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Ni-based bimetallic heterogeneous catalysts for
energy and environmental applications

Sudipta De,® Jiaguang Zhang,® Rafael Luque® and Ning Yan*?

Bimetallic catalysts have attracted extensive attention for a wide range of applications in energy production
and environmental remediation due to their tunable chemical/physical properties. These properties are mainly
governed by a number of parameters such as compositions of the bimetallic systems, their preparation
method, and their morphostructure. In this regard, numerous efforts have been made to develop “designer”
bimetallic catalysts with specific nanostructures and surface properties as a result of recent advances in
the area of materials chemistry. The present review highlights a detailed overview of the development of
nickel-based bimetallic catalysts for energy and environmental applications. Starting from a materials
science perspective in order to obtain controlled morphologies and surface properties, with a focus on
the fundamental understanding of these bimetallic systems to make a correlation with their catalytic
behaviors, a detailed account is provided on the utilization of these systems in the catalytic reactions
related to energy production and environmental remediation. We include the entire library of nickel-
based bimetallic catalysts for both chemical and electrochemical processes such as catalytic reforming,
dehydrogenation, hydrogenation, electrocatalysis and many other reactions.

To address the increasing energy demand while mitigating environmental concerns, numerous research efforts have been devoted to finding the most sustainable
routes of energy production. Catalysis can offer attractive solutions to such processes, with the possibility of designing highly effective advanced catalytic systems

as the basis of future industrial implementation. Bimetallic catalysts emerged as materials of a new category, which often show electronic and chemical properties
different from their monometallic counterparts, thus offering an opportunity to design new catalysts with enhanced selectivity, activity, and stability. Since the

infancy of bimetallic catalysts in the 1960’s, an enormous number of catalysts have been explored, most of which were based on having noble metals as the main

components. However, the industrial application of these noble metal catalysts is limited by their exceptionally high prices and low availability, which has turned
the attention towards more abundant transition metal-based catalysts. Nickel is the most widely used element among the transition metal-based catalysts and has
the highest ability to form bimetallic systems with other metals. As a result, the library of bimetallic Ni catalysts has been enriched very rapidly in the last decade.

This review provides an overview of the recent progress in the design of bimetallic nickel-based catalysts for use in energy production and environmental
remediation. Design aspects of the catalysts and the fundamental understanding of their catalytic properties are also critically discussed.

1. Introduction

problems," catalysis certainly plays a critical role in the design of
efficient processes and systems able to maximize the value of

Population increase, urbanization, and rising living standards
have rapidly increased global energy consumption and environ-
mental burdens in the last half century. Energy consumption is
expected to continue to increase dramatically in the coming years
along with its associated environmental issues. Although there is
no universal solution to solve all energy and environment-related
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starting materials while minimizing waste generation and energy
requirements. Metal-based catalysts, in this regard, have been of
immense importance in a wide range of diverse catalytic applica-
tions with high efficiency. However, fine-tuning of the structure
and the properties of these catalysts is highly desirable to meet the
stringent requirements in energy and environmental applications.

Nickel is one of the most widely used elements in metal
based catalysts (see Fig. 1). It is the fourth most abundant
transitional metal on earth after Fe, Ti and Zr. It currently costs
3.8 USD per Ib, which is only 1/5000 of the price of gold. In fact,
nickel has a long history in modern catalysis - its first applica-
tion as a hydrogenation catalyst dates back to the 19th century
which led to the Nobel Prize in Chemistry in 1912. Afterwards

This journal is © The Royal Society of Chemistry 2016
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Ni was found to be active in a number of processes, in particular
in hydrogenation and reforming reactions. Despite the huge
success and wide applications of the Ni catalyst in industry,
single component Ni catalysts are not able to meet the activity,
selectivity, and stability requirements in many emerging applica-
tions related to energy and environments.

Bimetallic catalysts, which often have electronic and chemical
properties that are distinct from those of their parent metals,
may show enhanced performances. Since the pioneering and
systematic work by Exxon Research and Engineering in the early
1960s, the library of bimetallic catalysts has been significantly
enriched, particularly in the past two decades. Among all bimetallic
catalysts, platinum-group metals are the most studied catalyst
components.>* However, high cost and low availability limit their
applications in large scale processes. Therefore, attention turned
towards nickel, a low-cost alternative, which has similar electronic
properties and can perform many of the same elementary reactions
as palladium or platinum.*® In fact, Ni is known for its high
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alloying efficiency with all noble metals as well as many
transition metals in different mass ratios, which makes it easier
to develop a wide range of composition-dependent bimetallic
Ni systems for diversified catalytic applications. Recently, there
have been many reports on the facile synthesis of bimetallic Ni
systems, which have shown the potential to replace expensive
noble metal catalysts in terms of catalytic activity and stability.

