835). Meanwhile, it was found that
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Figure 1. a) Schematic illustration for the fabrication process of hierarchical RuO,/NiO/NF. b) XRD pattern, c,d) SEM images, and element mapping
of Ni, Ru, O on RuO,/NiO/NF. e) TEM image (inset in panel (e) showing the corresponding SAED pattern) and f) HRTEM image of RuO,/NiO.
g,h) FFT patterns and i) the lattice spacing corresponding to the selected areas in panel (f).

thermal annealing effect improved the HER activity (Figure S6,
Supporting Information). Typical SEM images (Figure 1c,d)
indicate that the solid nanoflake arrays are converted into
porous nanosheet arrays after thermal treatment. EDX mapping
analysis displays the uniform distribution of Ni, Ru, and O on
the surface of the NF. Further, it is observed in the TEM image
(Figure 1e) that the porous nanosheet is composed of numerous
interconnected nanoparticles. The corresponding SAED pattern
can be indexed to polycrystalline RuO, and NiO as marked.
The nanoparticle built nanosheet with porous structure and
homogeneous element distribution is also verified by HAADF-
STEM and corresponding elemental analysis (Figure S7,
Supporting Information). The HRTEM image of RuO,/NiO
nanoparticles provides more structural information about the

RuO,/NiO interface. Two different domains are observed. Spe-
cifically, the lattice fringe spaces of 0.169 and 0.223 nm with
a dihedral angle of 42° are attributed to the (211) and (200)
planes of tetragonal RuO,, respectively; the clear lattice with a
spacing of 0.209 nm corresponds to the (200) plane of cubic
NiO (Figure 1f,i). This is further supported by the indexed FFT
diffractograms given in Figure 1gh. From the domain corre-
sponding to the RuO, nanoparticle (Figure 1f), it is estimated
that the size of RuO, is about 5 nm. Based on these results,
the hierarchical RuO,/NiO/NF electrode, namely, the 3D NF
framework, 2D porous nanosheet arrays, and interconnected
RuO,/NiO nanoparticles with strong interfacial interaction, is
expected to facilitate charge/mass transport, increase electrolyte
contact, expose abundant active sites, and most importantly,
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achieve the desired synergistic effect for significantly improved
activity toward the OER and HER.

To clarify the surface element contents and chemical states
of RuO,/NiO/NF, X-ray photoelectron spectroscopy (XPS)
measurements were also conducted. The XPS survey spectrum
of RuO,/NiO/NF indicates the presence of Ru, Ni, and O ele-
ments on the surface of the as-synthesized electrode (Figure 2a),
in agreement with the elemental mapping results. Quantifica-
tion analysis shows that the atomic percentage of Ru, Ni, and O
are estimated to be 21.47%, 17.45%, and 61.08%, respectively. In
this synthesis strategy, the amount of Ru used is relatively low,
thus significantly reducing the overall price of the as-designed
RuO,/NiO/NF. As shown in Figure 2b, the Ru 3d spectrum gives
two spin-orbit peaks, which can be fitted to characteristic Ru 3ds),
(284.9 eV) and Ru 3ds, of RuO, (280.5 eV) with a pair of satel-
lites (denoted Sat.).?**) The deconvoluted peak located at 285 eV
is attributed to the C 1s for energy calibration.!! The Ni 2p

www.small-journal.com

spectrum (Figure 2c) is divided into Ni 3ps, (853.9 and 855.6 eV)
and its satellite (861.4 eV), and Ni 2p,, (872.8 eV) and its satel-
lite (879.5 eV), suggesting the presence of NiO with Nj%*.[4243]
For comparison, the Ni 2p spectrum of bare NF is also carried
out, in which a sharp peak located at (852.6 eV) is assigned to
metallic Ni, and the other peaks are related to the NiO,, due to
surface oxidization (Figure S8, Supporting Information).** In
the O 1s spectrum (Figure 2d), the peaks at 529.5 and 531.1 eV
are ascribed to Ru-O and Ni-O,#0435] respectively, whereas
the peak at 532.4 eV is attributed to the O-H from adsorbed
water.*®l Moreover, no Cl 2p signal is detected (Figure 2e),
implying that there are no Cl species remaining in RuO,/NiO/
NF after the synthetic process. Therefore, this surface chemical
information further demonstrates the successful preparation of
RuO,/NiO nanosheet arrays on NF.

As a self-supported electrode, RuO,/NiO/NF was first inves-
tigated as an OER electrocatalyst in a typical three-electrode
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Figure 2. a) XPS survey spectrum and high-resolution XPS spectra of b) Ru 3d, c) Ni 2p, d) O 1s, and e) Cl 2p for RuO,/NiO/NF.
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Figure 3. a) OER polarization curves and b) corresponding OER Tafel plots of RuO,/NiO/NF, IrO,/NF, RuO,/NF, NiO/NF, and NF. ¢) Multicurrent
process of RuO,/NiO/NF from 50 to 500 mA cm~2 with an increment of 50 mA cm™2 per 10 min (IR uncorrected). d) Chronoamperometric curve of

RuO,/NiO/NF to deliver 10 mA cm=2.

system. The OER activity of IrO,/NF, RuO,/NF, NiO/NF, and
bare NF were also tested and compared under the same condi-
tions. From the polarization curves (Figure 3a), RuO,/NiO/NF
showed the lowest onset potential, indicating the highest OER
activity among all samples. It is worth noting that there are dis-
tinct oxidation peaks before the OER onset for RuO,/NiO/NF
and NiO/NF, which is attributed to the oxidation of NiO into
active NNOOH.B® To deliver a current density of 10 mA cm™2,
RuO,/NiO/NF only required an overpotential (1) of 250 mV,
which is 33, 61, 83, and 134 mV lower than that of RuO,/NF,
IrO,/NF, NiO/NF, and bare NF, respectively. At a potential
of 1.5 V versus RHE, RuO,/NiO/NF affords an OER current
density of 24 mA cm™, 2.6 and 17 times higher than that for
RuO,/NF and IrO,/NF, respectively. By calculating the corre-
sponding Tafel slopes of all samples (Figure 3b), it was found
that RuO,/NiO/NF also exhibited the most favorable reaction
kinetics with a Tafel slope of 50.5 mV dec™!, outperforming that
of RuO,/NF (53.4 mV dec™?), IrO,/NF (55.6 mV dec™!), NiO/NF
(61 mV dec™!), and bare NF (65.5 mV dec™?). In particular,
RuO,/NiO/NF has significantly higher OER activity than
RuO,/NF and NiO/NF, likely resulting from the synergistic
effect between RuO, and NiO toward the OER (discussed later).
In addition to activity, stability is another important property of
efficient electrocatalysts. Figure 3c displays the chronopoten-
tiometric curve for RuO,/NiO/NF at different current densities
from 50 to 500 mA cm~? without IR-correction. Interestingly,
the overpotential decreases slightly to maintain a given current
density at each step. In a prolonged stability test (Figure 3d), the

overpotential to afford a current density of 10 mA cm™ (1)
starts at 253 mV and reduces to 248 mV after 24 h. This phe-
nomenon is probably caused by the gradual increase of active
NiOOH during operation.’®! Meanwhile, the OER polariza-
tion curve of RuO,/NiO/NF after 1000 cycles (Figure S9, Sup-
porting Information) shows an obvious negative shift with
a much higher Ni?*/Ni** oxidation peak, consistent with the
chronoamperometric stability result. Evidently, its remarkable
OER activity and stability make RuO,/NiO/NF a significantly
improved OER electrocatalyst.

The electrocatalytic HER performance of freshly prepared
RuO,/NiO/NF, along with PtC/NF, RuO,/NF, NiO/NF, and
bare NF were also evaluated and compared using a three-elec-
trode configuration. As presented in Figure 4a, RuO,/NiO/NF
shows a very small onset overpotential comparable to PtC/NF
(Monset = =0 mV). Impressively, RuO,/NiO/NF only needs an 1,
of 22 mV. Compared to RuO,/NF, NiO/NF, and bare NF, this
overpotential is smaller by 43, 189, and 281 mV, respectively,
implying a prominent synergistic effect for alkaline HER as
expected. Similarly, RuO,/NiO/NF has a small HER Tafel slope
of 31.7 mV dec’!, resulting in faster HER kinetics than RuO,/
NF (55.4 mV dec!), NiO/NF (82.8 mV dec™!), and bare NF
(103.2 mV dec™!, Figure 4b). In terms of alkaline HER stability,
RuO,/NiO/NF was first tested by employing cyclic voltam-
metry (CV). In Figure 4c, it can be seen that the HER polariza-
tion curve for RuO,/NiO/NF shows negligible attenuation after
1000 CV cycles. Moreover, during 24 h operation at n = 22 mV,
RuO,/NiO/NF affords an almost constant 10 mA ¢cm™? catalytic
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Figure 4. a) HER polarization curves and b) corresponding HER Tafel plots of RuO,/NiO/NF, PtC/NF, RuO,/NF, NiO/NF, and NF. c) Polarization
curves of RuO,/NiO/NF before and after 1000 CV cycles. d) Chronoamperometric curve of RuO,/NiO/NF for HER at n =22 mV.

current output (Figure 4d), suggesting that the material is
highly stable for alkaline HER. This evidence demonstrates that
the RuO,/NiO/NF is highly active and stable for both the OER
and HER in alkaline electrolyte.

To further highlight RuO,/NiO/NF as a bifunctional electrode
for overall alkaline water electrolysis, a two-electrode electrolyzer
setup using RuO,/NiO/NF as both anode and cathode was con-
structed as shown in Figure 5a. Of all configurations tested,
this water electrolyzer displayed the highest performance with a
current density of 10 mA cm™2 at a cell voltage of 1.5 V in 1.0 m
KOH (Figure 5b). This performance was even better than the
commercial PtC/NF||IrO,/NF couple (1.56 V), NiO/NF||NiO/
NF couple (1.77 V), bare NF|NF couple (1.92 V), and almost
all recently reported bifunctional electrocatalysts (Table S1, Sup-
porting Information). Additionally, the electrolyzer based exclu-
sively on RuO,/NiO/NF is stable for overall water splitting, as
both chronoamperometric and chronopotentiometric curves
show that the cell produces a constant 10 mA cm~2 at 1.5 V over
24 h continuous operation (Figure 5c).

The significantly enhanced bifunctional activity and sta-
bility of RuO,/NiO/NF are correlated with its unique com-
ponents and hierarchical structure. First, RuO,/NiO/NF has
good electrical conductivity due to the highly conductive 3D
NF substrate, metallic RuO,, and strong interaction between
the NF and RuO,/NiO nanosheet arrays. This is supported by
the electrochemical impedance spectra, in which RuO,/NiO/
NF shows the smallest charge transfer resistance of all sam-
ples tested (R, Figure S10, Supporting Information). Second,
the catalytic efficiency is expected to be proportional to the
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electrochemical surface area (ECSA),*’l and the interconnected
RuO,/NiO nanoparticle built nanosheet arrays are beneficial
to expose the abundant active sites. Generally, the double-layer
capacitance (Cy) is a good approach to assess the ECSA.[*8l As
shown in Figure S11 in the Supporting Information, the Cy of
RuO,/NiO/NF is 4.1 mF cm™. In contrast, the Cy of RuO,/
NF, NiO/NF, and bare NF is 2.23 mF cm™2, 802.2 uF cm™2, and
467.8 UF cm™2, respectively. Undoubtedly, the large active sur-
face area of RuO,/NiO/NF, originating from the favorable hier-
archical architecture, makes considerable contribution to its
high catalytic activity. Of course, to decouple the geometric effect
associated with an enhanced ECSA, the specific OER/HER cur-
rent densities of RuO,/NiO/NF were further analyzed and com-
pared with other control samples. Table S2 in the Supporting
Information demonstrates that RuO,/NiO/NF has significantly
greater intrinsic OER/HER activities compared to that of the
other samples. Third, the porous vertically aligned nanosheet
arrays enable full penetration of the electrolyte to the active sites
and promote the release of generated bubbles, thereby facili-
tating mass transfer for improved reaction kinetics.*”! Most
importantly, the greatly enhanced activity is closely related to
the potential-induced interfacial synergy between the RuO, and
NiO nanoparticles illustrated in Figure 6. As mentioned earlier,
NiOOH (converted from NiO under applied potentials) has a
capability of dissociating water molecule,?®! while RuO, can
efficiently dissociate OH due to the strong affinity of bridging
oxygen (O") for H and the neighboring coordinatively unsatu-
rated ruthenium (Ru) for 0.% On individual RuO, and
NiOOH surfaces, it is difficult to achieve optimal dissociation
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Figure 5. a) Digital photograph of the two-electrode electrolyzer. b) Polarization curves of RuO,/NiO/NF|| RuO,/NiO/NF, PtC/NF||IrO,/NF, NiO/
NF||NiO/NF, and NF||NF in 1.0 v KOH (inset in panel (b) showing the H, and O, evolution on RuO,/NiO/NF). c) Chronoamperometric and chrono-
potentiometric curves of RuO,/NiO/NF in the two-electrode configuration for overall water splitting.

of H,O and OH", respectively. However, at in situ formed
RuO,/NiOOH interfaces, (i) dissociation of H,0 and (ii) disso-
ciation of OH™ can be coupled and optimized to produce the
OOH™ intermediate. The highly active OOH™ intermediate can
further deprotonate and be released as (iii) molecular O,, thus
realizing the synergistic effect for alkaline OER (Figure 6a). On
the cathodic side, an in situ Ru/NiO interface can be generated
considering the electrochemical reduction of RuO, at applied
negative potentials. Given the stronger affinity for OH™ on the
NiO surface,?®l NiO is able to promote the dissociation of water
into OH™ and H. The produced H can then be immediately
absorbed by nearby Ru and further recombined into molecule
H,. As shown in Figure 6b, such a reaction pathway provides
the Ru/NiO interface with significantly improved HER rate. It
is well-known that the Tafel slope is an inherent property of a
specific catalyst determined by the reaction mechanism. To fur-
ther verify the above hypothesis, theoretical analysis of the OER
and HER mechanism, along with corresponding Tafel slope,
has been provided in Notes 2 and 3 in the Supporting Infor-
mation. Evidently, the self-consistent interpretations of the Tafel
slopes support the OER and HER mechanisms with interfacial
synergy. Finally, the robust NF framework, strong coupling
of RuO, and NiO, together with excellent intrinsic corrosion
resistance of each component, provide long-term durability of
the as-fabricated RuO,/NiO/NF for practical applications. As
observed in Figure S12 in the Supporting Information, the
nanosheet arrays of RuO,/NiO/NF were preserved after long-
term operation. Benefitting from these advantageous features,
RuO,/NiO/NF as a self-supported electrode affords superior
activity and stability for overall alkaline water electrolysis.

3. Conclusion

In summary, hybrid RuO,/NiO nanosheet arrays on NF exhibit
remarkable activity, favorable kinetics, and excellent durability
for both the OER and HER under alkaline conditions. As a
bifunctional electrocatalyst, RuO,/NiO/NF is efficient and stable
toward overall alkaline water splitting, and is even better than
the commercial PtC/NF||IrO,/NF couple and almost all recently
reported bifunctional electrocatalysts. The significantly enhanced
performance can be attributed to the unique nanostructure and
functional components of the as-synthesized electrode, giving
rise to good conductivity, enlarged active surface area, improved
mass transport, strong structural stability, and potential-induced
interfacial synergy. All these results confirm NiO as an effective
bifunctional promoter to tailor RuO, toward superior overall alka-
line water splitting. It is believed that the design strategy devel-
oped in this work may provide a new perspective for designing
other advanced nanocomposite catalysts for various applications,
such as fuel cells, metal-air batteries, and photoelectrocatalysis.

4. Experimental Section

Chemicals: All chemicals (analytical reagent grade) used in this work,
including HCl, ethanol, KOH, RuCl;:xH,0, RuO,, IrO,, nickel foam
(NF, thickness 1.6 mm, bulk density 0.45 g cm=3), Pt/C (20 wt% of
Pt on Vulcan XC72), Nafion (15 wt%) were purchased from Sigma-Aldrich
and used without further purification. Ultrapure water (18.2 MQ cm,
PURELAB Option-Q) was used in all the experiments.

Preparation of Ni(OH),/NF: Ni(OH), nanoflake arrays were
synthesized on NF by a simple hydrothermal reaction according to
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Figure 6. Schematic illustration of potential-induced interfacial synergy between RuO, and NiO for enhanced a) OER and b) HER under alkaline

conditions.

Tian et al.?® In detail, a piece of NF (1 cm x 4 cm) was ultrasonically
cleaned in 3 m HCl and ethanol, and then rinsed with water. The
cleaned NF was immersed into 40 mL of HCl solution with pH of 2.5,
which was then transferred into a 50 mL Teflon-lined stainless steel
autoclave. The autoclave was sealed and maintained at 180 °C for 6 h.
After cooling naturally to room temperature, the sample was collected
and rinsed with water and ethanol several times, and further dried in
Ar flow.

Preparation of RuO,/NiO/NF: Typically, the Ni(OH),/NF obtained
as above was immersed into 20 mL of 5 x 10 m RuCl; aqueous
solution overnight. Afterward, the sample was collected and dried in a
vacuum oven at 60 °C for 12 h to give Ru(OH);/Ni(OH),/NF. Under
Ar atmosphere, the obtained precursor was heated to 300 °C in a tube
furnace at a rate of 2 °C min~' and kept at that temperature for 2 h.
The mass loading of NiO and RuO, on NF was calculated as follows.
The mass increment of NF was directly weighed after preparation, which
was found to be about 1.1 mg cm=2. EDX quantification analysis of the
RuO,/NiO nanosheet then revealed that the mass percentage of Ru was
~13.6%, thus the mass loading of RuO, was (Mgyo2/Mgy) X 13.6% X
1.1 mg cm=2 = (133.07/101.07) X 13.6% x 1.1 mg cm™2 = 0.2 mg cm?,
and the mass loading of NiO was (1.1-0.2) mg cm™=0.9 mg cm2.

Preparation of NiO/NF: To fabricate NiO/NF for comparison, the
same calcination procedure for the preparation of RuO,/NiO/NF was
also performed on the Ni(OH),/NF obtained as above.