After a detailed survey of recent publications on bimetallic
Ni, we found that the majority of them were focused on catalytic
reactions relating to energy, and to a lower extent the environ-
ment, which reflects the growing concern of bimetallic hetero-
geneous catalysis in these domains. This contribution aims to
provide a critical overview of the entire library of Ni-based
heterogeneous bimetallic catalysts with their recent synthesis
protocols in view of their applications in a wide range of chemical
processes. A rationalized approach is provided to identify suitable
metal combinations that may be able to provide improved
activities in selected applications compared to conventional
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» World reserves/production: 130 M ton/2 M ton per year

»Use: 80% alloys; 14% electroplating; <3% chemical

»Most use: NiFe-stainless steels; NiCu-coinage

> 1stisolated by A. F. Cronstedt in 1751

» Unintentional use of Ni alloy can be traced back as far as
3500 BCE

> 1st organonickel: nickel carbonyl by Mond, Langer and
Quincke in 1890.

> 15t Ni catalyzed reaction: ethylene hydrogenation by Paul
Sabatier in 1897.

» 15t research on Ni-based bimetallic catalyst: NiFe, NiCo and
NiCu by Long, Frazer and Ott in 1934.

Fig. 1 Fact sheet showing the historical background, physical properties
and uses of nickel.

and/or presently reported systems. Different energy-related
catalytic processes will be discussed where the influence of
modification of the Ni catalysts by other metals and the relation
to their catalytic properties, will be introduced. Additionally, a
brief discussion on the fundamental approach using classical
theories of chemistry (such as the d-band theory) to understand
the origin of the improved efficiency and stability of the
bimetallic systems will also be provided.

Recently, several reviews based on homogeneous Ni-based
complexes were published focusing mainly on the C-C coupling
reactions.”® Two excellent reviews based on heterogeneous
Ni-based catalysts were published focusing exclusively on reforming
reactions.”'® Nevertheless, to the best of our knowledge, there is
currently no review focused on bimetallic Ni-based catalysts that
provides a detailed discussion on their energy and environmental
applications. We hope that this contribution will be a good
addition to the existing literature, and will provide useful
information for future research.

2. Preparation of bimetallic Ni catalysts

A number of factors are responsible for the structure of
bimetallic catalysts (see Fig. 2). At present, there are many well
established methods for preparing bimetallic catalysts (either
unsupported colloidal NPs or supported bimetallic NPs).>* The
choice of method often depends on the desired surface and the

3316 | Energy Environ. Sci., 2016, 9, 3314-3347
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Fig. 2 Factors responsible for the formation of different bimetallic
structures.

bulk structure of the catalyst. For instance, the co-impregnation
process is mainly used to produce supported bimetallic or alloy
type materials. On the other hand, the sequential impregnation
method is often adopted to obtain core-shell type materials,
where a less active metal (generally a 3d transition metal) core
is prepared first and then the active metal (generally a noble
metal) is deposited onto it. Wet impregnation methods are
widely applicable for the syntheses of bimetallic catalysts with
well-controlled shape, size, and composition."""* Various wet-
chemical schemes have been applied to synthesize bimetallic
NPs. They can be classified into two categories according to the
formation mechanisms: seed-mediated growth and one-pot
co-reduction. The two strategies have similar fundamental
principles. In the seed-mediated growth process, the metal
seeds of the comparatively inactive metal are first prepared
and then dispersed in a solution of active metal precursors. The
controlled reduction of the second metal forms uniform layers
over the seeds and a core-shell structure is obtained. In the
one-pot co-reduction method, two metallic precursors are
added at the same time. In this case, the reduction potentials
of the metals play a key role in determining the final architecture.
Two possibilities arise here: (1) metals with a similar reduction
potential are reduced simultaneously and form an alloyed struc-
ture, and (2) metals with different reduction potentials are
reduced in a successive manner and form a core-shell structure.
However, there is no straightforward relationship between
reduction kinetics and reduction potential. The reduction kinetics
also depends on the synthesis conditions applied. For example,
the use of surfactants, stronger reducing agents (such as NaBH,)
or high temperature solvothermal processes can simultaneously
reduce metals with different reduction potentials resulting in an
alloyed structure.”*™® Alongside the wet impregnation processes,
much attention has been paid to colloidal chemistry to synthesize
unsupported NPs with controlled size, shape, and stability.'”
While colloidal chemistry is highly applicable towards the syntheses
of noble metal bimetallic systems, its application in 3d transition
metals is less studied.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Possibility of alloy formation of Ni with other elements in the
periodic table (figure generated from data in ref. 18).18

Apart from the preparation methods, another factor that
determines the structure of a bimetallic system is the relative
position of two metals in the periodic table. A solid solution or
miscible system is formed when the two metals are very close in
the periodic table. For example, nickel is miscible with Co, Cu,
Rh, Pd, and Ir at any proportions as shown in Fig. 3, and
therefore can easily form alloys. The metals which are further
from nickel generally form intermetallic compounds. For example,
Pt forms different intermetallic compounds with Ni at different
specific ratios, among which Pt;Ni is the most stable compound
and is very well known for its electrocatalytic applications.
Although the predicted structure can be derived from the experi-
mental data presented in the periodic table, it is not necessary that
the final structure should be similar to that of the predicted one.
Different variable structures can also be obtained by using a
controlled preparation method. The reduction potential of the
metal plays a crucial role in the formation of a definite structure
since in most cases the bimetallic catalysts are prepared by
reducing their salt precursors. In fact, multiple factors need to
be considered when predicting the relationship between the
predicted and experimentally obtained structure of a bimetallic
system.

Structural modification largely enhances the capability of
tuning the catalytic performance, therefore it is important to
have the knowledge of the surface structure and properties of
the catalyst to derive the relationship between their structural
features and catalytic activity. In the past decade, significant
efforts have been made to understand the surface properties of
bimetallic systems using advanced characterization techniques
(e.g. Auger electron spectroscopy (AES), X-ray photoelectron
spectroscopy (XPS), extended X-ray absorption fine structure
(EXAFS) spectroscopy, low-energy electron diffraction (LEED),
etc.) as well as theoretical calculations (e.g. density functional
theory (DFT)).>*"%%° To reveal the origin of the novel catalytic
properties, bimetallic surfaces have also gained a considerable
amount of interest in surface science research.”’”>* Since the
characterization methods for bimetallic systems have already
been discussed in some excellent reviews,>® we would like
to pay our attention to discussing how different structures of

This journal is © The Royal Society of Chemistry 2016
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bimetallic Ni catalysts are obtained depending on their synth-
esis method.

2.1 Core-shell structure

In principle, bimetallic core-shell structures can be obtained
either by seed-mediated growth or by one-pot co-reduction of
metallic precursors. In particular, for the bimetallic Ni@noble
metal core-shell structure, Ni serves as a core and the noble
metal serves as a shell. This kind of structure is generally
prepared using a seed-mediated growth process, where Ni cores
are prepared by reducing their salt precursor prior to the
deposition of the noble metal on their surface. In most cases,
capping ligands are used in this step to prevent aggregation.>***
It should be noted that the one-pot co-reduction method cannot
form this structure because of the higher reduction potential of
noble metals than that of Ni. In this case, noble metals will be
reduced first and Ni will be deposited subsequently as a shell
over the noble metal core.

The reverse structure, i.e. noble metal@Ni core-shell, can be
obtained in a one-pot sequential reduction. For example, the
preparation of Au@Ni core-shell NPs with varying Ni shell
thicknesses was reported by mixing both metal precursors in
one-pot in the presence of oleylamine and 1-octadecene.”® The
reduction of the Au precursor to Au NPs was achieved by using
NaBH, as the reducing agent at room temperature. At an
increased temperature (210 °C), the as-formed Au seeds acted
as the nucleation sites on which nickel ions were reduced. The
different shell thicknesses could be controlled by using different
ratios of two precursors. Because of the higher electron density,
noble metal cores sometimes induce the reduction of Ni,*’
which is termed as noble-metal induced reduction where no
external reducing agent is required.

The core-multishell is a more complex architecture in this
category, which is well known for its good optical and electronic
properties.>® More precise kinetic control over the reaction is
required to achieve the structure. Recently, well-shaped Pd-Ni-Pt
core-sandwich-shell NPs were synthesized using cubic and octa-
hedral Pd substrates in the aqueous phase at low temperature with
a cationic surfactant as the capping agent and hydrazine as the
reducing agent.*® The combination of shaped Pd substrates and
mild reduction conditions directed the overgrowth of Ni and Pt in
an oriented, layer-by-layer fashion. Scheme 1 demonstrates how Pd
cubes function as shaped crystal substrates to catalyze and direct
the oriented overgrowth of Ni. Pt ions were added after the
Ni overgrowth to “trap” the metallic Ni phase and complete the
layer-by-layer synthesis of the shaped ternary metal NPs.

Post-modification of an alloy precursor through dealloying
and surface oxidation is another way to prepare a core-shell
structure. This method was recently applied by the Strasser
group to prepare IrNi@IrO, core-shell NPs from IrNi, precursor
alloys.*>*" Ni rich bimetallic Ir-Ni NPs were first prepared using
a conventional polyol method involving 1,2-tetradecanediol as
the reducing agent and oleylamine along with oleic acid as the
capping ligands. The hybrid IrNi@IrO, core-shell materials were
prepared in two ways (Fig. 4). In the first approach, the IrNi, NP
precursor alloys (PA-IrNi,) were electrochemically dealloyed to

Energy Environ. Sci., 2016, 9, 3314-3347 | 3317
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Scheme 1 Schematic illustration for the synthesis of cubic Pd-Ni-Pt
core—sandwich—shell NPs.28 (Copyright 2014 American Chemical Society.)
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Fig. 4 Synthetic protocol for the preparation of the SO-IrNi@lrO, and
DO-IrNi@lrO, hybrid core—shell NP catalysts. Precursor IrNi alloys (“PA-IrNi",
and alloy scheme on left, blue: Ni, and grey: Ir) are stepwise (SO) or directly
(DO) dealloyed and surface oxidized. “D-IrNi," denotes the dealloyed stage.*°
(Copyright 2014 Royal Society of Chemistry.)

form metallic core-shell NPs (“D-IrNi,”) with an Ir enriched
surface, and subsequently they were selectively surface oxidized
to form “SO-Ir'Ni@IrO,’ metal oxide core-shell NPs. Alternatively,
the dealloying and oxidation could be performed directly in one
step to obtain DO-IrNi@IrO,.