Preparation of RuO,/NF: 5 mg of commercial RuO, was dispersed in
1 mL of ethanol containing 0.15 wt% of Nafion under sonication for 1 h.

180

200 pL of the dispersion was loaded onto a piece of precleaned NF
(1 em X 1 cm) to obtain RuO,/NF electrode.

Preparation of IrO,/NF: 1rO,/NF electrode was prepared by the same
approach as the preparation of RuO,/NF, except that the commercial
RuO, was replaced with commercial IrO,.

Preparation of PtC/NF: PtC/NF electrode was prepared by the same
approach as the preparation of RuO,/NF, except that the commercial
RuO, was replaced with commercial 20 wt% Pt/C.

Characterizations: XRD patterns were recorded on a Cu-target Bruker
D8 Advance powder diffractometer (A = 1.540598 A). SEM images,
TEM images, HRTEM images, element mappings, EDX spectra, SAED
patterns were collected on a QUANTA 450 field emission scanning
electron microscope equipped with EDX detector and a Tecnai G2
F30 scanning transmission electron microscope with high-angle
annular dark-field detector. XPS measurements were carried out on an
ESCALab250 XPS spectrometer.

Electrochemical Measurements: Electrochemical measurements were
performed on a 760D electrochemical workstation (CH Instruments,
Inc., USA) using a standard three-electrode glass cell (Pine Research
Instruments, USA). T cm X 1 cm RuO,/NiO/NF, NiO/NF, RuO,/
NF, IrO,/NF, PtC/NF, and bare NF were directly used as the working
electrode. A carbon rod and an Ag/AgCl (4 m KCl) electrode were
employed as the counter electrode and the reference electrode,
respectively. All potentials were referenced to the RHE using the
following equation: E(RHE) = E(Ag/AgCl) + 0.205 + 0.059 x pH. All
the electrolytes were purged with N, for 30 min before measurements


KevinUoA
戳記

KevinUoA
打字機
180


ADVANCED
SCIENCE NEWS

small

www.advancedsciencenews.com

to remove dissolved O,. The linear sweep voltammetry curves were
collected at a scan rate of 1 and 5 mV s™! for the OER and HER,
respectively. IR compensation of polarization curves was performed
using the solution resistance (R,) estimated from electrochemical
impedance spectroscopy (EIS) measurements. EIS was measured in
the frequency range from 0.1 Hz to 100 kHz with an amplitude of 5 mV.
The Cy of various samples was evaluated using CV technique in a small
potential range of 0.85-0.90 V versus RHE. The long-term stability
test was carried out by repetitive CV scans, chronoamperometric
and chronopotentiometric tests. For overall water electrolysis, a two-
electrode setup was used during the electrochemical investigation.
All electrochemical measurements were conducted at ambient
temperature, and all data were corrected for the IR contribution within
the cell unless otherwise noted.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. Experimental XRD patterns of bare NF and Ni(OH),/NF, along with standard
XRD patterns of cubic Ni (JCPDS card No. 04-0850) and hexagonal Ni(OH), (JCPDS card
No. 03-0177).
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Figure S2. (a, b) SEM images and (c¢) EDX spectrum of Ni(OH),/NF.
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Figure S3. (a) TEM image, (b) SAED pattern, (c) simulated [001] diffraction pattern, (d, e)
HRTEM images of Ni(OH), nanoflakes (Inset in panel (d) showing the corresponding FFT

pattern), and (f) the lattice spacing along the cyan rectangle in panel (e).
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Figure S4. (a, b) SEM images of Ru(OH)s/Ni(OH),/NF, (c) TEM image (Inset in panel (c)

showing the corresponding SAED pattern), (d) HRTEM image and (e) corresponding FFT
pattern of Ru(OH)3;/Ni(OH), nanoflakes.
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Figure S5. (a) HAADF-STEM image, (b) element mappings of selected area in panel (a), and
(c) EDX spectrum of Ru(OH)3;/Ni(OH), nanoflakes.
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Figure S6. (a) OER and (b) HER polarization curves of Ni(OH),/NF and NiO/NF, indicating

the favourable effect of thermal annealing on HER activity.
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Figure S7. (a) HAADF-STEM image, (b) element mappings for selected area in panel (a),
and (c¢) EDX spectrum of RuO,/NiO nanosheet.
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Figure S8. High-resolution XPS spectrum for Ni 2p of bare NF.
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Figure S9. OER polarization curves of RuO,/NiO/NF before test and after 1000 cycles.
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Figure S10. (a) Nyquist plots and (b) simulated R of various electrodes at 1.53 V vs. RHE
in 1.0 M KOH. (c) Nyquist plots and (d) simulated R of various electrodes at —0.1 V vs.
RHE in 1.0 M KOH. The fitted curves using the equivalent circuit (inset) are presented by

solid lines.
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Figure S11. CV curves and the capacitive currents at 0.875 V vs. RHE against scan rate of (a,

b) bare NF, (c, d) NiO/NF, (e, f) RuO,/NF, and (g, h) RuO,/NiO/NF.
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Figure S12. (a, b) SEM images and (c¢) EDX spectrum of RuO,/NiO/NF after 24 h stability

test.
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Supplementary Note 1. Electrochemical stability of RuO, and NiO

Half-reaction E° (V vs. RHE)
Ni*" +2e” = Ni -0.257
Ni(OH), + 2e” = Ni + 20H~ -0.72

2H" + 2" 2 Hy (HER) 0

Ru* +2e =Ru 0.455
RuO; + 4H" + 2e” = Ru** + 2H,0 1.12

From the above standard reduction potentials (E° at T = 298.15 K and P = 101.325 kPa),"! it
can be seen that prior to the HER onset, RuO, reduction to Ru (overall reaction: RuO, + 4H"
+4e” = Ru + 2H,0, E° = 0.7875 V vs. RHE) is thermodynamically preferable in a two-step
process. Considering the reduction overpotentials, Marc observed two obvious reduction
peaks corresponding to RuO,/Ru”" at ~0.47 V vs. RHE and Ru*/Ru at ~0.18 V vs. RHE.[
However, NiO or Ni(OH), reduction to Ni is thermodynamically unfavorable under the
conducted HER conditions. Likewise, given the reduction overpotentials, surface reduction of
NiO to Ni is impossible for RuO,/NiO/NF in the potential window from 0 to —0.2 V vs. RHE.
Therefore, under the conducted HER potentials, RuO, is electrochemically unstable and

reduced to target Ru, whereas NiO is electrochemically stable without reduction.

Supplementary Note 2. OER reaction mechanism and Tafel slope
Considering that in situ formed NiOOH has appreciable capability of dissociating water
molecules by cleaving the H-OH bond, the OER mechanism on RuO,/NiO/NF is deemed to

S on the RuO, surface

initiate with water dissociation on a Ni site. In alkaline solution, Ru
exists in the form of Ru™*~OH™ (denoted as M(Ru)~OH"). According to well-established
models, M(Ru)-OH can be oxidized into a high chemical state by deprotonation under OER
potentials.””) If the interfacial synergy is assumed to be involved in the OER on RuO,/NiO/NF,
the as-formed M(Ni)-OH and M(Ru)—O should react with each other as the rate-determining
step (RDS) to generate the key intermediate M(Ni/Ru)-OOH. Following the commonly
accepted pathway,[7_9] the M(N7/Ru)~OOH intermediate undertakes further deprotonation to
finally release O, from the catalyst surface. With these considerations, we suggest the OER
pathway at the potential-induced RuO,/NiOOH interface by the following reaction sequence:

M(Ni) + H,O 2 M(Ni)-OH +H" +e

(a)
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M(Ru)-OH" = M(Ru)—-O + H' +e

(b)
M(Ni)~OH + M(Ru)-O = M(Ni/Ru)~OOH (c)
M(Ni/Ru)-OOH + OH = M(NiRu)-00  + H,0 + e
(d)
M(Ni/Ru)-00 + OH = M(Ni) + M(Ru)-OH + O, + ¢ (e)

where M represents corresponding metal catalytic center/interface.
For step (a), the reaction fluxes j in the forward (+) or backward (—) directions can be

respectively expressed as:

. anF
Jra = Kyq (1 —0y;) - eRT
(1

_(-aynF
Jra= Keq - Qye Oy T
(2)

Here, 0 is the fractional occupancy of the electrode surface by corresponding active sites, and
a is the electron transfer symmetry factor. At low overpotentials, we assume that reaction (a)
precedes in quasi-equilibrium (i.e. j+, =j-4), we can get the following equation:

nFE
+aek:

Oy = —it
Ni — nF
kyqeRT + k_a-aH+
3)
Similarly, for reaction (b), we obtain:
Jib = kyp - (1 —0Opy) - € RT
4)
_(-a)nF
J-p = k_p-ay+-Opy, e RT
(5)
nF
kyp-eRT
HRu = 11+Fl'7
k_,.b-eﬁ + k_b-aH+
(6)
The rate equation for reaction (c) is:
. an-F
J+c = kic:Oyi-Ogy,-eRrRT

(7)
If reaction (c) is the RDS, the overall OER current density is equal to:
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anF
R-

i=2F-jioc=2F-kyc Oy Opy-erT (8)
Unlike common OER kinetic analyses involving single active sites, reaction (c¢) occurs at the
RuO,/NiOOH interface, implying that a more complicated model including dual active sites is
required. In this case, the dual barrier model proposed by MacDonald and Conway is more
applicable for analyzing the RDS.!"” Specifically, they developed a general form with the

following rate equation:

. (1+ap)-EF

i=W-e RT 9)
— 9%

0= o (10)

where o, is the overall symmetry factor, a,is the symmetry factor for field dependent charge
transport and a; is that for the electrochemical charge transfer. Using this dual barrier model,
we assume that the RDS at the RuO,/NiOOH interface has the same expression, except that
the overall symmetry factor ¢, is determined by two symmetry factors, accounting for the Ni

site and Ru site. Thus, we get:

_ ani"CRuy
%= anit ary (1 1)

The rate equation for the RDS (9) is thus given by:

ani-a
(1+-NLZRu y g

anit ARy
i=W:-e NR~TR (12)
Therefore, the OER Tafel slope is:
_ (Ologi) _ ‘R-T
b= (alogas)E = 2303 x (1+m+’;’“‘).p (13)

For T'=298.15 K, R = 8.3145 I mol ' K', and F = 96485.33 C mol ', assuming the potential
barriers on Ni site and Ru site are symmetrical (i.e. ay; = ag, = 0.5), the theoretical Tafel slope
1S:

b= 2303 X == = 47.3 mV dec™* (14)

Evidently, the observed OER Tafel slope of 50.5 mV dec”' for RuO,/NiO/NF is in good

agreement with the theoretical value, supporting the OER mechanism with synergistic effect

at the RuO,/NiOOH interface as illustrated in Figure 6(a).

Supplementary Note 3. HER reaction mechanism and Tafel slope

Regarding the HER mechanism at the potential-induced Ru/NiO interface in 1.0 M KOH, the
first step is water dissociation to form electrochemically adsorbed hydrogen (Hag, Volmer
reaction), where the produced Hag binds on the Ru site.''! In the next step, two Hags

recombine to generate a hydrogen molecule (H,, Tafel reaction), and the H is finally released
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from the catalyst surface.''! Overall, the Volmer-Tafel mechanism is operative for the HER
catalyzed by RuO,/NiO/NF. As illustrated in Figure 6(b), the HER mechanism is represented
by the following reaction sequence:

M(Ni/Ru) + H,O + e = OH™ + M(Ru)—Hags (f)
M(Ru)~Hags + M(Ru)~Hags = M(Ru)—H, (2)
M(Ru)-H, = M(Ru) + H, (h)

For reaction (f), we can get the following rate equations:

F-E

_BFE
jif = kg (1 —0) -e RT
(15)

(1-B)F-E
j—f = k_f' C(OH_) ‘0. e RT
(16)
where [ is the symmetry factor, and 0 is the fractional occupancy of H-adsorption sites on Ru.
If reaction (g) representing the key intermediate Ha,qs recombination into H» is the RDS, the

preceding reaction (f) should be in steady-state, so the reaction fluxes in the forward (+) or

backward (—) directions are equal (i.e. j+r=j), and we can get:

‘F-E (1-B)FE

B
Kif-(1—6)-e" RT = k ;-c(OH™)-0- e T

17)
At low overpotentials, 0 is close to 0, then it can be approximated that (1 — 6(Ru)) — 1. Hence,

Eq. (17) is simplified as follows:

6 = keg e RT (18)

For reaction (g) as the RDS, the overall HER current density is equal to:

1 )2 _Z'F'E

2
—i=—2-Fj,, = —2-F-k+g-92=—2-1~"-k+g-<"i> -

— R-T
k_f c(OH™)
(19)
Therefore, the HER Tafel slope is:
__( dlogi _ RT _ -1
b= (alogas)E = 2.303 X 21 ~ 30 mV dec (20)

Again, the observed HER Tafel slope of 31.7 mV dec' for RuO,/NiO/NF is in agreement
with the calculated value. This demonstrates the HER mechanism with synergistic effect at
the Ru/NiO interface as illustrated in Figure 6(b).

In summary, the mechanism analyses illustrated in Figure 6 are supported by self-consistent

interpretations of the Tafel slopes.
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Chapter 7: Conclusions and Perspectives

7.1 Conclusions

This thesis is devoted to deepening insights into the reaction rates and mechanisms of key
energy conversion reactions relating to water electrocatalysis, and developing a series of
improved electrocatalysts as alternatives to benchmark noble metal based catalysts. Based on

the works in this thesis, the following conclusions can be drawn:

1. Having established a catalyst model on Ru and MoS>, the pH-dependent HER mechanisms
have been identified. Different from the acidic HER that can be perfectly described by the
hydrogen adsorption free energy (AGh=), the HER in alkaline media involves an essential
step of water dissociation prior to hydrogen adsorption. Combining two functional materials
like Ru/Mo0S>, one enabling efficient cleaving of HO—H bond and the other allowing for
favourable hydrogen adsorption, offers a new strategy to explore enhanced HER catalysts for
the alkaline HER. Despite that only unsaturated edge atoms of MoS; are active towards the
HER, defect engineering of MoS> has been demonstrated as an effective approach to creating

plenty of in-plane active sites.

2. In situ growth of single-crystalline nanoarrays on conductive substrate can effectively
improve the electrical conductivity and structural stability of resultant electrode, due to the
strong connection between active materials and underlying current collector and minimal
structural disorder. As a result, single-crystalline Fe-Ni(OH). nanoflake arrays on nickel
foam manifested remarkable OER activity with ultra-stable durability. On account of the
increase of active oxyhydroxide species during long-term operation, the Fe-Ni(OH)./NF

enabled self-activation to further reduce the OER overpotential.

3. Thiourea-assisted electrodeposition has been put forward to synthesize catalysts with well
controlled nanostructure and chemical modification, where thiourea confines the growth of
primary nanoparticles and serves as S source to realize S doping. As a general synthesis
strategy, it can be applied to various S-doped transition metal oxides nanosheets consisting of
ultra-small nanoparticles. The effect of synthesis parameters on the catalytic activity was
systematically studied. The optimized S-NiFe2O4 nanosheets on nickel foam assured ultra-
small nanoparticles (~2 nm) as building units to expose a great number of active sites and
uniform S-incorporation to achieve excellent conductivity, resulting in prominent

bifunctional reactivity for overall water splitting in both alkaline and neutral pH.
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4. Systematic understanding of the catalytic properties of well-studied materials represents a
fundamental step towards rational design of bifunctional electrocatalysts for water
electrolysis. On the basis of previous studies, both experimental and theoretical, NiO was
predicted to be a bifunctional promotor for RuO> favouring synergistic water splitting. As a
proof-of-concept, porous nanosheet arrays consisting of strongly interacting RuO2 and NiO
nanoparticles were grown vertically on nickel foam, which exhibited superior OER activity
to pristine RuO. and IrO; catalysts as well as Pt-like HER activity. The correlation of
experimental and computational results regarding reaction kinetics analysis proved the

potential-induced interfacial synergies for improved alkaline OER and HER.

In summary, the insightful understanding of these electrochemical reaction mechanisms can
lay a solid foundation for rational design of more efficient electrocatalysts, and the developed
synthetic strategies are effective to construct nanostructured materials with well-controlled
composition, morphology, structure and size, therefore collectively paving a new way for

developing advanced catalysts in water electrolysis.
7.2 Perspectives

Although considerable progress has been made in the research area of nanostructured
electrocatalysts for energy conversion technologies, more efforts are needed to accelerate the

advent of sustainable energy future.

1. The catalytic reactivity of a catalyst/system depends heavily on the number of active sites
and the intrinsic physiochemical properties. In this aspect, nanostructure engineering has
been demonstrated as an effective strategy to expose more electrochemically active surface
area, while the intrinsic catalytic activity can be tuned by combining with other materials.
Accordingly, it is highly desirable to hybridize different nanomaterials with fine-tuned
interfaces, aiming to bring some new functionalities via synergistic effect. Extending
established synthetic strategies in this thesis to construct a variety of new nanocomposites

remains to be explored in the near future.

2. In addition to water electrolysis, HER and OER are also critical electrochemical reactions
for other energy conversion technologies. For example, HER is a half reaction in urea
electrolysis, and OER is a half reaction in CO. reduction and also involved in the charging
process of rechargeable metal-air batteries. Undoubtedly, the developed nanostructured
electrocatalysts in this thesis have great potential to be applied in those emerged
electrocatalysis research. Moreover, bifunctional electrocatalysts, such as S-NiFe2Os and
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RuO/NiO, might be readily applicable for other electrochemical reactions like urea oxidation,

which yet remains to be seen.

3. The atomistic and molecular level understanding of the mechanisms of key
electrochemical reactions and the origin of so-called synergistic effects are still uncertain or
ambiguous, which severely limit insights into materials design. In this regard, it is necessary
to carry out more studies combining theory and experiment in electrocatalysis. Particularly, in
situ characterization techniques, such as in situ TEM, XAESE, XPS, Raman spectroscopy,
and infrared spectroscopy, are powerful for probing the reaction processes, which open up a
new avenue to ascertain proposed reaction mechanisms. Further, the development of efficient
computational screening is anticipated to speed up the pace of materials discovery for

advanced electrocatalysts.

To sum up, it is believed that more and more breakthroughs in this promising research area

are to be expected through further exploration of nanostructured electrocatalysts.
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Design Strategies toward Advanced MOF-Derived
Electrocatalysts for Energy-Conversion Reactions

Jinlong Liu, Dongdong Zhu, Chunxian Guo, Anthony Vasileff, and Shi-Zhang Qiao*

The key challenge to developing renewable and clean energy technologies lies
in the rational design and synthesis of efficient and earth-abundant catalysts
for a wide variety of electrochemical reactions. This review presents materials
design strategies for constructing improved electrocatalysts based on MOF
precursors/templates, with special emphasis on component manipulation,
morphology control, and structure engineering. Guided by these strategies,
recently developed MOF-derived materials have exhibited remarkable activity,
selectivity, and stability for various energy-conversion processes, manifesting
great potential for replacing precious-metal-based catalysts in next-generation
energy devices. Existing challenges and opportunities regarding MOF-
derived electrocatalysts are also discussed. It is anticipated that by extending
current materials design strategies to a wider range of MOF precursors for
various energy-related electrocatalytic reactions, significant advances toward

achieving highly efficient electrocatalysts can be made.

1. Introduction

Energy supply is a key issue for the sustainable development of
modern society.'?l Especially when confronted with continuing
population growth, increasing depletion of fossil fuels, and
worsening effects of climate change, it is paramount to develop
new clean and sustainable sources of energy.>3] During the past
decades, tremendous research efforts, both in academic and
industrial communities, have been devoted to seeking advanced
techniques in harvesting renewable energy sources (including
biofuels, wind, sunlight, geothermal heat, hydroelectricity,
etc.).24 In the pursuit of energy security, energy-conversion
and storage technologies are essential to expedite the large-
scale exploitation of these energy resources.**! Among various
next-generation energy technologies, fuel cells, metal-air bat-
teries, electrochemical water splitting, and CO, reduction show
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great potential to meet our ever-growing
demand for energy. These devices appear
most promising due to their high energy-
conversion and storage efficiencies, port-
ability, which can mitigate the intermittent
distribution of the aforementioned energy
in space and time, and environmental
benignancy.®1%  Fundamentally, these
electrochemical systems or devices involve
different energy-conversion reactions,
such as the oxygen reduction reaction
(ORR), oxygen evolution reaction (OER),
hydrogen evolution reaction (HER) and
electrochemical CO, reduction (ECR),
which provide energy by directly con-
verting chemical energy (e.g., methanol,
ethanol, zinc, and hydrogen) into electrical
energy, or store energy vice versa.l’12 The
intrinsically sluggish kinetics of these
reactions highlights the critical role of
electrocatalysts. In this regard, the development of advanced
electrocatalysts has always been the technological bottleneck
that hinders the practical applications of these energy tech-
niques at any appreciable scale./-1%

Currently, noble-metal-based materials (e.g., Pt, IrO,, RuO,,
and Au) are considered to be state-of-the-art catalysts for a
variety of energy devices,'*1% such as proton exchange mem-
brane fuel cells (PEMFCs).l8] In spite of their outstanding
catalytic performance for many electrochemical reactions, the
high cost and scarcity of these noble metals severely hamper
their large-scale commercialization.'”] Further, precious metal
catalysts face issues with poisoning when exposed to a range
of chemical compounds like methaol and carbon monoxide,
leading to significant activity loss.'8! Therefore, extensive
studies have focused on the development of alternative electro-
catalysts with high activity, long stability, low cost, widespread
availability, and facile synthesis.[8-10:19.20]

To replace precious-metal-based catalysts, a wide range of
non-noble-metal materials, especially transition-metal-based
materials and metal-free carbon materials, have been inten-
sively investigated as electrocatalysts for different applica-
tions.2!l Most of these electrocatalyst candidates show great
promise in energy-conversion reactions. Nevertheless, very few
alternative materials have yet to achieve superior electrochem-
ical properties to those of noble-metal-based catalysts. Fortu-
nately, the accumulation of experimental and theoretical studies
have significantly advanced our knowledge on the chemical
and physical nature of various candidate materials.1*12 For
example, our group has shed light on the activity origin of
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heteroatom (e.g., B, N, S, and P)-doped carbon materials for the
HER.?2 Similarly, some researchers have demonstrated that
N-coordinated metals on a carbon matrix (M—N—C, M=Fe, Co,
Ni, etc.) serve as a highly active configuration for the ORR.[2324
On the basis of these gained knowledge, it is anticipated that
rational design of efficient electrocatalysts is possible.

As an emerging type of compound material, metal-organic
frameworks (MOFs), composed of metal ions and organic
ligands by strong coordination bonds, have stimulated huge
research interest due to their unique properties.[?’! First of all,
diversity in metal centers and organic linkers has led to the
synthesis of thousands of different MOFs. Until now, more
than 20000 MOFs have been reported, and the number of
MOFs is still increasing exponentially.l?®! Secondly, MOF struc-
tures can be well controlled in one-, two-, or three-dimensions
simply by varying the constituent geometry. Meanwhile, the
size, morphology, and porosity of MOFs can also be tuned pre-
cisely through diverse synthetic procedures,?’! and their ultra-
high surface areas (from 1000 to 10000 m? g') makes them
extremely attractive over traditional porous materials like zeo-
lites and mesoporous carbons.”’! By virtue of these favour-
able features, MOFs exhibit promising applications in an
ever-increasing variety of areas, such as gas storage and sepa-
ration, %% catalysis,?”] sensors,?8! water treatment,’*! and drug
delivery.3% To better understand the theory behind the chem-
istry and applications of MOFs, the readers can refer to Furu-
kawa et al.’s review article (ref. [25]).

In recent years, advanced materials derived from MOFs
through effective post-treatments, especially high-tempera-
ture calcination, have brought unimaginable opportunities
to expand their functionalities. On the one hand, MOFs con-
tain both inorganic metal source and organic source, thus can
serve as an ideal precursor to prepare composite materials with
functional species. On the other hand, they can also work as
a template to control the resultant morphology and structure.
When used as electrode materials in energy-conversion reac-
tions, MOF-derived materials have displayed appealing perfor-
mance in electrochemical systems, and comprehensive studies
indicate that MOF-derived materials have several advanta-
geous characteristics for electrochemical energy generation
and storage. These are: 1) the carbon matrix obtained from the
organic framework is able to act as a highly conductive network,
promoting fast electron transfer;?13¢ 2) various heteroatoms
(e.g., N, O, S, and P) contained in the organic ligands can be
directly doped into the carbon framework, which can not only
provide more active sites, but also create a favourable micro-
environment for the growth of functional nanoparticles (NPs,
e.g., transition metal carbides, nitrides, and oxides);?*36-41
3) the metal atoms in MOFs can form corresponding metals
and/or compounds and homogeneously distribute in the
carbon network, leading to the in situ synthesis of a carbon
framework decorated with transition metals and/or transition
metal compounds;2*#1=1 4) a well-defined morphology, size,
and structure can be obtained by adjusting synthesis para-
meters;*>] 5) many of the features (e.g., large surface area
and high porosity) inherited from the MOF precursors can be
preserved in the resultant materials after post-treatments.[6-48]

Unsurprisingly, owing to the advantages discussed above,
these MOF-derived materials have stimulated much interest
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in energy fields,*>!l and have been studied as electrode mate-
rials in batteries and supercapacitors.*>% Recent progress in
these two attractive technologies has been comprehensively
reviewed by Lu et al.P® Another very important application is
electrocatalysis.P’!] In particular, as promising substitutes for
noble-metal-based electrocatalysts, MOF-derived materials have
been extensively investigated as alternative electrocatalysts for
the ORR, OER, and HER, and have made many great achieve-
ments during the past decade.”’*? Notably, some MOF-derived
materials have shown significantly enhanced performances,
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even superior to noble-metal-based electrocatalysts.’1°2 A
few reviews have summarized the progress of MOF-derived
materials in electrocatalysis, but have mainly focused on the
application of MOF-derived materials as ORR electrocatalysts
in fuel cells.”’*? Regardless of recent advances in this field,
the exploration of MOF-derived electrocatalysts is still in its
infancy. Accordingly, an updated perspective on the general and
effective strategies toward materials design and synthesis from
newly emerged MOF-derived materials has far-reaching signifi-
cance, which offers valuable guidance and inspiration for fur-
ther development of improved MOF-derived catalysts as well as
extended applications in diverse, emerging, energy-related reac-
tions. Therefore, a timely review with emphasis on the mate-
rials design strategies toward advanced MOF-derived catalysts
will expand our knowledge on rational synthesis of improved
electrocatalysts in energy-conversion reactions.

In this review, we first focus on the design strategies of
MOF-derived materials with desirable composition, mor-
phology, and structure. The effective synthetic strategies,
including component manipulation, morphology control, and
structure engineering, along with decisive reaction param-
eters to optimize target properties are summarized. Further-
more, their applications as electrocatalysts for the ORR, OER,
HER, ECR, and other reactions, as well as bifunctional electro-
catalysts in energy devices, are discussed through recent case
studies and a table summary. The significant improvements in
electrocatalytic performance achieved by MOF-derived mate-
rials have highlighted their potential in replacing noble-metal-
based electrocatalysts. Finally, we conclude this review with the
challenges surrounding MOF-derived materials and provide a
perspective to promote their future development in advanced
electrocatalysis for energy-conversion reactions.

2. Strategies for Designing Efficient
MOF-Derived Electrocatalysts

To begin with, it is necessary to define “MOF-derived mate-
rials” to limit the scope of discussion. Herein, “MOF-derived
materials” will refer to materials converted from MOF-based
precursors/templates by a series of post-processing, such as
high temperature thermal treatment, surface decoration, and
chemical modification. In short, the synthesis of MOF-derived
materials involves two major steps, that is, the selective prepa-
ration of a MOF precursor and deliberate post-treatments of
this precursor. Typically, MOFs are almost exclusively prepared
by traditional solution-based approaches or by a hydrothermal/
solvothermal approach. The fabrication of MOF precursors has
been widely reported in many reports,*! so this step will not be
discussed in detail. Instead, we will mainly focus on the post-
processing of MOF precursors used to obtain target materials
with tailored compositions, morphologies, and structures.
Since the purpose of post-treatment is to obtain a material
with specific properties that improve electrochemical perfor-
mance, it is essential to clarify the general relationship between
material physicochemical properties and electrocatalytic per-
formance. Firstly, the intrinsic properties of a component
determine its activity and conductivity. Rational selection of
components is beneficial in reducing overpotentials, reducing
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Tafel slopes, and increasing catalytic current density. Mean-
while, the incorporation of conductive components facilitates
fast electron transfer. Secondly, modification of the material's
morphology can expose a greater number of active sites, espe-
cially specific crystal faces with high activity. Thirdly, structure
is closely related to the number of active sites and durability
because favourable structures contribute to preventing agglom-
eration and promoting mass transfer (i.e., reactant diffusion
and product release). With these ideas in mind, discussion of
the design of MOF-derived materials will focus on these three
aspects. Of course, one has to account for all of them in com-
prehensive electrocatalyst design.

2.1. Component Manipulation

The versatility of the inorganic and organic building units for
MOFs has led to increased growth in MOF research during
the past few decades.”! Accordingly, the large number of
MOF precursors has provided plentiful options for con-
structing MOF-derived materials with desired compositions.
By means of annealing under a controlled temperature and
atmosphere, the organic units can be transformed into heter-
oatom-doped carbon materials, while metal-containing units
are simultaneously converted into the corresponding tran-
sition-metal-based NPs supported on the as-formed carbon
substrate.[?+3841.424453] More importantly, the advancement
of chemical modification allows the precise manipulation of
the component for the resultant composites.*!] From the view
of composition, MOF-derived composites could offer strong
synergistic effects between the carbon framework and metal
component, which is highly preferable in enhancing electro-
catalytic performance.

2.1.1. Nitrogen Doping

Electroactivity is highly dependent on the electronic properties
of the electrocatalyst.l'"!2] Pristine carbon materials show little
to no electrocatalytic activity toward the aforementioned energy-
conversion reactions because a pure carbon matrix consists of
sp>bonded carbon atoms without polarization.” As a result,
this perfectly uniform electron and charge density throughout
the carbon network cannot accomodate the chemical adsorp-
tion of reactants or the electronic attack of intermediates.>¥
However, both theoretical calculations and experimental results
demonstrate that the introduction of heteroatoms with dif-
ferent electronegativity (x), especially N, into the sp? lattice of
graphitic carbon can significantly modify the electronic struc-
ture of the carbon matrix, thus restructuring their electron-
donor properties to create active sites for chemical adsorption
and intermediate reactions.” More importantly, the doped N
can interact with other functional components via coordination,
to stabalize transition metal atoms/compounds or induce syn-
ergistic effects.*#167] As expected, heteroatom-doped carbon
materials have emerged as a new class of advanced metal-
free electrocatalysts, due to their extraordinary electrocatalytic
performance, better defined reaction mechanisms, low cost,
simple preparation, and easy scale-up.3356-63]
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Among the single heteroatom-doped carbon materials, one
of the most widely studied cases is the substitution of partial
C (x = 2.55) with more electronegative N (y = 3.04).133-26:58:60.63]
In particular, MOF precursors with N-containing ligands can be
directly converted into N-doped electrocatalysts after pyrolysis
under inert atmosphere.®% For instance, in order to fabricate
N-doped MOF-derived materials, zeolitic imiazolate frame-
works (ZIFs), a subclass of MOFs composed of tetrahedrally
coordinated transition metal ions (e.g., Zn, Fe, Co, Cu) and imi-
dazolate (IM) ligands, are frequently utilized as the precursor
and/or template because of their high N content and other pre-
ferred properties, such as large surface area and uniform par-
ticle size.[2433,3436,38-41,44,53,64-69]

Recently, You et al. reported the conversion of ZIF-67
(Co(MIM),, MIM = methylimidazole) to Co- and N-doped
carbon (CoNC) via direct pyrolysis, producing a N-doped mate-
rial with high N content.’% Similarly, Chen and co-workers
studied porous carbon materials derived from a series of bime-
tallic ZIFs (BMZIFs), which are based on ZIF-8 and ZIF-67
with varied Zn/Co ratio.”® Uniform N doping was readily
carried out within the skeleton of the derived porous carbons.
Shortly after, Sun’s group also reported self-supported porous
cobalt—nitrogen—carbon (Co—N—C) composite by the facile
carbonization of self-adjusted Zn and Co bimetal-organic
frameworks (bi-MOF).’8l Note that BMZIFs and bi-MOF are
materials of similar concept but with different designations.
As illustrated in Figure 1a, using both Zn?" and Co?" as metal
centers and 2-methylimidazole (MeIM) as organic linkers, a
series of Zn,Co,_,(MeIM), were prepared as precursor MOFs,
wherein x (x = 0-1) represents the molar ratio of Zn?* in
the initial reactants. The carbonization of Zn,Co; (MeIM),
resulted in the target Co—N—C-x composites with no other
post-treatments required. Among these materials, Co—N—C-0.8
was found to be the most active toward the ORR. Inductively
coupled plasma-atomic emission spectrometry and element
analysis revealed that 8.5 wt% of N was doped in Co—N—C-0.8.
Corresponding X-ray photoelectron spectroscopy (XPS) results
further indicated that the doped N existed in three configura-
tions, namely, pyridicnic N (47%), pyrrolic N (43%), and oxi-
dized N (10%), respectively.

In addition to ZIF-based MOF precursors, other MOFs with
N-containing organic ligands can also be carbonized to pro-
duce N-doped electrocatalysts.[*25870-73] Taking MIL-88B-NH;
(Fe30(H,;N-BDC);, H,N-BDC = 2-aminoterephtalic acid) for
example, Zhao et al. prepared well-defined N-doped carbonized
nanoparticles (CNPs) by pyrolyzing spindle-like MIL-88B-NHj;
NPs.?I Notably, unlike IM-based ligands in ZIFs, which already
contain N atoms in pyridine/pyrrole configurations, H,N-BDC
only contains amino-type N atoms. Despite this difference, the
results from Zhao et al. found that the amino-type N in MIL-
88B-NH; were converted into pyridine and quaternary N after
carbonization.*”! Evidently, amino-type N atoms in organic
ligands can serve as good N dopants, rather than decompose
into ammonia. In another example, Zhao et al. introduced
N-rich ligands (1H-1,2,3-triaole) into ZIF-8 using a solvent-
assistant-linker-exchange (SALE) approach, thereby fabricating
a new MOF with rich N atoms for N doping.[”) Hence, the
carbonization of N-containing MOFs is a preminent strategy
to realize N doping. Even for those MOF precursors with no
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N-containing organic ligands, N doping can also be performed
by annealing the target MOFs with extrinsic N sources (e.g.,
urea, melamine, triethylamine, etc.).>’+771 As an example
of this, Li et al. designed and synthesized Fe;C/Mo,C con-
taining N, P co-doped graphitic carbon (Fe;C/Mo,C@NPGC)
by employing PMo;,@MIL-100 (Fe) and melamine as the
starting materials, in which melamine provided a source of N
(Figure 1b)."Yl Accordingly, this N-doping strategy (i.e., mixing
an extermal N source with MOF precursors) could be extended
to other MOF-derived materials.

As an effective way to change the electronic properties of
a carbon matrix, N doping can be integrated into the carbon
framework by quite a few bonding configurations: pyridinic,
pyrrolic, graphitic N (also known as quaternary N), metal-coor-
dinated N, and N-oxide.’] Different N doping configurations
have different binding energies with distinguishing hybridiza-
tions (Figure 1c). As a consequence, specific binding configu-
rations are exceptionally advantageous for certain applications.
Generally, it has been widely reported that all N configurations,
except for N-oxidize, improve electrocatalytic properties.>3l Spe-
cifically, pyridinic N is able to improve the capacity for accepting
protons owing to its charge neutralization effect;®”! pyrrolic and
pyridinic N can reduce the energy barrier of O, adsorption, thus
facilitating the first rate-limiting step in the ORR by increasing
electron transfer;1*8 and graphitic N has shown to provide more
valence electrons for increasing the conductivity and catalytic
activity.?*) Metal-coordinated N usually withdraws electrons
from the metal center and thus lower its electron density, which
is beneficial for reducing the redox potential of the metal center
by optimizing the bond strength between the metal center and
intermediate.’®! In effect, doping N by pyrolysis always results
in a mixture of different N species, whereas theoretical calcula-
tions often point out that one N configuration will dominate in
a specific catalytic reaction. Hence, tuning the N configurations
and their content is of particular interest in the implementation
of a N-doping strategy.