2.2 Alloyed structure

Alloy systems are formed when two metal atoms have a homo-
geneous distribution in one particle. Some metals are thermo-
dynamically more stable when mixing together, while for others
the reaction kinetics must be rigidly controlled to produce an
alloyed structure. One approach is to use strong reducing
agents that reduce all metal precursors simultaneously to form
a homogeneous mixture of metals. For example, bimetallic
Ni-Fe alloy NPs could be formed using NaBH, as the reducing
agent to reduce Ni** and Fe*" ions in an aqueous solution,
containing cetyltrimethylammonium chloride (CTAB) as the
surfactant, although these two metals cannot be mixed with a
random ratio thermodynamically.'**

The appropriate selection of surfactants or counterions
adjusts the redox potentials of metals through specific adsorp-
tion or coordination, leading to the simultaneous reduction of
different metal ions.”® Surfactants can also play a key role in
directing the reaction and crystal growth pathways in yielding
particles with a desired geometry. For example, (111) surface-
dominant Pt;Ni alloy nanocrystals - the best-known catalyst
for the oxygen reduction reaction (ORR) - can be prepared by

3318 | Energy Environ. Sci, 2016, 9, 3314-3347
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reducing the metal precursors using CO, in the presence of
oleylamine (OAm) and oleic acid (OA) as the capping ligands.****

Well-faceted nanocrystal alloys were also reported to form
without any capping agents. Carpenter et al reported the
solvothermal synthesis of ORR active Ni-Pt alloy catalysts using
a mild reducing agent, N,N-dimethylformamide, which also
served as the solvent." The effect of temperature on the reduction
kinetics of the metal precursors was studied. It was observed that
Ni(acac), was more difficult to reduce than Pt(acac), and did not
react up to 150 °C. When the temperature was further increased to
200 °C, 90% Ni reduction was observed. Another controlled
reaction with only the Ni precursor at the same temperature
showed merely 42% Ni reduction, suggesting that the presence
of Pt and/or Pt(acac), enhances the deposition of Ni. The converse
also appeared to hold true because the apparent reaction onset
temperature of the mixed precursor solution (115 °C) was lower
than that of the Pt(acac),-only solution (137 °C). These observa-
tions suggest that the free energy of formation of the Ni-Pt alloy
NPs from the reaction mixture is more negative than the free
energy of formation of platinum NPs from the same solution.
Another probable reason could be that under the reaction condi-
tions Pt proto-particles of only a few atoms were formed initially
and acted as seed crystals for subsequent Ni and Pt;Ni deposition,
which was also supported by the previous finding by Deivaraj et al.
that the reduction of Ni ions by hydrazine at room temperature
requires the presence of Pt nuclei.>® This method was recently
extended to prepare trimetallic Pt-Ni-Co alloy NPs at 130 °C.*”

Alongside the wet chemistry methods, gas phase synthesis
has also been reported for bimetallic Ni alloys.*® As a “bottom-
up” approach, the gas phase method is more complex since it
starts from atomic-level precursors and needs better control over
nucleation and growth of nanocrystals. The advantage of this
method is that it does not require any reducing agent or
surfactant. Lin and Sankaran reported a plasma-assisted scalable
method for the synthesis of NiCu alloys from the vapors of
organometallic precursors, bis(cyclopentadienyl)nickel [Ni(Cp),]
and copper acetylacetonate [Cu(acac),].*® By carefully combining
precursor vapors and varying the flow rates, a wide range of
compositionally controlled alloyed NPs (less than 5 nm) with
narrow size distributions were obtained.

2.3 Porous structure

Generally, bimetallic alloys form crystalline particles with very
low surface areas, which is a limitation for applications in
catalytic processes. The surface area is one of the crucial factors
for a good catalytic performance. As such, porous structured
alloys — which have the advantages of high surface area, high
gas permeability, high mass diffusion ability and low density -
are more promising in catalytic applications than their solid
counterparts. In 1927, Murray Raney produced porous Ni
(RANEY™ Ni) by selective leaching of a block of Ni-Al alloy
(NiAl; and Ni,Al;) with concentrated sodium hydroxide;*® this
has been used as a heterogeneous catalyst for more than
80 years due to its low cost and high catalytic activity. After this
report, chemical dealloying became a widely accepted route to
develop many porous alloys and is still used in many applications.