To this end, it is essential to control the thermal pyrolysis
by optimizing relevant synthesis parameters, such as the pre-
cursor MOFs and calcination temperatures.[83%%1 For pre-
cursor MOFs, You et al. indicated that pyrolysis of ZIF-67 at
900 °C for 3 h under Ar generated carbonized ZIF-67 with a
N content of only 1.1 wt%.1® By contrast, carbonized ZIF-8
obtained by using the same pyrolysis conditions contained
8.6 wt% N, in which the percentage of pyrrolic and pyridinic
N was 78.3%. The aforementioned Co—N—C-0.8, derived from
Z1,5Cog,(MeIM), under identical conditions, had almost the
same N content (8.5 wt%) as carbonized ZIF-8, but the per-
centage of active pyridinic and pyrrolic N increased significantly
up to 90%. This is much higher than those of carbonized ZIF-8
and ZIF-67, despite being synthesized using the same carboni-
zation process. It can thus be concluded that the selection of
precursor MOFs is the first priority in determining not only
the total N-doping content but also the resultant percentage of
N configurations. Additionally, carbonization temperature is
also crucial for the optimization of N content and configura-
tions. In this respect, You et al. investigated the influence of
the annealing temperature on N content and distribution of N
configurations.?l To obtain ZIF-67-derived catalysts as a func-
tion of pyrolysis temperature, they calcinated the precursor
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Pyridinic

Figure 1. a) Illustration of the formation of Zn,Co bi-MOF Zn,Co;_,(MelM); and its carboniza-
tion to produce self-supported Co—N—C-x without any additional procedures, during which Zn
evaporation occurs. Adapted with permission.38 Copyright 2015, American Chemical Society.
b) Preparation of the Fe;3C/Mo,C@NPGC nanocomposite derived from POM-based MOFs.
Adapted with permission.”l Copyright 2015, The Royal Society of Chemistry. ¢) Schematic of
N configurations in various chemical environments of N—C catalysts.
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N displayed different trends. The fraction of
pyridinic N declined markedly from 90.56
to 36.06%, while pyrrolic N rose from 3.43
to 17.77% and graphitic N went up dramati-
cally from 6 to 46.17%. Note that there was
a volcano-type relationship between the ORR
activity of the as-derived catalysts and the
pyrolysis temperature, and the best perfor-
mance was achieved for materials pyrolized
at 900 °C. This suggests that the distribution
of N configurations is the dominant factor at
relatively low pyrolysis temperatures, while
at higher temperatures which limit the total
N content, total N content becomes the key
factor. Therefore, calcination temperature is
of critical importance in optimising the bal-
ance between total N content and the distri-
bution of N configurations.

2.1.2. Multiple Heteroatom Co-Doping

The success of N doping has triggered experi-
mentation with other dopants, such as B, S,
and P, for tuning the electronic structure of
a carbon matrix.[2259.6162647478 791 Dyring
the past decade, synergistic coupling effects
by the chemical substitution of some carbon
atoms with two or more different kinds
of heteroatoms have been shown. This is
because the co-doping of two or more ele-
ments with reverse electronegativity into
the carbon matrix can induce unique elec-
tron-donor properties.?>” Compared with
single-heteroatom-doped carbon materials,
multiple-heteroatom-doped  carbon  mate-
rials are much more effective for activating
carbon atoms, leading to more defects and
active sites for further enhanced electro-
chemical properties.*>”%! In the case of MOF-
derived electrocatalysts, dual and ternary
heteroatom doping strategies have also been
explored by performing N doping together
with one or two other elements (e.g., B, S,
and P).P201626474 Therefore, multiple het-
eroatom doping can be another feasible
solution for optimizing the composition of
MOF-derived electrocatalysts. Morever, other
heteroatoms can be doped through similar
strategies to N doping.

N, S Co-Doping: In 2014, Li et al. prepared
MOF-templated N and S co-doped porous
carbons as an efficient ORR electrocatalyst
for the first time.l®!] As shown in Figure 2a,

at a peak temperature in the range of 600 to 1000 °C for 2 h.  MOF-5 [Zn,0(0,CCzH,CO,);] was utilized as the template.
It was found that the content of N in the carbonized ZIF-67  Urea and dimethyl sulfoxide (DMSO) were chosen to provide
decreased rapidly with increasing temperature. Specifically,  extrinsic N and S sources, respectively, and the synthesis pro-
from 16.49 at% at 600 °C to 1.36 at% at 1000 °C. Interestingly,  cedure included two main steps. Firstly, urea and DMSO were
the N species in terms of pyridinic N, pyrrolic N, and graphitic ~ encapsulated into porous MOEF-5 by soaking dried MOF-5 in
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Figure 2. a) Synthesis procedure for MOF-5 templated N and S co-doped porous carbons as metal-free electrocatalysts. Adapted with permission.[®']
Copyright 2014, The Royal Society of Chemistry. b) Schematic illustration of the synthesis of N, P, and S ternary-doped porous carbons using MOF-5
as template. Adapted with permission.®l Copyright 2014, Nature Publishing Group. c) The preparation of the P,N-rich carbon precursor. Adapted with
permission.l®d Copyright 2016, WILEY-VCH. d) Basic structural units of ZIF-67 and the two-step preparation for the N,B-doped core-shell Co@BCN.
Adapted with permission.% Copyright 2016, American Chemcial Society.

a solution of them dissolved in methanol. Then, the filtered
MOFs were used as a precursor, which were carbonized in
ultra-pure N,. The final products were obtained after washing
the carbonized materials with dilute hydrochloric acid (HCI)
and distilled water. The resultant samples were named NS(A:B)-
C-MOF-5, where A:B is the feed ratio of urea to DMSO. It is
worth mentioning that the ratio of N to S poses a direct influ-
ence on electrocatalytic performance. Specifically, when the
urea feed was larger than that of DMSO, the catalytic activity
of the as-obtained dual-doped carbon materials was positively
related to the N/S ratio, which was superior to those of pristine
and N-doped porous carbons (i.e., C-MOF-5 and N-C-MOEF-5).
However, the N and S co-doped carbons with N/S ratio lower
than one exhibited poor ORR performance than C-MOF-5.
From this trend, it is speculated that an enhanced synergistic
effect depends on the simultaneous doping of N and S with N
as the dominant dopant. However, the N and S content in the
synthesized samples were not mentioned in the report, nei-
ther were the percentages of N and S configurations. Further
research work should be conducted to get more insight into the
N- and S-doping model, as well as their interaction mechanism.

N, P, S Ternary Doping: Based on the above study, Li and co-
workers further investigated the N, P, and S ternary-doping
effect by employing MOFs as templates to derive multiple
doped porous carbon materials.” As given in Figure 2b, under
a similar synthesis process for preparing N and S co-doped
porous carbons, N, P and S ternary-doped porous carbon mate-
rials were also fabricated using MOF-5 as the template and
dicyandiamide (DCDA), triarylphosphine (TPP), and dimethyl
sulfoxide (DMSO) as N, P, and S precursors, respectively. The
synthesized materials were denoted NPS-C-MOF-5, in which
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the contents of N, P, and S were 4.5%, 0.27%, and 0.75%,
respectively. Meanwhile, control experiments were systemati-
cally carried out by investigating undoped, N-doped, N,S or N,P
co-doped porous carbons, denoted C-MOF-5, N-C-MOE-5,
NS-C-MOF-5 or NP-C-MOF-5, respectively. The results
showed that NPS-C-MOF-5 and NP-C-MOF-5 achieved better
ORR performances than C-MOF-5, verifying the synergistic
effect caused by multiple heteroatom doping. Conversely,
NS—-C-MOF-5 and N-C-MOF-5 displayed poorer activity when
compared with that of C-MOF-5. This result is not consistent
with their previous report on MOF-5-templated N and S co-
doped porous carbons, in which N-doped and NS co-doped
carbons showed improved catalytic activity. Careful comparison
indicates that the only difference lies in the N precursors. One
was DCDA, and the other was urea. Following this discrep-
ancy, it is likely that the selection of extrinsic dopant precur-
sors has a direct impact on the doping effect. Besides MOF-5,
MOF-177 (Zn,O(BTB), BTB = benzene-1,3,5-tribenzoate) and
UMCM-1 (Zn,O(BDC)(BTB),;3, BDC = benzene-1,4-dicarbox-
ylic acid) were also pyrolyzed to produce porous carbon mate-
rials. Intriguingly, the original morphologies of the precursor
MOFs remained relatively unchanged after high temperature
pyrolysis. Moreover, the influence of carbonization temperature
was also evaluated on MOF-5 by varying the temperature from
700 to 1000 °C. Again, in this report, a volcano-type relation-
ship between the ORR activity of the as-derived catalysts and
the pyrolysis temperature was confirmed.

N, P Co-Doping: P is another significant dopant with an
electronegativity of 2.19. Since N and P have reverse elec-
tronegativity, it appears appropriate to make full use of their
synergistic coupling effect by N, P co-doping. For example,
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using PMo;,@MIL-100 (Fe) and melamine as precursors, Li
et al. fabricated Fe;C/Mo,C@NPGC."# In their study, the co-
doping of N and P was realized in as-derived graphitic carbon
frameworks, which afforded increased conductivity and an
increased number of active sites. To obtain N and P co-doped
MOF-derived carbon materials, Fu et al. proposed an inspiring
strategy by focusing on the preparation of modified MOF
precursors with high content of N and P.[%? Briefly, as illus-
trated in Figure 2c, the initial precursor MOF (UiO-66-NH,)
was first synthesized via a solvothermal approach using zirco-
nium chloride (ZrCly) and 2-aminoterephthalic acid (H,ATA)
as building units. Then, postsynthetic modification (PSM) of
the MOF precursor was performed via the dehydration reac-
tion between the —NH, group in UiO-66-NH, and the —OH
groups in glyphosine. Through this PSM, a target precursor
framework with homogeneous N and P distribution was
obtained for effective co-doping of N and P. Subsequently, a N,
P co-doped carbon material was prepared via a facile one-step
pyrolysis process. In the N, P co-doped carbon matrix derived
under 950 °C, 1.73 at% N and 1.09 at% P were detected by
XPS. Uniform distributions of N and P were also observed by
element mapping. Unlike typical co-doping through the intro-
duction of extrinsic heteroatom precursors into the reaction
mixture, this work laid a solid foundation for seeking alterna-
tive precursors via functionalized MOFs by the PSM method.
Significantly, such a strategy is beneficial for achieving several
things: 1) effective co-doping by grafting the initial MOF pre-
cursor with suitable small molecules contaning desired heter-
oatoms; 2) better control over resultant dopant content and the
uniformity of their distribution; 3) tuning the bonding config-
urations of the heteroatoms in the carbon matrix. Undoubt-
edly, these attractive features are definitely advantageous for
improving the electrochemical properties of the synthesized
electrocatalysts.

N, B Co-Doping: Recently, Zhang et al. reported the hybrid
of cobalt encapsulated by N, B co-doped ultrathin carbon cages
(denoted Co@BCN) through a bottom-up approach using
MOFs as a precursor and self-sacrificing template.[% Figure 2d
depicts the preparation process for CoO@BCN. It can be seen
that the bottom-up strategy involves two calcination steps
using ZIF-67 and H3;BOj; as the precursors. In the first step,
the mixture of ZIF-67 and H3;BO; was annealed at 450 °C in
Ar, resulting in the collapse of the ZIF-67 framework and the
formation of new components. In the second calcination step,
the temperature was increased to 750 °C, under which ZIF-67
was pyrolyzed into N-doped carbon sheets and carbon shells
with encapsulated Co NPs, accompanied by B doping via the
diffusion of B atoms from the decomposition of H;BOj3. For the
as-assembled Co@BCN, N and B atoms were homogeneously
doped into the carbon framework, and their contents were ana-
lysed to be about 3.0 at% and 0.7 at%, respectively. Owing to
the distinct electronegativities of B (y = 2.04) and N (x = 3.04),
the 2p orbital of the C atom (y = 2.55) can be first polarized by a
B dopant and then the polarized C atom is capable of donating
extra electons to an adjacent N atom. Accordingly, the asymmet-
rical spin and charge density originating from the dual-doped
B—C—N hetero-ring contributes greatly to improving catalytic
activity. More recently, the synergistic effects of N, B co-doping
was also demonstrated by Hassina et al.[7¢]
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2.1.3. Transition Metal Incorporation

Considering that MOFs contain abundant metal ions and that
pyrolytic carbon originating from organic ligands is able to
create reductive conditions under high temperature, transi-
tion metal NPs are usually incorporated into the MOF-derived
composites after pyrolysis.[40->3.6468.70.77.80] Since the metal ions
distribute homogeneously among the framework, most of the
generated transition metal NPs are encapsulated by the carbon
materials. According to previous literature, metal NPs alone
display minimal electrocatalytic activity toward energy-conver-
sion reactions.[®!l By contrast, the construction of hybrids based
on transition metal NPs and doped carbon materials with tai-
lored structures, such as core—shell structures, has proven to be
an effective way of improving catalytic performance.[*81 Gen-
erally speaking, metal NPs embedded in carbon shells cannot
only increase electron transport, but also change the local
work function for tuning the adsorption of intermediates.[®*82
For example, the pioneering work reported by Deng et al.
indicated that CoNi NPs coated by ultrathin graphene shells
(carbon layers < 3) enabled enhanced electron penetration from
the metal cores to the carbon shells, thereby modulating the
electron density and the electronic structure of the graphene
surface.®? This effect further tuned free energy for the adsorp-
tion of intermediates to enhance catalytic activity. At the same
time, their study demonstrated the synergistic effect between
N dopants and enclosed metal clusters for further enhanced
activity. The structural advantages of core—shell materials will
be discussed further later. Hence, organizing components in
specific structures is vital for constructing highly efficient cata-
lysts. Inspired by Deng et al.’s research, similar strategies have
been successfully implemented in MOF-derived composites.[®4
As illustrated in Figure 2d, uniform Co NPs were implanted in
N, B co-doped carbon matrixes.

Aside from the incorporation of single transition metals,
multiple transition metals can be easily introduced into the
MOF-derived composites by choosing suitable MOF precur-
sors.l®ll Using polydopamine (PDA)-encapsulated Fe;[Co(CN)g],
nanocubes as the precursor, Xi et al. fabricated core-shell
(Fe,Co) @nitrogen-doped graphitic carbon ((Fe, Co)@NGC)
nanocubes via the approach illustrated in Figure 3a.8U In detail,
Fe3[Co(CN)g], nanocubes were initially prepared by the pre-
cipitation reaction between Fe?* cations and [Co(CN)]*~ anions
with the assistance of polyvineypirrolydone (PVP). PDA was
then coated on the surface of Fe;[Co(CN)¢], nanocubes through
immersion. The PDA-encapsulated Fes;[Co(CN)g], nanocubes
were decomposed into the target (Fe, Co)@NGC. Even though
Fe nanocubes, Co nanocubes and (Fe, Co) nanocubes were
prepared as control experiments by thermal decomposition of
Fe,[Fe(CN)g],, Co3[Co(CN)g],, and Fes3[Co(CN)g],, respectively, it
is difficult to comment on the significance of bimetallic cores
without considering the role of the NGC shell. In such a study,
if FF@NGC and Co@NGC were synthesized and compared
under the same criteria, the role of multiple metals incorpora-
tion should be evidently distinguished from that of the single
metals.

Interestingly, in addition to self-incorporation of metal NPs
as core components, exotic metal NPs can also be coated by
MOFs and form transition-metal-incorporated nanocomposites
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Figure 3. a) Schematic of the formation process of the (M, M")@NGC nanocubes. Adapted
with permission.l8' Copyright 2015, The Royal Society of Chemistry. b) Schematic illustration
of the synthetic process of Au@Zn—Fe—C core-shell nanostructures. Adapted with permis-
sion.l®3 Copyright 2016, American Chemcial Society. c) Schematic illustration of the synthesis
process for the ZIF-67-T catalysts. The coordination environment of Co in the product (a pro-
posed structure) is also shown. Adapted with permission.[4l Copyright 2014, The Royal Society
of Chemistry.

via post-treatment processes. In this regard, Lu et al. studied

ling the annealing conditions.|
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facile calcination at controlled temperatures.
Likewise, the Au core had intimate electronic
interactions with the carbon shell, which
facilitated electron transfer from the core to
the shell, thereby tuning the electron density
of the carbon shell and reducing the local
work function. The strategy developed in this
study might be a general approach for incor-
porating pre-synthesized non-precious metal
cores such as Fe, Co, and Ni.

Of course, the incorporation of transition
metals is not limited to providing core com-
ponents. Apart from the core-shell struc-
ture described above, another important
configuration is porphyrin-like MN,, (M=Fe,
Co, etc.), consisting of transition metal
centers and N dopants linked by coordina-
tion bonds.?*3953] Especially, the well-defined
coordination between metal ions and N-con-
taining ligands (e.g., MeIM) in MOFs makes
it viable to derive porphyrin-like MN,. To
illustrate this protocol, Wang et al. prepared
CoN, by a two-step pyrolysis of ZIF-67 and
subsequent acid leaching.?l From Figure 3c,
the Co NPs embedded in the carbon matrix
could Dbe deliberately removed by acid
leaching, leaving voids in their original loca-
tion and creating a nanoporous structure.
Nevertheless, the Co atoms directly bonded
to pyrrolic/pyridinic N were preserved on the
walls of the open nanopores. These N-coordi-
nated Co sites were believed to be the active
sites for energy-conversion reactions.

2.1.4. Transition Metal Compounds
Composition

With the development of various electrocata-
lysts based on transition metal compounds,
such as transition metal oxides, carbides,
nitrides, sulphides, selenides, and phos-
phides,®¥ it is logical to derive functional
nanocomposites involving these compounds
by using MOFs as precursors and/or tem-
plates. Although the metal ions in MOFs are
inclined to be reduced to metal NPs during
carbonization, it is still likely to convert
the metal ions into compounds directly by
selecting appropriate precursors and control-
3642,4345.737476.85-98] The most easily

Au NPs@zinc-iron-embedded porous carbons (Au@Zn-Fe-C)
derived from MOFs.®B3 As shown in Figure 3b, the prepara-
tion process involves three steps: i) monodisperse Au NPs with
diameter of 50-100 nm were initially synthesized by chemical
reduction of HAuCl,; ii) the obtained Au NPs were utilized as
heterogeneous nuclei for the epitaxial growth of Zn-Fe-MOF;
iii) the Zn-Fe-MOF shell was then pyrolyzed into porous car-
bons embedded with zinc-iron compounds (Zn—Fe—C) via
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obtained compound is transition metal carbides due to the avail-
ability of carbon originating from the decomposition of organic
ligands. 36424345 73.74.76.88.93] The case depicted in Figure 1b sup-
ports this point. Not only transition metal carbides, but nitrides
and many other compounds are theoretically formed with the
presence of corresponding heteroatoms in organic ligands.

After incorporating transition metals into the MOF-derived
composites, the metal component can be converted to the
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desired transition metal compounds via simple chemical modi-
fication.[B>9497.98] As an illustration, You and co-workers syn-
thesized CoP, (a mixture of CoP and Co,P) NPs embedded in
N-doped carbon matrices (Co-P/NC) using ZIF-67 as the pre-
cursor and template.’®l As can be seen in Figure 4a, upon car-
bonization, ZIF-67 nanopolyhedrons were transformed to Co
NPs embedded in porous N-doped carbon matrices (Co/NC).
Subsequently, the metallic Co in Co/NC was phosphatized to
CoP,, through annealing with sodium hypophosphite monohy-
drate (NaPO,H,- H,0), giving rise to polyhedron-like Co-P/NC.
Indeed, this facile two-step route can be expanded to produce
many other MOF-derived composites based on transition metal
compounds and carbon materials. For instance, Chaikittisilp et
al. prepared a carbon—cobalt-oxide hybrid by annealing ZIF-9
(Co(PhIM),, PhIM = benzimidazolate) in a N, atmosphere and
air, successively.”’]

Another applicable approach for incorporating transition
metal compounds into MOF-derived composites involves the
chemical decoration of MOF-derived porous carbons, in which
target chemicals are implanted in the MOF precursors or MOF-
derived carbon substrates by an impregnation method.l*®%]
This strategy can not only make full use of the electrochemical
properties of integrated active compounds, but also exploits the
unique characteristics of MOF-derived carbons, including high
surface area, uniform porosity, good conductivity, and well-
defined structure. For example, Liu et al. prepared a MoS,-based
3D nanoporous composite (MoS;/3D-NPC).[*8l The step-by-step
construction of this composite is illustrated in Figure 4b. First,
an Al-based porous coordination polymer (Al-PCP) was assem-
bled into a MOF precursor. Then, 3D nanoporous carbon (3D-
NPC) was derived from the MOF precursor by calcination at
800 °C and subsequent HF etching to eliminate the residue Al
Finally, the confined growth of MoS, nanosheets in the pores
of 3D-NPC was carried out via the in situ solvothermal reduc-
tion of (NH,),MoS,, resulting in a 3D hierarchical structured
MOF-derived composite. In another study, Zhu et al. reported
the synthesis of N and S dual-doped honeycomb-like porous
carbons with CoygSg NPs (denoted CogSg@CNST; where T is the
pyrolysis temperature), in which MIL-101-NH, was employed
as the MOF framework, and thiourea and CoCl, were intro-
duced as secondary precursors in the MOF via a chemical
impregnation approach.

2.2. Morphology Control

In addition to constituent components, morphology is another
crucial factor in designing high-performance MOF-derived
catalysts, as it closely correlates with exposed facets and active
sites.[#>8991] Tt is well-known that the catalytic activity of each
facet varies significantly due to their different electronic struc-
tures.l'% For instance, it has been demonstrated that the ORR
activity on the low index surfaces of Pt decreases by the fol-
lowing trend: (110) > (111) > (100).% For this reason, con-
trolling well-defined morphology is a considerable strategy
for increasing the intrinsic activity through exposing active
facets and/or sites. Moreover, as mentioned previously, pre-
cursor MOFs usually possess specific morphologies with high
surface area and porosity, which are favourable properties for
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electrocatalysis.[*>#9 Unfortunately, in most cases, the mor-
phology of the precursor MOFs is destroyed after pyrolysis at
high temperature, owing to severe and irreversible shrinkage,
fusion, pulverization, and aggregation.*l Undoubtedly, these
changes can adversely affect catalytic performance.* To be
specific, aggregation often results in a dramatic decrease in
the number of active sites and poor dispersability, impairing
activity and fast mass transfer. Also, the shrinkage and fusion
of MOF precursors typically give rise to the degradation of their
porous structure, which impedes the rapid access of reactants
to active sites and the diffusion of reaction products. In view of
these circumstances, morphology control represents a signifi-
cant strategy to prepare highly efficient electrocatalysts derived
from MOFs. However, it remains a great challenge to preserve
the morphology of precursor MOFs during thermal treatment.

Introducing an external material as a protective coating has
been commonly used in nanotechnology to avoid aggrega-
tion, especially when high-temperature calcination is involved.
Inspired by this, Shang et al. reported a protected calcination
strategy through coating with mesoporous silica (mSiO,).*4 In
this work, monodispersed bimetallic MOF (i.e., Zn,Co-ZIF),
with well-defined dodecahedral shape, was employed to test
the strategy (Figure 5a). As evidenced by Figure 5b,c, the
Zn,Co-ZIF was effectively coated by a layer of mSiO, without
structural changes. More importantly, after the thermal treat-
ment and removal of the mSiO, shell, the final Co,N co-doped
carbon nanoframework (denoted Co,N-CNF) retained the
morphology of ZIF, the hierarchical pore structure, and high
dispersity (Figure 5d,f). By contrast, severe aggregation was
observed in the absence of the mSiO, coating. As expected, the
as-synthesized Co,N-CNF retained a large specific surface area
and rich porosity, and when compared with the sample sub-
jected to direct pyrolysis, the specific surface area and cumula-
tive pore volume of Co,N-CNF improved by a factor of more
than 2 and 3, respectively. The well-protected morphology with
its inherent qualities not only allows for an increased number
of active sites, but also facilitates mass transfer processes,
thereby contributing to remarkable catalytic activity and excel-
lent stability. However, the complicated synthesis procedure
and the utilization of corrosive and toxic HF during etching
of the mSiO, shell make it difficult for practical applications.
Therefore, developing facile and effective methods for con-
trolling morphology is still a great challenge that needs to be
addressed.

To circumvent the disadvantages pertaining to the SiO,
coating, an appropriate solution has been to replace SiO, with
another coating material that can be incorporated into the final
catalyst material. For instance, Xi and co-workers demonstrated
the feasibility of polydopamine encapsulation for conserving
the MOF morphology.®!l Using Prussian blue analogues (PBA)
as the precursor, a polydopamine shell can be facilely formed
on the surface of Fe;[Co(CN)g], nanocubes via the self-polym-
erization of dopamine (Figure 3a). Similarly, the nanocube
morphology can be preserved after pyrolysis in the temperature
range of 600-900 °C. Meanwhile, the polydopamine coating
pyrolyzed into N-doped graphitic carbon (NGC) shells, wrap-
ping the generated (Fe,Co) nanocubes. Obviously, the NGC is
able to act as a carbon support to confer improved electrical
conductivity. Further, as N-doped carbon, the NGC shell itself

217


KevinUoA
戳記

KevinUoA
打字機
217


ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

carbonization

—

Co/NC

www.advenergymat.de

phosphidatio

—

Figure 4. a) lllustration of the two-step synthesis of Co—P/NC nanopolyhedrons. Adapted with permission.®®l Copyright 2015, American Chemcial
Society. b) Schematic illustration of the synthesis of a MoS,/3D-NPC composite. Adapted with permission.[*l Copyright 2015, The Royal Society of

Chemistry.

can induce catalytic activity to some extent by creating charge
delocalization. Therefore, the success of polydopamine encap-
sulation provides a new method of controlling the morphology
of MOF-derived catalysts.

Interestingly, choosing a suitable temperature during post-
processing can also maintain the well-defined morphology of
some MOF precursors. Almost concurrently, Hao et al. synthe-
sized well-defined Co,Fe;_,P nanocubes by a general phospho-
rization of PBAs, in which NaH,PO, was decomposed under
N, in the temperature range of 350-550 °C.°!l Due to the rela-
tively low temperatures, the as-derived catalysts showed poor
crystallinity,which is a detrimental factor to catalyst stability for
various reactions, such as the HER. This reason is the likely
cause of a noticeable decay in current density observed during

218

the durability tests. Nevertheless, the study offers some guid-
ance for morphology control, but further efforts should be
invested to overcome its drawbacks.

2.3. Structure Engineering

From the prospective of heterogeneous catalysis, catalytic
activity essentially hinges on the number of accessible active
sites and the intrinsic activity of each active site.l'% For this
purpose, rational catalyst design lies in constructing novel
electrocatalysts with favourable structures.>3%#1.6483.101] Giryc.
ture engineering is a promising and indispensable strategy
to develop improved catalysts in this respect,!% and plays
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Co,N-CNF

Figure 5. a) Synthetic procedure of the Co,N-CNF by the mSiO,-protected calcination strategy. TEM images of b) Co,Zn-ZIF, c) Co,Zn-ZIF@mSiO,,
d) Co,N-CNF@mSiO,, and f) Co,N-CNF. Adapted with permission.*!l Copyright 2015, WILEY-VCH.

a critical role in integrating all components to make full use
of their functionalities. Until now, a variety of nanostructures
or architectures based on MOF-derived materials, such as
edge-rich strucutures,*® core-shell structures,®*#3 sandwich
structures,’®l porous nanowire array structures,’®! and three-
dimensional hierarchical structures,'®!] have been synthesized
and widely investigated. These attempts have proven successful
for validating this strategy. More significantly, with the advances
of synthetic methods and characterization techniques, the
microstructure at the atomic level can also be tuned to explore
highly efficient catalysts.*!] Unlike conventional structure engi-
neering, fine tuning of structures at the atomic or molecular
level provides a more effective approach to increasing the
intrinsic catalytic activity. To distinguish these, the former will
be referred to as nanostructure engineering, while structural
tuning at the atomic will be defined as atom-structure engi-
neering herein.

In general, nanostructure engineering enables the substan-
tial exposure of active sites, and expedites electrolyte penetra-
tion and mass transfer. As illustrated in Figure 4b, the in situ
and confined growth of MoS, nanosheets in porous 3D-NPC
resulted in an edge-rich structure, which allowed for the expo-
sure of significantly more egdes as active sites.[*!! For different
nanostructures, however, many other features and properties
can be introduced to further enhance catalytic performance.
Co@BCN with core-shell structure,® for example, has a
carbon shell which could protect the inner metal NPs from
corrosion and oxidization by external electrolytes, especially
strong acid and base. Further, such a core-shell architecture
provides an ideal way to regulate the electronic structure of the
electrocatalyst, and thus compromises adsorption free energy
or local work function for beneficial adsorption and desorption
of reaction intermediates.l® As for the HER in this study, the
free energy for H adsorption is too strong on the Co metal and
too weak on the carbon, whereas it can reach a moderate, more
optimal result on the core—shell Co@BCN because of the elec-
tron transfer from Co core to carbon shell. It should be noted
that the N and B dopants can greatly reinforce the modification
of electronic structure. Consequently, the unique electron dona-
tion character associated with the core-shell structure accounts

significantly for the highly improved HER performance. Unsur-
prisingly, the effect has also been demonstrated by the study
reported by Lu et al. regarding ORR and HER, in which dif-
ferent metal (Au and Pt) NPs were implanted into MOF-derived
shells (Figure 3b).83 Due to the electron-donor effect, the elec-
trocatalytic activity appears insensitive to different core metals.
To maximize the persistent exposure of active sites, another
attractive strategy is to assemble interconnected porous nano-
structures with continuous conducting networks. For instance,
compositing MOF precursors with conductive supports, such
as CNT5,[9%] graphene,?*3*%2] and carbon fabric,® has been
widely explored to enhance catalytic activity. Recently, Lai et al.
reported ZIF-8-derived N-enriched meso-microporous carbon
(NEMC) frameworks.>3l Composites of 2D NEMC on graphene
(NEMC/G) with sandwich structure were especially promising,
exhibiting significantly improved catalytic performance.
Although combining MOF-derived NPs with carbon supports
is favourable for improving electronic conductivity, the utiliza-
tion of binders hinders fast charge transfer. Accordingly, it is
highly desirable to assemble MOF-derived nanomaterials into
integrated electrodes with well-preserved nanostructures. With
this in mind, our group proposed the direct growth of MOF
precursors on metal substrates to produce electrodes composed
of porous nanowire arrays (Figure 6a).! Specifically, the Co-
naphthalenedicarboxylate MOF on Cu foil was converted into
porous nanowire arrays consist of strongly interacting Co;0,
and carbon (Co;0,C-NA). The as-designed electrode with
porous nanowire arrays featured abundant active sites, highly
improved conductivity, and extremely strong stability, and thus
performed excellently as an OER electrocatalyst. Very recently,
Ming and co-workers fabricated 3D hybrid electrode composed
of Co-doped nickel selenide and Ni foam through a similar
structure strategy.l'%!l Due to its advantageous 3D herarchical
structure, the as-prepared electrode afforded excellent activity
and very good long-term durability for overall water splitting.
Ultimately, structure engineering for constructing such inte-
grated electrodes holds vast potential for practical applications.
In the last decade, heteroatom-doped carbon materials have
been broadly explored as metal-free catalysts,['!l and for our pur-
poses, heteroatom doping in carbon matrices can be classified
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Figure 6. a) Schematic illustration of the fabrication of hybrid Co;0,C-NA. Adapted with permission.33l Copyright 2014, American Chemcial
Society. b) Schematic illustration of the formation of Co NPs-N/C (top) and Co SAs/N-C (bottom). Adapted with permission.l*!l Copyright 2016,
WILEY-VCH.
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as atom-structure engineering. However, their catalytic perfor-
mances are still inferior to most electrocatalyts containing metal
elements. In this regard, one of the most promising strategies
is to prepare atomically-dispersed metal atoms on robust con-
ductive supports, that is, to develop single atom catalysts. Even
though single atom catalysts in biomolecules, such as heme,
were discovered in the last century, the synthesis of inorganic
single atom catalysts is greatly hindered by the lack of tech-
niques to effectively disperse and stabilize single metal atoms.
Thanks to the rapid progress of nanotechnology, nanostructure
engineering has emerged as a powerful strategy in the design
of single metal atom catalysts. For example, Yin et al. recently
synthesized single Co atoms on N-doped porous carbon via the
pyrolysis of predesigned Zn,Co-ZIF, in which the atom loading
was up to 4 wt%.[1 As shown in Figure 6b, the success of this
strategy relied significantly on the homogeneous distribution
of Zn ions in the precursor MOF, leading to an enlarged dis-
tance of adjacent Co atoms and preventing the formation of
Co—Co bonds during the subsequent calcination. Extended
X-ray absorption fine structure (EXAFS) spectra indicated that
the dominant Co single atoms existed as planar Co—N, or
Co—N,. Atom-structure engineering opens up a profound pro-
cedure for the precise control of single metal atoms, aiming at
the enhancement of catalytic properties. More significantly, the
successful synthesis of single atom catalysts endows great pos-
sibilities for elucidating the underlying reaction mechanisms of
various energy-conversion processes, as the mechanisms can
be studied exclusively on single, well-defined active site.

3. Applications of MOF-Derived Materials
for Energy-Conversion Reactions

The ultimate goal of rational catalyst design is to improve
catalytic performance as much as possible for certain applica-
tions. Benefitting from functional components, well-defined
morphology, and favourable structure, many MOF-derived
materials have been highlighted as electrocatalysts toward dif-
ferent energy-conversion processes, including the ORR, OER,
HER, etc.’>3041] In addition, owing to their rich diversity and
versatility, MOF derivatives have huge potential in emerging
energy-conversion reactions like the ECR.% Very impor-
tantly, well-designed MOF-derived materials exhibit desirable
bifunctional features, allowing for application in next-gen-
eration energy devices such as rechargeable metal-air bat-
teries and overall water electrolyzers.'%1%] Despite several
reviews having introduced MOF-derived catalysts for electro-
catalysis,’1*? some remarkable progress has been made very
recently. Therefore, a timely progress report in this field would
provide a more comprehensive account of the design strategies
toward improved MOF-derived electrocatalysts.

3.1. ORR

The ORR is a key process in fuel cells and metal-air bat-
teries, and Pt has been regarded as the benchmark electro-
catalyst for this process. As an important alternative to Pt
catalysts, MOF-derived materials exhibit remarkable ORR
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performance in terms of activity, durability, and tolerance
to  methanol [2432-3438-44,47,53,58-63,65-73,75-77,81,83,97,99,107-109] |
particular, some newly developed MOF derivatives achieved
highly improved activity that is comparable and even supe-
rior to Pt catalysts under identical experimental conditions.
Table 1 summarizes the catalytic performances of representa-
tive MOF-derived electrocatalysts for the ORR. Among them,
Yin et al.’s report on Co SAs/N—C, synthesized by annealing
Z1n,Co-BMOF (Zn/Co = 1:1) at a desired temperature (800,
900, and 1000 °C) for 3 h in a N, atomsphere, represents the
rational strategies discussed above in designing MOF-derived
catalysts (Figure 6b).*! Specifically, component manipulation
was reflected in N-doping to create a coordination structure and
Zn incorporation to expand the adjacent distance between Co
atoms, whereas morphology control and structure engineering
were verified by the reserved initial rhombododecahedral shape
and homogeneous generation of Co single atoms on N-doped
carbon in the final product (Figure 7a—c). Strikingly, the opti-
mized Co SAs/N-C(900) showed more positive half-wave poten-
tial (E;j,, 0.881 V vs RHE) than that of Pt/C (Figure 7d). Also,
it promoted the ORR by efficient four-proton—electron transfer
with improved kinetic current density (Figure 7e,f). More signif-
icantly, no noticeable decay in activity was observed after 5000
potential cycles (Figure 7g), due to the extraordinary robust-
ness of the catalyst. This study shows that N-coordinated Co
single atoms among a carbon matrix are highly active toward
ORR, and that atom-structure engineering is capable of signifi-
cantly increasing active sites. In addition, being able to preserve
morphology and porous structure is highly advantageous for
enhancing mass transfer as well as long-term stability.