This journal is © The Royal Society of Chemistry 2016
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Wang et al. developed a facile chemical dealloying process to
produce porous NPs using nanocrystalline alloys as precursors.*
The non-noble metal components were selectively dissolved
with an excess amount of concentrated nitric acid to obtain
a nanoporous residue. This general pathway could be applied
to any nanocrystalline alloys of noble and non-noble metals
(such as Ni-Pt, Ni-Rh) to produce the corresponding nano-
porous NPs with increased surface areas and narrow pore-size
distributions.

Recently, an electrochemical dealloying technique was
reported using an improved and more selective process for
leaching of an alloy precursor material to form porous alloys.
The dealloying mechanism is based on the selective dissolution
of the less-noble component from a binary or multicomponent
solid solution at a potential where the remaining more-noble
component is free to diffuse along the surface at which 3D
porosity evolves. The process intrinsically forms a core-shell
nanoporous structure where the surface is passivated by the
more-noble component and the interior of the ligaments
maintains a significant residual fraction of the less-noble
component. Chen et al. reported a nanoporous PdNi (np-PdNi)
bimetallic catalyst fabricated by electrochemically dealloying a
Pd,oNig, alloy in an acid solution at a low applied potential.*"
The key advantage of this process is that the residual Ni in the
nanoporous alloy could be easily controlled by tuning the deal-
loying potentials. The electrochemical dealloying was also
applied to make nanoporous Ni-Pt alloy NPs with a hierarchical
structure and a high surface area.*>

Apart from the dealloying process, templating pathways can
also be used to generate a porous structure. For example,
porous Ni@Pt core-shell nanotubes were prepared via the
electrodeposition method using ZnO nanorods as templates.*?
Scheme 2 describes the synthetic pathway for well-defined porous
Ni@Pt core-shell nanotube arrays. ZnO nanorod arrays were first
synthesized on conductive substrates utilized as templates. Then,
the electrodeposition of Ni layers was carried out on the surfaces
of the ZnO nanorods to prepare ZnO@Ni core-shell nanorod
arrays, and Pt thin layers were further deposited on the surfaces of
the Ni shells to prepare ZnO@Ni@Pt triple-layered core-shell
nanorod arrays. Finally, porous Ni@Pt core-shell nanotube arrays
were synthesized from the ZnO@Ni@Pt triple-layered core-shell
nanorod arrays by dissolving ZnO in a weak alkali solution.

ZnO@Ni core-shell
nanorod arrays

Ti plate ZnO nanorodarrays

——-

Ni@Pt core-shell
nanotube arrays

ZnO@Ni(@Pt triple-layered
core-shell nanorod arrays

Scheme 2 Schematic illustration of the synthesis of Ni@Pt core-shell
nanotube arrays.*® (Copyright 2012 Wiley-VCH.)
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Pt-Ni frame @ MOF

Fig. 5 Scheme and corresponding TEM images of the coordination-
assisted oxidative etching process. (a) Initial solid Ni—-Pt polyhedra. (b)
Ni—Pt frame@MOF intermediates |. (c) Ni-Pt frame@MOF intermediates II.
(d) Final Ni—Pt frame@MOF. The scale bar is 50 nm. (The insets show the
magnified TEM images. The scale bar is 5 nm).** (Copyright 2015 Nature
Publishing Group.)

This method is facile and suitable for large-scale and low-cost
production under mild conditions in the absence of organic
surfactants.

An analogous method was reported to prepare a Ni-Pt
framework structure using a metal-organic framework as the
template (Fig. 5).** In the first step, a Ni-enriched truncated
octahedral Ni-Pt alloy was prepared through a surfactant-
assisted solvothermal method, which was then dispersed in
N,N-dimethylformamide containing an appropriate amount of
dihydroxyterephthalic acid and autoclaved at 110 °C for 12 h to
form a Ni-Pt frame@Ni-MOF. Finally, the Ni-Pt frame®@
Ni-MOF was dispersed in dilute acetic acid to decompose the
Ni-MOF, resulting in the formation of a bare Ni-Pt frame. This
is an example of using combined top-down and bottom-up
strategies, where organic linkers captured the abandoned Ni**
ion during the dealloying process, to build a shell of MOFs on
the surface of the Ni-Pt alloy in situ.