Very recently, Li et al. designed a lamellar MOF-derived
Fe—N—C nanocomposite with bimodal porosity for efficient
ORR.[MY Notably, it is critical to control component distribu-
tion, morphology, and structure of MOF precursors for desir-
able features. Unlike most MOF-derived ORR catalysts based on
3D MOF crystals, a lamellar MOF named DCI-Fe was prepared
by solvothermal synthesis from 4.5-dicyanoimidazole (DCI) and
iron acetate in N,N-dimethylformamide (DMF), whereby N-rich
DCI interacted with iron ions through strong coordination.
After high-temperature pyrolysis (600, 700, and 800 °C in N, for
2 h), the as-formed DCI-Fe converted into iron carbide nano-
spheres interlaminated in N-doped carbon shells on N-doped
carbon nanosheets (Fe;C@NC/NCS, Figure 8a). It can be
clearly observed that the lamellar structure was well preserved,
and the core—shell structured Fe;C@NC were evenly distrib-
uted on the 2D carbon nanosheets (Figure 8b-d). As an ORR
electrocatalyst, the optimized DCI-Fe-700 showed superior
activity and durability to commercial Pt/C, with a more positive
Eyj, of 17 mV, significantly improved tolerance to methanol,
and prolonged stability (Figure 8e—g). Consistent with our dis-
cussion and previous reports,['!l the surpassing electrocatalytic
performance of DCI-Fe-700 over its counterparts was a result
of the balance between N doping (to obtain increased N content
with high fraction of active pyrrolic N), specific surface area (to
expose more active sites), and appropriate pyrolysis tempera-
ture. The enhanced ORR activity was also closely related to its
bimodal porosity, that is, mesopores (=50 nm) between FeC;-
spaced carbon sheet layers in favor of rapid mass transfer, and
nanopores (=4 nm) among encapsulated FeC; nanospheres
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Table 1. Summary of the MOF-derived ORR electrocatalysts with comparable/superior activity to commercial Pt/C.
No. Catalyst MOF used Electrolyte Egnser” (V vs RHE) E1 2" (V vs RHE) Ref. Year
1 MOF-253-Fe—phen-C MOF-253 0.1 M KOH 0.98 (0.98) 0.84 (0.82) [109] 2017
2 PNPC-1000 Al(OH) (BPYDC) 0.1 M KOH 0.89 (-) 0.76 (-) 58] 2017
3 LDH@ZIF-67-800 ZIF-67 0.1 m KOH 0.94 (0.94) 0.83 (0.805) [107] 2016
0.1 M HClO, 0.875 (0.892) 0.675 (0.693)
4 Fe;C@N-CNT assemblies MIL-88B & ZIF-8 0.1 m KOH 0.97 () 0.85 (0.83) [43] 2016
5 Co SAs/N—C(900) Zn,Co-ZIF 0.1 m KOH 0.982 (0.982) 0.881 (0.811) [41] 2016
6 C3N,@NH,-MIL-101-700 NH,-MIL-101 0.1 m KOH 0.99 (-) 0.84 (-) 73] 2016
0.5 1 H,S0, 0.92 (1) 0.67 ()
0.1m PBS 0.90 () 0.65 (-)
7 NGPC/NCNT-900 MOF-5 0.1 m KOH ~0.051 (0.59) vs Ag/AgCl  —0.171 (=0.172) vs Ag/AgCl [75] 2015
3 Co-N-C Zn,Co-ZIF 0.1 M KOH? 0.982 (0.982) 0.871 (0.841) 38] 2015
0.1 m HCIO, 0.761 (0.82)
0.1m PBS 0.731 (0.768)
9 P-CNC0-20 Zn,Co-ZIF 0.1 m KOH 0.93 (0.93) 0.85 (0.81) 53] 2015
10 Fe/Fe;C—C MIL-88B-NH; 0.1 m KOH 1.03 (1.01) 0.92 () [42] 2014
1 N-Fe-MOF Cage-containing MOF 0.5 m H,SO, 0.79 (0.85) [71] 2014
0.1 m KOH 0.88 (=0.86)
12 GNPCSs-800 ZIF-8 0.1 m KOH 0.957 () 34] 2014
13 ZIF-67-900-AL ZIF-67 0.1 m KOH 0.93 (0.92) 0.85 (0.84) [24] 2014
0.5 M H,50, 0.85 (0.38)
14 P-Z8-Te-1000 ZIF-8 0.1 m KOH 0.881 (0.871) 0.79 (0.759) [66] 2014

AReported values are presented vs RHE unless otherwise noted, and the values in parentheses are corresponding data for commercial Pt/C.; (-): No data presented for

commercial Pt/C.

contributing to abundant accessible active sites. Moreover, the
core—shell FeC;@NC with unique host—guest eletronic interac-
tion and robust structure was advantageous to ameliorate ORR
activity and durability. The success of this study may provide
new opportunities in designing advanced electrocatalysts from
lamellar MOF precursors.

Although the majority of MOF-derived catalysts have
achieved prominent performance for the ORR in alkaline elec-
trolyte, much effort is needed to advance both theory and exper-
iment toward the ORR in acidic media, aiming to meet the
requirment of specific energy technologies such as PEMFCs.
So far, some MOF-derived materials especially M—N—C cata-
lysts have been investigated as ORR electrocatalysts in acidic
conditions, which exhibited promising activity to satifiy prac-
tical demand.2*3871.73.1971 However, few studies have elucidated
the catalytic ORR mechanism on particular M—N—C con-
figurations in order to understand the structure—performance
relationship. Until recently, Lai and co-workers synthesized
an Fe—N/C electrocatalyst derived from Fe-mIm nanoclusters
(guest) in ZIF-8 (host) via pyrolysis (900 °C in N, for 2 h), acid
(0.5 M H,SO,) etching, and a second heat treatment (same
conditions as pyrolysis), and studied different types of Fe—N,
sites with two-, four-, and five-coordinated configurations on
a porous carbon matrix.l''?l By varying the molar ratio of the
host and the guest components (R% from 5 to 25%), a series
of R% Fe—N/C samples were obtained, among which 5%
Fe—N/C exhibited the best ORR performance in 0.1 M HCIO,.
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The characterizations by X-ray absorption near edge structure
(XANES) and Fourier transform (FT) extended X-ray absorp-
tion fine structure (EXAFS) indicated that the improved acidic
ORR activity of 5% Fe—N/C could be ascribed to the high oxi-
dation state of Fe maintained in highly coordinated N—Fe—N,
configuration, whereas the coordiantion number was reduced
gradually from five to two, due to the weakened confinement
effect with higher R%. The higher ORR activity of five-coord-
ianted Fe—N, configuration in acid media was further verified
by spin-polarized DFT calculations. Compared with Fe—N, and
Fe—N, structures, the N—Fe—N, configuration associated with
5% Fe—N/C possessed both a decreased reaction energy bar-
rier and reduced adsorption energy for intermediate OH, in
accordance with the experimental results. The definite estab-
lishment of a relationship between the Fe—N, configurations
and ORR catalytic performance provided a deeper insight into
the design of more efficient M—N—C electrocatalysts under
acid conditions. Evidently, MOF-derived materials represent
a class of promising candidates for high-performance ORR
electrocatalysts.

3.2. OER

As the reverse reaction to the ORR, the OER is another impor-
tant process in many energy-conversion devices, such as metal—
air batteries and water electrolyzers. Due to the intrinsically
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Figure 7. a) HAADF-STEM and b,c) magified HAADF-STEM images of Co SAs/N—C(800), showing that only Co single atoms are present in Co SAs/
N—C. d) RDE polarization curves of Co SAs/N—C(900), Co SAs/N—C(800), Co NPs/N—C, and Pt/C in O,-saturaed 0.1 m KOH with a sweep rate of
10 mV s™" and 1600 rpm. e) Corresponding Tafel plots obtained from the RDE polarization curves. f) Electron transfer number (n; top) and H,0, yield
(bottom) vs potential. g) LSV curves of Co SAs/N-C(900) before and after 5000 potential cycles. Adapted with permission.l*!l Copyright 2016, WILEY-VCH.

sluggish kinetics of the OER, it often requires considerable
overpotential to promote the reaction, resulting in poor energy
efficiency.'® Currently, precious-metal-based catalysts (i.e.,
Ir, IrO,, and RuO,) are the benchmark electrocatalysts for the
OER.™>1] Again, rationally designed materials derived from
MOFs have been widely reported as alternative OER electro-
catalysts,3>:80:94-96.98.10L113-116] 3nd a3 summary of the OER per-
formances of recent MOF-derived catalysts is listed in Table 2.
In this respect, Co30,C-NA on Cu foil, fabricated by carboni-
zation of Co-MOF NA precursor (Figure 6a) under N, protec-
tion (400 °C for 2 h and 600 °C for 4 h), displayed high OER
activity (10 mA cm™ at 1.5 V vs RHE), favourable kinetics
(70 mV dec™!) and outstanding stability (6.5% current loss at
30 h and 96.7% current retention after 3000 cycles), which sur-
passed that of state-of-the-art 1rO,/C (Figure 9).1% As stated
previously, the improved OER performance can be attributed
to the high surface area, excellent electron conductivity, and
advanced electrode configuration associated with the structure
of the porous nanowire arrays.>’!

Similarly, Zhou et al. recently fabricated hierarchically struc-
tured Co;0,@X (X = Co30, CoS, C, and CoP) integrated
electrodes, which were derived from cobalt carbonatehy-
droxide@ZIF-67 (CCH@ZIF-67) precursors via chemical
modifications (Figure 10a).'7l Specifically, Co;0,@Co;0,
was prepared by calcination of CCH@ZIF-67 in air, Co;0,@
CoS was obtained by sulfurization of as-prepared Co;0,@
Co030, in thioacetamide and ethanol solution, Co;0,@C was
fabricated by pyrolysis of CCH@ZIF-67 under N, atmosphere,
and Co;0,@CoP was synthesized through the phosphoriza-
tion of Co3;0,@Co30, using NaH,PO,-H,0 as the P source.
As given in Figure 10b-e, the as-obtained Co;0,@X retained
the structure of the well-aligned nanorod arrays on Ni foil
substrates, and Co;0,@CoS and Co;0,@CoP, in particular,
inherited the original morphology of ZIF-67. Impressively, all
of the Co;0,@X electrodes displayed superior OER perfor-
mance to commercial Ir/C, in terms of OER acitivity, kinetics,
and stability (Figure 10f-h). Particularly, the Co3;0,@CoP elec-
trode achieved the highest OER activity with a much lower
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Figure 8. a) Schematic illustration of the preparation of Fe;C@NC/NCS nanohybrides. b) SEM and c) TEM images of DCI-Fe-700 catalyst. d) HRTEM
image of Fe;C@C nanosphere in DCI-Fe-700 catalyst. (Inset) HRTEM image showing lattice fringes of the Fe;C core. €) LSV curves of DCl-Fe-600, -700,
and -800, and Pt/C at a rotation rate of 1600 rpm. f) Chronoamperometric responses of DCI-Fe-700 and Pt/C catalysts to the addition of methanol.
g) Chronoamperometric responses of DCI-Fe-700 and Pt/C catalysts in O,-saturated 0.1 m KOH. Adapted with permission.'"” Copyright 2017,
American Chemcial Society.

Table 2. Summary of representative MOF-derived materials for the OER.

No. Catalyst MOF used Electrolyte Nonset o Tafel slope Ref. Year
[mV] (mv] [mV dec”'
1 Co30,@CoP ZIF-67 1mKOH 238 51.4 [117] 2017
2 Ni1Co,S@C-1000 ZIF-67 0.1 m KOH 200 280 64 [96] 2016
3 Co-MOF@CNTs (5 wt%) Co(Phim),(DMF)-(H,0) 1M KOH 280 340 69 [113] 2016
4 Zn-doped CoSe,/CFC Zn,Co-ZIF 1mKOH 356 88 [94] 2016
5 CoP hollow polydedrons ZIF-67 1 m KOH 300 400 57 [89] 2016
6 FeNi@N-CNT Zn/Fe/Ni-ZIF 1mKOH 300 47.7 [114] 2016
7 Co-CNT-PC ZIF-67 0.1 m KOH 260 315 73.8 [80] 2016
8 CoP/rGO-400 ZIF-67 1mKOH 340 66 [92] 2016
9 Co3;0,@C-MWCNTs ZIF-9 1mKOH 270 320 62 [95] 2015
10 Co;0,C-NA Co-naphthalenedicarboxylate 0.1 m KOH 240 290 70 [35] 2014
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Figure 9. a,b) SEM, c¢) TEM, and d) HRTEM images of Co;0,C-NA. Inset in (a): optical image of Co;0,C-NA. d) Polarization curves and e) Tafel plots of
C0304C-NA, IrO,/C, Co;0,~NA, and the Co-MOF in an O,-saturated 0.1 v KOH solution (scan rate 0.5 mV s7'). f) Chronoamperometric response at a
constant potential of 1.52 V (E;_1(). Inset in (e): chronopotentiometric response at a constant current density of 10 mA cm™ of Co;0,C-NA in comparison
to that of IrO,/C. g) Plot of the current density at 1.60 V recorded from the polarization curve of Co;0,C—NA vs. the cycle number. Inset in (f): polarization
curves of Co;0,C—NA before and after 3000 potential cycles (scan rate 100 mV s™'). Adapted with permission.? Copyright 2014, American Chemcial Society.

overpotential of 238 mV to afford 10 mA cm™2. It should be
mentioned that the high catalytic properties of the Co;0,@CoP
electrode was further demonstrated by its efficient electro-oxi-
dation of small organic molecules including glycerol, methanol,
and ethanol. Aside from the features of the nanorod array struc-
ture similar to that of Co;0,C-NA on Cu foil, such as acces-
sible and sustainable diffusion channels between nanorods for
mass transfer, and high specific surface area with abundant
active sites, the superior catalytic performance of the Co;0,@
CoP electrode is attributed to the intrinsic properties of CoP.
Even though the authors did not explain why the Co3;0,@CoP
electrode was superior to the other Co;0,@X electrodes, this
study demonstrates the advantages of MOF-derived electro-
catalysts with hierarchical structure for the OER and versatile
component manipulation based on MOFs. It is obvious that
MOF-derived materials offer great potential as a new category
of efficient OER electrocatalysts.

3.3. HER

In order to develop a hydrogen economy, tremendous efforts
have been directed to search for efficient and earth-abundant
HER electrocatalysts.®!®) The HER performances of many
recently developed MOF-derived catalysts have been summa-
rized in Table 3. As an ideal prototype for designing MOF-
derived HER electrocatalyst using the above strategies, Zhang
and co-workers synthesized ultrafine Mo, C NPs embedded into
a 3D N-doped carbon matrix (MoCN-3D, Figure 11a—c).¢l Par-
ticularly, a hybrid ZIF (HZIF) precursor was designed by sub-
stituting the Zn(im),>~ units in ZIF-8 with MoO,?~ nodes via a
one-pot solvothermal (DMF) approach to tailor the functional
component. Carbonization of HZIF (700 °C in Ar for 2 h) and

acid (0.5 m H,SO,) treatment were then conducted to construct
a 3D hierarchical porous structure. These features endowed
the as-obtained MoCN-3D with abundant highly active -Mo,C
NPs, large surface area, high electrical conductivity, and a strong
3D porous carbon framework. As a consequence, the MoCN-
3D exhibited remarkable activity toward the HER in acidic
media, achieving 10 mA cm™ at an overpotential of 89 mV
(Figure 11d). Moreover, the improved activity of MoCN-3D was
further supported by its favourable Tafel slope of 51.4 mV dec™!
and high turnover frequency of 0.017 s7! (Figure 1le). This
enhanced HER activity originated from the effective coupling
effect between the Mo,C NPs and the N-doped carbon matrix,
which was further confirmed by DFT calculations.

Although intensive research has been devoted to developing
alternative HER electrocatalysts, unlike the ORR and OER,
few noble-metal-free catalysts can outperform the benchmark
Pt electrocatalysts for the HER because Pt metal is located
on the peak of the activity volcano plot with the smallest
AGp» and the largest exchange current (jo).'>1'8 Accordingly,
another approach is to minimize the required use of Pt by
alloying with earth-abundant transition metals. For example,
by annealing Pt-incorporated Cos[Fe(CN)¢], precursor obtained
through a hydrothermal process, Chen et al. prepared N-doped
carbon encapsulated ternary PtCoFe alloy (PtCoFe@CN,
Figure 12a).'" The HRTEM image in Figure 12b shows that
the as-prepared PtCoFe@CN possessed a well-defiend core—
shell structure. In addition, component analysis revealed that
the content of Pt in the alloy was only 4.6%. Remarkably, the
PtCoFe@CN exhibited high activity for the HER with a very
low overpotential of 45 mV at 10 mA cm™ and a favorable
Tafel slope of 32 mV dec™!, which is comparable to commercial
20% Pt/C (Figure 12¢,d). As expected, the core-shell structured
PtCoFe@CN displayed excellent stability after 10000 cycles
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Figure 10. a) Schematic illustration of the fabrication of hierarchically structured Co;0,@X (X = Co30,, CoS, C, and CoP) derived from CCH@ZIF-67
for high performance OER. SEM images of b) Co30,@ Co30,, c) Co;0,@CoS, d) Co30,@C, and e) Co;0,@CoP. f) LSV curves and g) corresponding
Tafel plots of various samples for OER. h) Chronopotentiometric curves at 10 mA cm™2 for Co;0,@X and commercial Ir/C over 10 h. Adapted with

permission.l'"”l Copyright 2017, WILEY-VCH.