2.4 Others

Apart from the discussions above (i.e. core-shell, alloy and
porous structures), some other structures are also reported for
bimetallic Ni catalysts. For example, hollow bimetallic (Ni/Au,
Ni/Ag, Ni/Pt, and Ni/Pd) spheres were synthesized via a decom-
position and reduction route by using hollow nickel hydroxide
spheres as precursors.”” Hollow Ni(OH), microspheres were
first prepared through a hydrothermal method and subsequently
calcined in air to produce a NiO sphere. Hollow metallic nickel
spheres were then obtained by the H, reduction of NiO hollow
spheres. Different hollow bimetallic spheres were then obtained
via a replacement reaction route by using hollow metallic Ni
spheres and the corresponding noble metal precursors, where
the Ni spheres acted as sacrificial templates. The driving force of
these reactions comes from the large standard reduction
potential gap between the Ni**/Ni redox pair (—0.25 V vs.
standard hydrogen electrode (SHE)) and the M**/M redox pair
(1.00 V for AuCl, /Au, 0.80 V for Ag'/Ag, 0.74 V for PtCls>~/Pt,
and 0.83 V for Pd*"/Pd vs. (SHE), respectively).
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3. Modification of the surface
properties of bimetallic Ni catalysts:
fundamental understanding

Understanding the origins of the novel catalytic properties of
bimetallic surfaces has gained considerable interest in funda-
mental surface science research. Two critical factors can be
considered. First, the formation of heteroatom bonds changes
the electronic environment of the metal surface, thereby modifying
its electronic structure through the ligand effect. Second, the
geometry of the bimetallic structure is typically different from that
of the parent metals (e.g. the average metal-metal bond lengths
change, resulting in the strain effect that can modify the electronic
structure of the metal through changes in the orbital overlap).*®
Theoretical approaches, such as density functional theory (DFT),
have recently been extensively applied for a better understanding of
the surface properties and design principles of different bimetallic
systems.”” In this section, we will emphasize the fundamental roles
of added guest metals in modifying the catalytic behavior of the
host metal.

In a bimetallic system, the catalytic reactivity depends on the
combined electronic effect of two metal components. d-Band
theory can be applied to understand the combined effect of two
metal species. The chief principle underlying the d-band theory
is that the binding energy of an adsorbate to a metal surface is
largely dependent on the electronic structure of the surface
itself. The metal d-band hybridizes with the bonding (o) orbital
of the adsorbate to form bonding (d-o) and antibonding (d-c)*
states (Fig. 6a). For the metals we are concerned with, the (d-o)
state is full, but the extent of filling of the (d-c)* state depends
on the local electronic structure of the metal at the surface, i.e.
the surface density of states. An increased filling of the anti-
bonding (d-o)* state corresponds to a destabilization of the
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Fig. 6 (a) Hybridization of the d-band of metal and the o orbital of the
adsorbate. (b) d-Band center with respect to the Fermi level and dissociative
absorption energy as a function of Pd content (figure generated from data in
ref. 48).4%
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metal-adsorbate interaction and hence weaker binding, which
induces higher activity.

Taking the Ni-Pd nanoalloy system as an example, the
d-band theory can be applied to determine the effect of Pd on
pure Ni in the hydrogenation reaction.*® The energy with which
hydrogen is bound to the metal surface - a decisive factor in
catalytic activity - strongly depends on the Ni/Pd ratio. The
nanoalloys containing approximately equal amounts of Ni and
Pd show a higher catalytic activity than pure particles of either
metal, and the weakest binding and Gibbs free energies of
hydrogen adsorption (close to zero) are calculated. This result
can also be explained by the d-band model (Fig. 6b). The d-band
center of the mixed Ni-Pd(111) surface is at lower energies than
that of the pure Ni(111) and Pd(111) surface, which is in
accordance with the higher Eg4;ss of Ni-Pd(111) and hence higher
activity. The same observation has been made for metal clusters
of different sizes as well as for bulk surfaces, and therefore is of
general applicability.

Another example is the well-known Ni-Pt system for the ORR
process. The oxygen binding energy on the catalyst surface is a
key descriptor in determining ORR activity. Due to the high
oxophilic nature, Pt binds oxygen too strongly, implying that its
d-band center is too high. Alloying Ni and Pt in a specific
composition lowers the d-band center by both altering the
electronics and inducing a degree of irregularity in the Pt lattice,
which subsequently causes the binding to oxygen weaker than
that on Pt.*°

The geometry of Ni in the bimetallic catalysts is also a key
factor governing catalytic activity. In general, two possibilities
arise when Ni is alloyed with a noble metal: Ni either remains
on the surface of the noble metal or it diffuses inside to form a
subsurface region. To explore this fundamental structural
modification, bimetallic Ni-Pt has been widely studied. Ni
atoms underneath the surface Pt layer are thermodynamically
stable in an ultra-high vacuum environment and under hydro-
genation reactions, exhibiting good activity and stability. In
other types of reactions, such as oxidation, dehydrogenation,
and reforming, Ni-terminated surfaces are generally favored.
The segregation energy (Es.) for transition metal alloys is
considered as the thermodynamic driving potential to move
the subsurface admetal from the bulk to the surface of the host
metal. Ruban et al. performed DFT calculations of the values of
Egeq for admetal atoms (M) on many host substrates (H).** If
Es, is sufficiently negative, the admetal segregates to the
surface to produce a M-H-H monolayer structure. If E, is
sufficiently positive, the surface layer is dominated by the host
metal, leading to the formation of an H-M-H subsurface
monolayer structure.