(Figure 12e). DFT calculations show that electron transfer
occurs from the alloy core to the N-doped carbon shell in
the PtCoFe@CN, leading to the lowest AGy« of 0.14 eV
(Figure 12f). Overall, much of this superior HER performance
originates from the MOF-derived synthesis techniques with
rational control of the components and microstructure.
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3.4. Other Energy-Conversion Reactions

Beyond these commonly studied electrochemical processes,
MOF-derived materials have also been applied to other
emerging energy-conversion reactions.'9120l One important
reaction is the electrochemical reduction of CO, to useful fuels
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Table 3. Summary of representative MOF-derived materials for the HER.

No. Catalyst MOF used Electrolyte Nonset o Tafel slope Ref. Year
[mv] [mv] [mV dec™]

1 PtFeCo@CN Cos[Fe(CN)gl, 0.5 M H,SO, 45 32 E]] 2017

2 CoP, ZIF-67 0.5m H,SO, 78 53 [116] 2016

3 MoCN-3D ZIF-8 0.5 m H,SO, 89 51.4 [36] 2016
1mKOH 122 78.4

4 Zng.3Co, 7S, Zn,Co-ZIF 0.5m H,SO, 35 80 475 [87] 2016

5 CoPd@NC Co3[Co(CN)gl, 0.5 m H,SO, 80 31 [121] 2016

6 CoP hollow polydedrons ZIF-67 0.5 m H,SO, 35 159 59 [89] 2016

7 Ni-NPs@NC Niy(bdc), (ted) 1 m KOH 77 mV at 68 [114] 2016

20 mA cm™

8 CoP/rGO-400 ZIF-67 0.5 m H,SO, 13 105 50 [92] 2016
1M KOH 150 38

9 Fe;C/Mo,C@NPGC MIL-100 (Fe) 0.5m H,SO, 18 98 452 [74] 2016

10 Mo,C/C MIL-53 (Al) 1M KOH 165 63.6 [93] 2016

1 nanoMoC@GS(700) Mos(BTC), 0.5m H,SO, 132 46 [88] 2016

12 Ni,P Ni-BTC 0.5m H,SO, 75 172 62 [86] 2015

13 CoP-N-C-400 ZIF-67 0.5m H,SO, 31 91 42 [90] 2015

14 MoCx nano-octahedrons NENU-5 0.5 m H,SO, =25 142 53 [45] 2015
1M KOH =80 151 59

15 CoP CPHs ZIF-67 0.5 m H,SO, =30 133 51 [85] 2015

16 CogsoFeg.41P Co/Fe-PBAs 0.5 m H,SO, 31 72 52 [91] 2015

17 MoS,/3D-NPC Al-PCP 0.5 m H,SO, 180 210 51 [48] 2015

and chemicals, which can simultaneously reduce anthropo- (HKUST-1) using Cu(NO;), and benzene-1,3,5-tricarboxylate
logical greenhouse gases and store energy from renewable under hydrothermal condition and obtained oxide-derived Cu/
sources. Very recently, Zhao et al. prepared Cu-based MOF  carbon (OD Cu/C) via a facile pyrolysis method (Figure 13a).[1%3]
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Figure 11. a) SEM, b) TEM, and ¢) HERTEM images of MoCN-3D. d) The HER polarization curves of various catalysts in 0.5 m H,SO,, and
e) corresponding Tafel plots. Adapted with permission.B3% Copyright 2016, Nature Publishing Group.
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Figure 12. a) Synthetic illustration of graphene encapsulated PtCoFe ternary alloys. b) HRTEM image and the lattice spacing of PtCoFe alloy. c) Polariza-
tion curves and d) Tafel plots of various samples. e) Polarization curves of PtCoFe@CN 1st and 10000th cycles. f) Calculated AG. on different models.
(Inset) Optimized structure of H* adsorbed on PtFeCo@CN. The yellow, pink, and red spheres refer to Fe, Co, and Pt atoms, respectively. Adapted

with permission.["l Copyright 2017, American Chemical Society.

By choosing a suitable carbonization temperature, the opti-
mized OD Cu/C-1000, composed of Cu NPs on a porous carbon
framework, retained the morphology and size of the precursor
HKUST-1 (Figure 13b-d). Because of the beneficial compo-
nent, morphology, and structure, the OD Cu/C-1000 exhib-
ited high activity and selectivity for the ECR, achieving a very
low overpotential of =190 mV for ethanol formation, as well
as high production rates for methanol and ethanol up to 12.4
and 13.4 mg L' h7!, respectively (Figure 13e,f). Aside from the
ECR, MOF-derived materials have also been applied to diverse
electrocatalysis processes, such as BH* electro-oxidation, nic-
otinamide adenine dinucleotide (NADH) electro-oxidation,
H,0, electro-reduction, and the electrosynthesis of dimethyl
carbonate.?% Although these areas are relatively less explored,
the development of these reactions may totally restructure the
future landscape of the energy and chemical industries.

228

3.5. Bifunctional Electrocatalysts for Energy Devices

In general, many energy devices involve more than one energy-
conversion reaction. Specifically, rechargeable metal-air bat-
teries involve the ORR and OER,[1%*1%] and water electrolysis
involves the OER and HER.'l In particular, rechargeable
metal-air batteries require the electrocatalyst be efficient for
both the ORR and OER, which means a bifunctional elec-
trocatalyst is necessary. Under such circumstances, noble-
metal-based electrocatalysts seem to no longer be competitive,
as they are poor bifunctional electrocatalysts.'**1%] For water
electrolyzers, even though individual OER and HER electro-
catalysts can form a pair of working electrodes, this usually
creates some operating obstacles, such as the utilization of
ion-exchange membranes because of the different electro-
lytes required for the OER and HER. In contrast, it is highly
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Figure 13. a) Schematic illustration of the synthesis process of oxide-derived Cu/carbon catalysts. b,c) SEM and d) TEM images of the OD Cu/C-1000.
e) Linear sweep voltammetry curves of OD Cu/C materials in Ar- or CO,-saturated solution with a scan rate of 5 mV s7. f) Methanol and ethanol
production rate of OD Cu/C-1000 for electrochemical CO, reduction (applied potential from —0.1 to —0.7 vs RHE and electrolyte concentration 0.1 m
KHCO;). Adapted with permission.[%8 Copyright 2017, American Chemical Society.

desirable to use bifunctional electrocatalysts in the same elec-
trolyte, which greatly simplifies the water splitting system for
practical applications.['%l Therefore, the concept of exploring
bifunctional electrocatalysts is of paramount importance to
realizing functional energy devices.

Thanks to the versatility of MOFs in tuning components,
morphology, and structure, the advantages of MOF-derived
materials can be fully embodied as bifunctional electro-
catalysts in energy devices. As a proof-of-concept, Wang
et al. designed highly graphitic carbon on N-doped carbon
(NC@GC) as an efficient oxygen bifunctional electrocatalyst,
which was synthesized by the carbonization of core—shell
structured ZIF-8@ZIF-67 precursor.% To produce core-
shell structured ZIF-8@ZIF-67, a two-step hydrothermal
method was adopted, in which ZIF-8 was first prepared as
core and then ZIF-67 was coated on the ZIF-8. The NC@GC
retained the dodecahedral shape of ZIF-67 and showed a dis-
tinct hollow structure with graphitic carbon and nanotubes.
Strikingly, the NC@GC exhibited superior ORR and OER
performances to commertial Pt/C and Ir/C, respectively. As

expected, the NC@GC-based primary Zn-air battery achieved
high discharge voltage and stability, even at increased dis-
charge current densities. Furthermore, rechargeable Zn-air
batteries containing NC@GC showed good cycle-life with
steady charge and discharge voltage. The excellent catalytic
performance of NC@GC for Zn-air batteries originated from
the synergistic interaction of NC and GC in the core—shell
structure, where NC provided high surface area, Co doping,
and high N content, and GC contributed high crystallinity,
good conducivity, and durability.

In addition to Zn-air batteries, MOF-derived electrocata-
lysts have also been applied to rechargeable hybrid Na-air/
seawater batteries. Taking the recent study by Abirami et al.
as an example'®! spinel-type cobalt manganese oxide
(Co,Mn;_, 04, CMO) nanocubes consisted of substantial nano-
particles were derived from PBA precursor Mn;[Co(CNg)],-nH,0
(Figure 14a—). It should be noted that the resultant CMO had
a porous and hollow structure, which created a huge surface
area with large number of actives sites. When investigated as
a bifunctional oxygen electrocatalyst, the cell using the CMO
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Figure 14. a) TEM image of as-prepared Mn;[Co(CN)¢], nanocubes. b) TEM and c¢) HRTEM images of porous CMO nanocubes. d) Initial charge—
discharge voltage profiles of a seawater battery (Nalseawater) with different electrocatalysts at a current density of 0.01 mA cm2. e) The terminal
voltages and voltage efficiency during cycling. f) Variations of the discharge capacity and Coulombic efficiency of the full cell with cycle number to
100 cycles. Adapted with permission.l'%! Copyright 2016, American Chemical Society.

catalyst showed the smallest voltage gap (AV, =0.58 V) between
charging and discharging processes, lower than that of Pt/C
(=0.64 V) and Ir/C (=0.73 V, Figure 14d). In Figure 14e, the ter-
minal voltage was rather stable during cycling and the discharge
capacity of the CMO cell was up to =195 mA h g7}, even with
prolonged cycling (Figure 14f). These results are a direct result
of the excellent bifunctional electrocatalytic activity and stability
of CMO toward both the OER and ORR.

Parallel to their application in metal-air batteries, MOF-
derived materials have also been used as bifunctional elec-
trocatalysts for overall water splitting P8101106.114-116] Among
recent studies, Ahn and co-workers’ report is one of the highest
bifunctional catalysts for water electrolysis.'%! As presented in
Figure 15a, a typical two-step approach was employed to derive
carbon-incorporated porous Ni-Fe-P nanorods grown on nickel
foams (porous Ni—Fe—P@C). Typically, the hydrothermally
grown Nij,Fe, ; oxyhydroxide nanoflakes on nickel foam were
converted into Ni-Fe-MOF nanorods through solvothermal
reaction with 2,5-dihydroxyterephthalic acid in DMF, which
were further pyrolyzed with NaH,PO, to perform phosphori-
zation. The nanorod morphology and porous structure of the
Ni—Fe—P@C was confirmed from TEM and HRTEM images
(Figure 15b,c). As an integrated electrode with 3D porous
architecture, the as-derived porous Ni—Fe—P@C exhibited
remarkable OER and HER activity, achieving 10 mA cm™ at
overpotential of 217 and 70 mV, respectively (Figure 15d.e).
When assembling a water electrolyzer with two porous
Ni—Fe—P@C electrodes in 1 m KOH, it only required a voltage
of 1.52 V to deliver 10 mA cm™ for overall water splitting
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(Figure 15f). As well, the robust structure of the integrated elec-
trode provided the porous Ni—Fe—P@C with very good stability
during long-term water splitting (Figure 15g). Therefore, it can
be concluded that the bifunctional properties of MOF-derived
materials make them extremely attractive for real application in
next-generation energy devices.

4. Perspective and Conclusion

To date, a large number of MOF-derived materials have been
developed under the guidance of design strategies highlighted
above. Although some recently emerged MOF-derived electro-
catalysts have achieved remarkably improved performances
in various energy-conversion reactions, there are still some
challenges for future exploration of more advanced MOF-
based catalysts. First, although thousands of MOFs have been
reported and the number continues to increase, only several
typical MOFs, such as ZIF-8, ZIF-67, PBA, and MIL-88B-NHj,
have been widely investigated as precursors and/or templates
to derive improved electrocatalysts. It is believed that the
extension of materials design strategies highlighted in this
review will lead to the discovery of many novel electrocatalysts.
Remarkably, the majority of pristine MOFs are poor conduc-
tors, whereas graphitic carbon produced from calcinated MOFs
possesses a conductivity (o) of 2—4 x 10° S m~1,1122 higher than
the best conductive MOF (Cu3(BHT),, 0= 1.58 x 10° S m™).123]
Accordingly, poor conductivity might be the main restrictive
factor in designing pristine MOFs with high electroactivity.
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Figure 15. a) Schematic illustration of the preparation of porous Ni—Fe—P nanorods directly grown onto nickel foam via a subsequent two-step
post-treatment. b) TEM and ¢) HRTEM images of the porous Ni-Fe-P@C NRs with a 3-nm-thick amorphous carbon coating layer. d,e) Steady-state
polarization curves of various samples toward OER and HER in a 1 m KOH electrolyte with a sweep rate of 0.5 mV s7'. f) Steady-state polariza-
tion curves for overall water splitting of various samples in a two-electrode configuration in a 1 m KOH electrolyte with a sweep rate of 0.5 mV s7'.
g) Chronopotentiometric curve for the overall water splitting with the porous Ni—Fe—P@C NRs at 20 mA cm~2. Adapted with permission.[% Copyright

2017, The Royal Society of Chemistry.

The development of highly conductive MOFs is anticipated
to create new opportunities to design highly efficient MOF
electrocatalysts.'?Yl Second, compared with the profound pro-
gress of MOF-derived materials for the ORR, OER, and HER,
more efforts are needed to promote their applications in other
emerging and promising clean energy reactions, especially the
ECR, because breakthroughs in frontier research are antici-
pated to provide solutions to current environmental and energy
crises. For practical requirements, stability in long operation
is of great importance, because the materials are likely prone

to significant changes in composition, morphology and struc-
ture during long-term cycling. Unfortunately, few studies have
given much attention to materials characterization after long
stability tests, whereby uncovering the possible migration and
disordering of functional components may elucidate stability
trends of MOF-derived materials after long operation. Last but
not the least, it remains a great challenge to understand the
reaction mechanisms of various energy-conversion processes,
and deep insight into these mechanisms could lay a solid
foundation for electrocatalysts design. With the advances of
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computer science and quantum chemistry, it is predicted that
the combination of theory and experiment will provide new
opportunities for the construction of high-performance MOF-
derived catalysts for various energy-conversion reactions.

In summary, rational strategies have been highlighted in the
development of efficient MOF-derived electrocatalysts, in terms
of component manipulation, morphology control, and struc-
ture engineering. The as-developed MOF-derived materials,
possessing functional components, well-defined morphology,
and favourable structure, show great potential in a wide range
of energy-conversion reactions (e.g., ORR, OER, HER, ECR,
etc.) and real energy devices (e.g., rechargeable metal-air bat-
teries and water electrolyzers) as improved electrocatalysts.
Particularly, some representative MOF-derived electrocatalysts
outperform state-of-the-art noble metal based catalysts (e.g.,
Pt and IrO,) owing to their rational design and unique proper-
ties. Hopefully, further exploration of MOF-derived materials,
especially through the combination of experiment and theory,
will create many new opportunities for discovery and break-
throughs in advanced electrocatalysis.
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Nanostructured 2D Materials: Prospective Catalysts for

Electrochemical CO, Reduction

Jinlong Liu, Chunxian Guo, Anthony Vasileff, and Shizhang Qiao*

Electrochemical CO, reduction to useful fuels and chemicals, driven by
renewable energy from intermittent sources such as solar and wind, has

been keenly pursued in recent years as a means to resolving energy security
and environmental issues associated with conventional fossil fuels. Nano-
structured two-dimensional (2D) materials, possessing abundant active sites
in the form of surface atoms and edge sites, and providing better electrical
conductivity along 2D conducting channels, represent promising candidates
for high-performance CO,-reduction electrocatalysts. Here, newly developed
nanostructured 2D materials, including atomically thin transition-metal/metal
oxides, transition-metal dichalcogenides, and metal-free 2D materials, are

CO, into a variety of hydrocarbons (e.g.,
methane, ethylene etc.).’l However, bulk
materials used for ECR suffer from low
activity with low current density, high
overpotential, and poor product selectivity.
Beyond that, fast deactivation is another
unavoidable and serious drawback of
metal electrodes. Several different explana-
tions for this phenomenon have been pro-
posed, but no definitive answers have been
found that accurately account for the rapid
loss of CO, reduction activity. Generally, it

highlighted as state-of-the-art catalysts toward electrochemical CO, reduc-
tion. Through further exploration of new nanostructured 2D materials and
their nanocomposites, more and more breakthroughs in this field of research

are to be expected.

1. Introduction

Anthropogenic carbon dioxide (CO,) emissions, arising from
the unprecedented consumption of fossil fuels since the indus-
trial revolution, pose a severe threat to the global environment
and consequently cause much concern in conventional energy
production practices.l"?! Fixation and conversion of green-
house CO, are of paramount importance in realizing energy
and environmental sustainability.?*! Particularly, electro-
chemical CO, reduction (ECR) to useful fuels and chemicals,
using electricity generated from renewable sources, such as
sunlight and wind, provides a highly desirable solution to arti-
ficial carbon recycling.’””) However, this promising technique
is challenged by the lack of efficient ECR electrocatalysts with
high activity, good selectivity, and durability, due to the thermo-
dynamic stability of the CO, molecule.®l During the past few
decades, tremendous efforts have been devoted to the explora-
tion of suitable materials for efficient CO, electrolysis.[>*! Early
work focused on bulk metals, which possess some activity for
ECR. One example is bulk copper (Cu), which is able to reduce
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is ascribed to the presence of impurities
(e.g., heavy-metal ions and organic pollut-
ants) or the contamination of some carbo-
naceous intermediates, which can poison
active sites by electrodeposition or irre-
versible adsorption.B’) For a more detailed
explanation, readers can refer to ref. [3].
Undoubtedly, all these issues restrict their practical applica-
tion inevitably. With significant advances in nanoscience and
nanotechnology in the past two decades, a series of nanostruc-
tured electrocatalysts have been synthesized and investigated
to address these problems.’”°'l Owing to the high sur-
face area and unique possibility of tailoring rich active sites,
nanostructured electrocatalysts generally exhibit dramatically
improved tolerance to impurities in electrolytes. Additionally,
nanomaterials allow well-controlled exposure of specific crystal
facets, which in turn allows structural fine tuning, resulting in
higher activity, better selectivity, and enhanced stability. In this
regard, our previous work summarizes the recent progress in
inorganic heterogeneous electrocatalysts for ECR, including
transition metals (TMs), transition-metal oxides (TMOs),
transition-metal dichalcogenides (TMDs), and carbon-based
materials.”) Notably, recently developed nanostructured elec-
trocatalysts have made encouraging accomplishments in ECR,
compared with traditional bulk metal catalysts.[®7 1]
Nanostructured two-dimensional (2D) materials refer to
a class of materials with thickness of one or a few atoms
and intrinsically layered materials like TMDs have attracted
increasing attention. Very recently, 2D nanomaterials, espe-
cially partially oxidized Co 4-atom-thick layers, tungsten dis-
elenide (WSe,;) nanoflakes,”! and nitrogen-doped graphene
(N-graphene),l'"'2l have emerged as promising candidates for
ECR electrocatalysts and represent state-of-the-art ECR catalysts
among various others reported to date. Owing to their distinct
2D structure and ultrathin layer dimension, 2D nanomaterials
offer many advantages toward ECR. Particularly, their robust
layered structures with ultralarge surface area and substantial
number of active sites contribute to a great enhancement in
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stability compared with bulk and other nanostructured mate-
rials. In addition, the well-defined structure of 2D nano-
materials can serve as the ideal medium for understanding the
relationship between electrochemical performance and phys-
icochemical properties. Our purpose here is to highlight three
representative categories of 2D nanostructured ECR catalysts,
namely; atomically thin TMs/TMOs, nanostructured TMDs and
metal-free 2D materials. Furthermore, based on the characteris-
tics of 2D materials and the current status of research on ECR,
the challenges and opportunities of 2D materials as prospective
ECR electrocatalysts will also be discussed.

2. Nanostructured 2D Materials as Efficient
Electrocatalysts for ECR

2.1. Atomically Thin TMs/TMOs

Since the great success of metal/metal oxide composites (e.g.,
Sn/Sn0,) and oxide-derived (OD) metals (e.g., OD Cu and
OD Au)P#l in ECR discovered by Kanan and co-workers, TMs/
TMOs have attracted much attention as potential ECR catalysts.
Despite their enhanced performance for ECR, TMOs still suffer
from a low number of active sites and poor electrical conduc-
tivity. Previous research suggested that low-coordinated surface
metal cations can ensure a larger degree of CO, adsorption
during heterogeneous catalysis. More interestingly, density
functional theory (DFT) calculations indicated that reducing
the thickness of TMOs to atomic level thickness can signifi-
cantly enhance both the density of states (DOS) and the charge
density around the conduction-band edges. In doing this, it is
anticipated that the rapid carrier transport improves the elec-
tronic conductivity along the 2D ultrathin layer.'3] Moreover, it
is expected that atomically thin layers are capable of exposing
plenty of coordinatively unsaturated surface atoms as active
centers. In light of these benefits, ultrathin Co;04 layers with
thicknesses of 1.72 and 3.51 nm were successfully synthe-
sized via solvothermal reaction and fast-heating treatment
to test these predictions.'¥ As expected, the ultrathin Co;0,
layer exhibited much better electrocatalytic activity toward
ECR. In particular, the 1.72 nm-thick Co;0, layers showed the
highest ECR activity with a current density of 0.68 mA cm™ at
—0.88 V versus the saturated calomel electrode (vs SCE). This
ECR activity is over 1.5 and 20 times higher than those of
3.51 nm-thick Co;0, layers and bulk Co;0,4 respectively. More-
over, a Faradaic efficiency (FE) of over 60% toward formate in
20 h continuous reaction revealed that the 1.72 nm-thick Cos;0,
layers had higher selectivity and better stability.

Very recently, Xie's group developed a synthesis technique
for producing much thinner Co-based sheets with a thickness
of only 4 atoms (=0.84 nm) using solvothermal growth, as illus-
trated and characterized in Figure 1a-d.l° By deliberately con-
trolling the reaction time, partial oxidation of the 4-atom-thick
Co layer was introduced on its surface (Figure le-g). Undoubt-
edly, such an even thinner 2D Co-based layer was more prom-
ising toward ECR, due to more-abundant surface active sites
and higher electrical conductivity resulting from the metallic
nature of Co. As a result, partially oxidized Co with 4-atom-
thick layers showed exceptional ECR performance. From the
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linear-sweep voltammetric (LSV) curves in Figure 1h, it can
be seen that partially oxidized Co 4-atom-thick layers showed
a distinct CO, reduction peak at —0.85 V versus SCE, with a cur-
rent density of 10.59 mA cm™2 in a CO,-saturated 0.1 M Na,SO,
aqueous solution. When compared with pure Co 4-atom-thick
layers, partially oxidized bulk Co, and bulk Co, this is an
increase of about 10, 40, and 260 times, respectively. More-
over, the as-obtained partially oxidized Co 4-atom-thick layers
achieved a stable reduction current density up to 10 mA cm™2
over 40 h and a high FE toward formate production of approxi-
mately 90% at a very low overpotential of only 0.24 V. This level
of performance is superior to previously reported TMs or TMOs
electrodes investigated under comparable conditions. This
remarkably enhanced activity is partly attributed to increased
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Figure 1. a) Schematic formation process of the partially oxidized and pure Co 4-atomic-layer, respectively. b-g) Atomic force microscopy (AFM) image
(b), lateral high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image (c), the corresponding intensity profile along
the purple rectangle in Figure 1c (d), high-resolution transmission electron microscopy (HR-TEM) image (e), and enlarged HR-TEM images for the partially
oxidized Co 4-atom-thick layers (f,g). h,i) Linear-sweep voltammetric (LSV) curves in a CO,-saturated (solid line) and N,-saturated (dashed line) 0.1 M Na,SO,
aqueous solution (h) and charging current density differences /\j plotted against scan rates for partially oxidized Co 4-atom-thick layers (red), Co 4-
atom-thick layers (blue), partially oxidized bulk Co (violet), and bulk Co (black) (i). Adapted with permission.[®! Copyright 2016, Nature Publishing Group.
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electrochemical surface area (ECSA) as depicted in Figure 1i.
Importantly, the partially oxidized Co 4-atom-thick layers pos-
sessed almost the same ECSA as the pure Co 4-atom-thick
layers (Figure 1i), whereas it exhibited a tenfold higher catalytic
activity. Such a result demonstrated that atomic Co;0, exhibits
much higher intrinsic activity and selectivity than atomic Co for
the CO,; electroreduction to formate. This enlightening work
indicates that the nanostructure construction at the 2D atomic
level and the controlled manipulation of oxidation states open
up a new way to develop highly efficient and robust ECR cata-
lysts based on TMs/TMOs.

2.2. Nanostructured TMDs

TMDs, represented by molybdenum disulfide (MoS;), are
another class of layered materials, which are composed of one
layer of metal cations and two layers of chalcogen anions with
a sandwich-like structure. MoS; has been intensively studied as
an electrocatalyst candidate for the hydrogen evolution reaction
(HER) because of its rich edge sites as active centers toward
HER.'I Given that the HER is a primary competing reaction
to ECR, MoS, does not represent an efficient catalyst for ECR,
in theory. Surprisingly, with the assistance of an ionic liquid
(IL), 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-
BF,), as a co-catalyst in the electrolyte, Asadi et al. found that
CO, reduction to carbon monoxide (CO) could be carried out
efficiently on Mo-terminated edges of bulk MoS,, due to their
metallic character, high d-electron density and relatively low
work function (3.9 eV).[l Also, the IL played a critical role in
stabilizing the CO, molecule by forming the [EMIM-CO,|*
complex in acidic environments (Figure 2a,b). Furthermore,
the EMIM-CO, complex could effectively suppress the HER.
Followed by this earlier work, Asadi and co-workers fur-
ther prepared a series of nanostructured TMDs, including
MoS,, WS,, MoSe,, and WSe, nanoflakes (NFs), and evalu-
ated their catalytic performance toward ECR in aqueous
electrolyte containing 50 vol% EMIM-BF,."! Similarly, all
the TMD-based NFs represented by WSe, NFs exhibited
better ECR catalysis than previously reported bulk MoS, and
other reported catalysts (Figure 2e), resulting from a greater
number of exposed edge sites in the 2D nanoarchitecture.
Especially, WSe, NFs terminated with W atoms (Figure 2c)
displayed the best performance in catalyzing CO, reduction
to CO, realizing a current density of 18.95 mA c¢m™, an FE
toward CO of 24%, and a CO formation turnover frequency
of 0.28 s7! at —0.164 V versus reversible hydrogen electrode
(RHE) (overpotential of 54 mV). Likewise, according to theo-
retical calculations and related characterizations, the superior
properties of WSe, NFs were attributed to their much lower
charge-transfer resistance (R.) (Figure 2f) and considerably
lower work function (3.52 eV). In addition, the extremely
stable W edge atoms (Figure 2d) provided WSe, NFs with
outstanding durability over 27 h of chronoamperometry. It
is noteworthy that the WSe,/IL co-catalyst system could be
effectively integrated in a light-harvesting artificial-leaf plat-
form, which was able to reduce CO, into CO and concur-
rently oxidize H,0 into O, in the absence of any external
potential. From the studies of Asadi and co-workers,['"”] the
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intrinsically high activity and stability of metal atoms at
the edge sites make nanostructured TMDs another class of
exceptional ECR catalysts, but it seems that IL is a necessary
co-catalyst to inhibit undesirable HER.

2.3. Metal-Free 2D Materials

By virtue of their extremely high surface area, excellent
mechanical stability and flexibility, good electrical conduc-
tivity, cost effectiveness, environmental friendliness, and,
more importantly, the adjustable doping of heteroatoms (e.g.,
B, N etc.), a great number of graphene-based materials have
been extensively employed as metal-free functional materials
for various energy-conversion reactions, such as the oxygen
reduction reaction (ORR), the oxygen evolution reaction (OER),
and the HER. Very recently, heteroatom-doped graphene has
been explored for ECR. Phani and co-workers studied the
electrocatalytic activity of boron-doped graphene (B-graphene)
for ECR in 0.1 M KHCOj3; aqueous solution, which exhibited
an FE of 66% toward formate at —=1.4 V (vs SCE).'% DFT cal-
culations suggested that the presence of B in the graphene
matrices resulted in an asymmetric charge and spin density,
thus affording active B and C atoms for chemisorption and
facilitating CO, reduction to formate. More recently, N-doped
graphene has also been reported as an efficient electrocatalyst
for the reduction of CO, to CO and formate in aqueous elec-
trolytes. For instance, Ajayan and co-workers demonstrated
CO production with an FE up to 85% at a low overpotential of
0.47 V using N-doped graphene foam as the ECR catalyst.']
Combining experimental investigation and DFT calculations,
pyridinic N is believed to be the most active site for the adsorp-
tion of intermediate COOH* and further formation of CO.
Intriguingly, the N-doped graphene (Figure 3a,b) developed
by Tan and co-workers using carefully screened melamine
as the N precursor, could selectively reduce CO, to formate
in 0.5 M KHCOj; aqueous solution, even though most of the
reduction products of N-doped carbon electrocatalysts were
limited to CO." In general, the amount and configuration of
N dopants, especially pyridinic N atoms, are considered to be
responsible for the improvement in activity and selectivity. In
this instance, XPS has been carried out to analyze the N con-
figurations, in which pyridinic N had the highest concentration
of 3 at% (Figure 3c,d). It should be mentioned that near-edge
X-ray absorption fine-structure (NEXAFS) might be a better
way to reveal the graphitic properties and N incorporation into
the graphene structure. However, little effort has been made
to characterize the electronic structure of these ECR catalysts.
As can be seen from the LSV scans in Figure 3e, the as-synthe-
sized N-doped graphene displayed obvious activity toward CO,
reduction in the potential range from —0.3 to —1 V versus RHE.
When operated at a moderate negative potential (—0.84 V vs
RHE), the N-doped graphene remained highly selective to for-
mate (maximum FE of 73%) for 12 h (Figure 3f). Obviously,
heteroatom doping can be a powerful strategy to regulate the
structural, electrical, and physicochemical properties of gra-
phene, thereby fully exploiting its potential for ECR.

Graphitic carbon nitride (g-C3N4) is another important
metal-free 2D material that has received increasing attention in
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Figure 2. a) Formation and stabilization of the [EMIM—CO;] complex with an additional coordination of CO, and a water molecule (the oxygen is
highlighted in orange). b) Time dependence of the hydrogen-bond length between CO, and EMIM* and the C—O bond length between the CO, and
an adjacent water molecule. a,b) Adapted with permission.l"! Copyright 2014, Nature Publishing Group. c) STEM image of WSe, NFs. The inset shows
the corresponding intensity profile of the flake before electrochemical tests. d) STEM image of WSe, NFs. The inset shows the corresponding intensity
profile of the flake after 27 h chronoamperometry testing. e) Cyclic voltammetry (CV) curves for WSe, NFs, bulk MoS,, Ag nanoparticles (Ag NPs),
and bulk Ag in a CO, atmosphere. The inset shows the current densities in low overpotentials. f) Electrochemical impedance spectroscopy of CO,
reduction using WSe, NFs, bulk MoS,, and Ag NPs at 150 mV overpotential. c—f) Adapted with permission.l’l Copyright 2016, American Association

for the Advancement of Science.

both photocatalysis and electrocatalysis.'! Despite its low elec-
trical conductivity, g-C3Ny is able to liberate its electrochemical
properties by compositing with other carbon-based materials.
As for ECR, Amal and co-workers recently reported a g-C3N,/
carbon nanotube (CNT) composite as a highly selective and
stable electrocatalyst for CO, reduction to CO, in which the
strongly formed C—N bonds could become active sites to pro-
mote ECR, giving rise to a FE of 60% and remarkable durability
over 50 h.'’! Therefore, g-C;N, based materials may be another
new class of metal-free 2D electrocatalysts for efficient ECR.

3. Challenges and Opportunities of
Nanostructured 2D Materials for ECR

Among various electrocatalysts documented in the past few
decades, recently emerging nanostructured 2D materials have
made profound progress in the electrocatalytic reduction of CO,,
yet there are still some challenges in their practical application.
First, the large-scale production of 2D nanomaterials with well-
controlled nanostructures is very challenging, because strong
in-plane bonds, electrostatic interaction, and m-m stacking
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Figure 3. a,b) Scanning electron microscopy (SEM) image (a) and TEM image (b) of N-graphene. c) Statistical N atomic content and relative per-
centage in N-graphene (the insert is the representative X-ray photoelectron spectroscopy (XPS) of N 1s for N-graphene). d) Schematic of pyridinic
(blue), graphitic (green), and pyrrolic (purple) N configurations in N-graphene. e) 15 mV s™' LSV scans for the N-graphene catalyst in Ar- and CO,-
saturated 0.5 M KHCO;. f) Long-term durability of different forms of N-graphene operated at —0.84 V for 12 h. Adapted with permission."l Copyright

2016, The Royal Society of Chemistry.

within the atomic layers often result in severe agglomeration,
and the yield of currently developed methods, such as solvo-
thermal growth and liquid exfoliation, is too low to satisfy com-
mercial demand. Secondly, it is still difficult to realize specific
component modification and structural manipulation at the
atomic level for further optimization of catalytic activity, selec-
tivity, and stability, especially with the aim of attaining signifi-
cantly high CO,-reduction current density, reduction of CO, to
larger-chain hydrocarbons, and long operating life-cycles for
industrial application. Thirdly, other factors such as electrolytes,
substrates, catalyst loading, and ion-exchange membranes, are
essential to improve the overall performance of ECR for practical
application. This is because aqueous solutions are unfavorable
for CO, dissolution and facilitate competing HER, it is difficult
for conventional glassy carbon to serve as a catalyst support
for large-scale applications, and the predominant membrane

240

resistance imposes severe limitations to charge and mass
transfer.l' Nevertheless, much less effort has been invested
toward these aspects. Finally, the ECR reaction mechanism still
remains uncertain or ambiguous, and this is severely limited
by effective in situ characterizations at the atomic level and/
or within several femtoseconds. This last point is most impor-
tant, because attaining an in-depth understanding of the reac-
tion pathways is vital to lay a solid foundation for future ECR
technology.

Fortunately, the rapid advances in the field of material science,
chemistry, computer science, and related technologies provide
great opportunities to explore more efficient ECR catalysts based
on nanostructured 2D materials. On the one hand, along with
the development of synthetic technology, an increasing number
of 2D nanostructured materials have been readily prepared
with high yield. For example, inspired by a traditional Chinese
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food called “thousand-layer pie”, Wu and co-workers recently
reported the large fabrication of 2D metallic nanosheets, with a
thickness as small as 1 nm and size in the micrometer range, by
a facile, efficient, and cost-effective general mechanical rolling
method under ambient conditions.'”) Besides, the tailored
assembly of different nanostructured 2D materials will promote
the development of 2D nanocomposite electrocatalysts.!'®l Fur-
thermore, the utilization of IL as electrolytes facilitates the inte-
grated research of ECR. Simultaneously, the comprehensiveness
of current theoretical calculations is able to offer valuable pre-
dictions and guidelines for screening and optimizing ECR cata-
lysts. Taking the recent calculations of Nerskov and co-workers
as an example, their DFT study indicated that doped MoS,; could
break transition-metal scaling relations for ECR due to the pres-
ence of dual binding sites after the doping of another metal.[!*]
According to their calculations, nickel (Ni) was predicted to be
the most promising dopant in terms of scaling and cost. On the
other hand, the improvement of in situ characterization tech-
niques, such as in situ infrared spectroscopy and X-ray absorp-
tion spectroscopy,>?%2!l together with theoretical calculations
will definitely provide more insight into the mechanisms of
ECR. It is believed that the increasing interest and huge efforts
made in ECR research will accelerate technological break-
throughs and eventually advance this research field enough to
where commercial application is realizable.

4, Conclusion and Outlook

In summary, we have briefly discussed nanostructured 2D
materials with peculiar structural, electrical, and physicochem-
cial properties as efficient electrode materials for ECR. Recently
emerging nanostructured 2D electrocatalysts, represented by
atomically thin TMs/TMOs, nanostructured TMDs, and metal-
free 2D materials, have achieved fascinating activity, selectivity,
and durability toward ECR. Challenges still exist for the large-
scale fabrication of nanostructured 2D materials. Nevertheless,
new approaches, including surface atomic engineering, will be
explored to synthesize 2D nanomaterials and their nanocom-
posites with tailored properties. Moreover, a combination of
experimental and theoretical investigations will greatly advance
this research field.
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