Besides determining the relationship between the E,., value
and the structure, it is important to study the influence of
adsorbates on surface segregation using different adsorbates
(such as hydrogen and oxygen), to predict the favorable structure
responsible for a particular type of reaction. Taking the particular
case of the bimetallic Ni-Pt system, the segregation of subsurface
Ni was verified under ambient pressure using X-ray absorption near
edge structure (XANES) spectroscopy under in situ conditions.>
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Fig. 7 (a) Dependence of the ratio of XPS Ni 2p intensity on XPS Pt 4f

intensity and (b) reversible change in the surface structure of Ni-Pt
transition metal NPs with the oxidation and reduction cycles.>° (Copyright
2009 Elsevier.)

Using a polycrystalline Pt foil as the substrate, the Ni atoms
were found to undergo inward diffusion upon exposure to H,
and surface segregation after exposure to O,. This reversible
behavior was also applicable to bimetallic Ni-Pt NPs.*® Fig. 7
shows the XPS Ni/Pt intensity ratio, which oscillates with the
oxidation-reduction cycles. The XPS results indicate that the
Ni-Pt NP surface is NiO-rich in oxidizing gases and Pt-terminated
in reducing gases. In turn, such structural changes modify the
catalytic performance in both hydrogenation and oxidation
reactions, and could be the main reason behind the observation
that the subsurface Pt-Ni-Pt structure works better in hydro-
genation reactions, while the surface Ni-Pt-Pt structure is more
suitable for oxidation or reforming reactions.

4. Catalysis applications of bimetallic
Ni catalysts

Since Ni has similar electronic properties as Pd and Pt, its
application is widely explored in similar reactions as the other
two. Here we will critically discuss recent advances in bimetallic
Ni catalysts where both noble metals (Ru, Rh, Ir, Pd, Pt, Au, and
Ag) and transition metals (Fe, Co, and Cu) have been used as
guest metal counterparts (see Fig. 8). However, in some cases Ni
also acts as a guest metal or promoter to modify the catalytic
activity of reactive noble metals. One issue with Ni-based
bimetallic catalysts is that Ni is often partially oxidized when
exposed on the catalyst surface due to its relatively low reduction
potential. However, oxidation of Ni is not necessarily detrimental
since Ni in the oxidized form can enhance catalytic performance
by changing the geometric and/or electronic environment of the
second metal. For this reason, we will include those examples
in the discussion even if both metal elements are not in the
metallic state.

This section will be divided into two subsections focusing on
energy and environmental applications, respectively. The first
section is further divided by the type of energy carrier, including
hydrogen, hydrocarbons, oxygenates, and electricity, whereas the
second section on environmental remediation is categorized
by the type of targeted pollutant. Wherever possible, we will
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Fig. 8 Different guest metals in bimetallic NiM catalysts and their corres-
ponding catalytic applications.

compare the catalytic activities of bimetallic Ni catalysts with
those of their monometallic counterparts, and provide reasons
for the improved activities on the basis of their electronic and
geometric configuration. We will also look into fundamental
studies of bimetallic Ni catalysts in order to understand the
catalytic mechanisms at the molecular level.

4.1 Energy production

4.1.1 Production of H, as an energy carrier. Hydrogen is
foreseen to become a major energy carrier in the future.’>”?
The establishment of a sustainable hydrogen-based energy
infrastructure forces us to develop clean/renewable hydrogen
production, efficient hydrogen storage, and convenient distribution.
Catalysis is not only essential for hydrogen production, but also
plays an important role in hydrogen storage. Numerous research
efforts have been made in the storage of H, by both physical
and chemical approaches.>® In physical storage, H, remains in
physical forms, ie. as gas, supercritical fluid, adsorbate, or
molecular inclusions. Although physical storage by means of
pressurizing could hold higher hydrogen densities, it is com-
plicated by several safety concerns and logistical obstacles.
A limitation with other physical H, storage approaches (such
as using adsorbing materials) is their low storage capacity.
Conversely, chemical H, storage offers a high storage performance
due to the strong binding of hydrogen and the high storage
densities. In recent years, hydrogen storage materials and
methods - including metal hydrides,”> metal-organic frame-
works,>® on-board reforming of hydrocarbon into hydrogen,*”
and organic materials®® - have been investigated extensively. In
all cases, catalytic materials are of immense importance in
making the process effective and highly feasible. Noble metal
catalysts work excellently, but bimetallic Ni catalysts with a
small amount of noble metals were recently shown to be very
promising as well.>*°" In this section, we will discuss the
developments of bimetallic Ni catalysts in different hydrogen
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production processes such as catalytic reforming, dehydrogena-
tion, water-gas shift (WGS) reaction, and electrocatalysis.

4.1.1.1 Catalytic reforming. Catalytic reforming is a widely
used technique for the production of hydrogen from different
resources such as natural gas, oil, coal, and alcohols. Specifically,
high-temperature steam reforming of hydrocarbons (i.e. methane
at over 800 °C) accounts for a significant portion of worldwide
commercial hydrogen generation (about 50%).°° Another potential
application of steam reforming is the on-board hydrogen genera-
tion for fuel-cell powered vehicles.®* Noble metals are known to be
the best catalysts for hydrocarbon and alcohol reforming due to
their greater ability to break C-C bonds.*>”*>** However, recent
attention has been slightly shifted to 3d transition metals,
preferably Ni-based catalysts, which are also effective in breaking
C-H and C-C bonds." Nevertheless, nickel-based catalysts are very
sensitive to deactivation by sintering and carbon deposition.®®
Unfortunately, both desired reforming reaction and undesired
coke deposition are plausibly initiated by the same elementary
hydrocarbon activation step,’® and under steam-reforming
conditions metal surfaces are covered with various CH, inter-
mediates. Without a fast steam gasification step to convert
these intermediates to CO and H,, these adsorbed CH, species
on Ni can undergo further dehydrogenation, polymerization, and
rearrangement into highly stable carbon.®” It has been reported
that the addition of noble metals to Ni catalysts can promote the
reducibility of Ni, and stabilize it during the catalytic process.®®*°
Indeed, significant efforts have been made in the formulation of
bimetallic Ni catalysts during the last decade, with major research
focused on how to prevent catalyst deactivation by carbon deposi-
tion. In this section, we will include some specific examples of
these bimetallic systems and discuss the fundamental role of each
component in overcoming this issue.

4.1.1.1.1 Reforming of hydrocarbons. Steam reforming and
dry reforming of light hydrocarbons, such as methane and
butane provide a promising method for hydrogen production.
Although steam reforming of methane yields synthesis gas with a
high H,: CO ratio of about 3:1, dry (CO,) reforming of methane
has certain advantages since it utilizes two abundantly available
green-house gases to produce industrially important syngas and
can reduce net emissions of these gases.”” However, compared to
H,O0 reforming, CO, reforming causes more severe coke formation
because of the increased C/H molar ratio in the feedstock. There-
fore, the development of a coke-resistant catalyst is the major
challenge for CO, reforming of hydrocarbons.

Dry reforming of methane (DRM) has been investigated over
both noble (Rh, Ru, Pd and Pt) and non-noble metal (Ni, Co and
Fe) based catalysts.”””" In spite of the high cost, noble metal
catalysts have drawn attention due to their superior coking
resistance, higher stability, and activity especially for higher
temperature applications (>750 °C). Among different noble
metals, Rh has been identified as the best candidate with the
following trend observed in the catalytic activity and stability of a
series of alumina supported noble metal catalysts: Rh/o-Al,O3 >
Ru/o-Al,O; > Ir/o-Al,O; > Pd/a-AlL,O; > Pt/o-Al,05.”* The addi-
tion of a small amount of Rh to the Ni catalyst, encouragingly,
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further enhanced catalytic activity without any coke formation.
According to Rostrup-Nielsen, the coke resistance of Ni-based
catalysts can be enhanced by enhancing the adsorption of
steam (in the case of the steam reforming process) or CO,, by
enhancing the rate of the surface reaction, or by decreasing the
rate and the degree of methane activation and dissociation.”
Various promoters such as alkali or alkaline earth metals can
be used to achieve this.”* However, major research has been
focused on noble metals as promoters because of their high
activity and excellent coking resistance. It has been proved that
carbon formation occurs less on noble metals than on Ni,
mainly because the lower solubility of carbon in noble metals
favors the gasification of carbon. In fact, many previous works
have reported that Ni catalysts can exhibit high efficiency and
better resistance against carbon deposition when modified
with noble metals such as Pd,”* Pt,”> % Ru,®*%° Rh,%°! Ir,*?
AU, and Ag.”*'°° The effects of these secondary noble
metals are diverse; they may function to reduce and stabilize
the metal particle size of the Ni catalysts (e.g. Pt,”>””’® Rh'*"),
to tailor the ensemble size of the Ni catalysts (e.g. Ag,”® Au®®), to
block the step sites (e.g. Au®®), or to modify the surface electronic
properties of the Ni catalysts (e.g. Au”®). The modification of
Ni catalysts with noble metals was reviewed in some early
reviews and it has been demonstrated as a promising approach
to design catalysts with excellent performances in methane
reforming.®*'°>'%* We will mainly focus on the fundamental
role of noble metals in altering the catalytic and coke resistance
properties of bimetallic Ni systems.

Alandmark paper by Norskov and co-workers reported that the
Au/Ni surface alloy on the Ni particles (supported on MgAL,O,)
was active for steam reforming and more resistant towards carbon
formation than the pure Ni catalyst.”® The catalyst was designed
based on the fact that when Au is added to any of the low index
Ni surfaces, an alloy is formed in the first atomic layer.'®* Since
the Au atoms have a high electron density, the neighboring
Ni atoms experience an enhance