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The catalytic performance of metal nanoparticles (NPs), including activity, selectivity, and durability,
depends on their shape and structure at the molecular level. Consequently, metal NPs of different size
and shape, e.g., nanobelts, nanocubes, nanoflakes, and nanowires, demonstrate different reactivity and
provide different reaction rates depending on the facet exposed. In this context, the present review aims
to summarize the shape-structure—activity relation of metallic nanocatalysts. Moreover, keeping in mind
that the application of noble metal catalysts is expensive, we would like to draw the reader's attention to
bimetallic nanocatalysts supported on graphitic carbon nitride. One of the advantages of these systems
is the possibility to minimize the use of noble metals by introducing another metal either to the parent
NPs and/or modifying the support materials. The development and optimization of bimetallic
nanocatalysts might provide the new class of materials with superior, tunable performance, thermal
stability and reduced costs compared to presently available commercial catalysts. Therefore, further
application of these bimetallic composites for sustainable development in energy, green chemicals/fuels
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Introduction

The Paris Agreement, signed by nearly 200 countries at the end
of 2015, mandates a significant reduction in carbon emissions
worldwide, which will require major changes in the way the
world produces and uses energy.' Meantime, a 50% increase in
global energy demand is predicted by 2035, resulting in an
urgent need for new technologies that will form the backbone of
the future energy system.” Besides carrying economic and social
benefits, these new technologies have to be sustainable and
adaptable to the change of climatic conditions. By developing
novel chemical conversion routes and novel fuels, catalysis
science can make an important contribution to solving this
conundrum through the diversification of renewable fuels or
the production of green chemicals.® Therefore, clean energy and
fuels, as well as green chemicals synthesis, are critical for our
future and are of the highest impact in today's research.* This
sustainable development can take the form of harvesting solar
energy, conversion of biomass to biofuels or chemicals, and
pollution control as examples of up front to downstream solu-
tions.”> In certain cases, the industrial processing is run in
homogenous phase reactors.® However, for ease of separation
and often for lowering the environmental impact, a transition to
heterogeneous phases and catalysis usage is often preferred. In
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and environmental protection will be discussed.

some of these processes, noble and transition metal-based
catalysts are used, e.g., Pt, Pd or Ni, due to their high inherent
reactivity. These transition metals have been attracting
considerable attention regarding to their enhanced activity,
stability and/or selectivity in various reactions such as reform-
ing,”® decomposition,'® partial oxidation, hydrogena-
tion,"™" etc. Unfortunately, despite their promising physical
properties, their activity and selectivity for processes still
require further understanding. Furthermore, noble metal
catalysts are expensive, usually making the process economi-
cally infeasible. Thus, improving heterogeneous catalytic
performance (the activity, selectivity, and durability) and mini-
mizing the use of noble metals are remaining challenges in
numerous significant reactions. For the same reason, noble
metal catalysts synthesis protocols need to be developed along
with a suitable support to possibly induce a synergetic effect
between all components correlated with catalytic perfor-
mance.”® Recently, the authors point to the shape and size
dependency of the catalyst performance for various reactions
over monometallic nanoparticles (NPs) and well-defined clus-
ters, especially noble metals.**** They exhibit unique size-
dependent physical and chemical features, including optical,
magnetic, catalytic, thermodynamic, and electrochemical
properties. Some studies show a decrease in catalytic activity as
the particle size is decreased to an optimized nanoparticle
dimension, e.g., for the CO oxidation on Pt, Pd or Au NPs."*
Other catalytic reactions showed enhanced catalytic
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performance with the increase of NPs size in a given range,
usually due to the fact that smaller particles provide a very
strong reactant or product molecules binding which suppresses
a coupling with another species on a catalyst surface, e.g., the
CO oxidation on a supported Pt/Al,O; catalyst.®*'"** Most of
those size-shape dependency studies are performed for mono-
metallic systems and well defined clusters, especially for noble
metals.” In contrary, bimetallic and multicomponent NPs and
their catalytic activity have been reported in literature, however,
there are few studies addressing size and/or shape-dependency
of their catalytic performance.”***

In the present review we intend to provide our readers with
more information about bimetallic catalytic systems. In
particular, we would like to point to the structure-property
relationships at the molecular level (including metal-metal and
metal-support interactions). The integration of in situ studies
with a fundamental understanding of size and shape-
dependent catalytic performance is therefore significant as it
allows for authentic and accurate consideration of size- and
shape-dependent catalytic activity.”>*® Finally, using some
representative examples of the graphitic carbon nitride sup-
ported bimetallic NPs systems, further potential applications of
these catalysts will be demonstrated. A better understanding of
the bimetallic catalytic system will provide the opportunity to
develop new green synthesis protocols for the chemical, clean
energy, new technology and pharmaceutical industries, where
high efficiency and selectivity play a pivotal role.

The shape-structure—activity relation
of bimetallic catalysts
Synthesis and characterization of a bimetallic catalytic system

Alloying a parent metal with a second metal offers numerous
opportunities to tune the electronic states of the catalysts and
optimize their catalytic properties.”* Not surprisingly, bimetallic
nanoparticles (NPs) have gained popularity, as compared to
monometallic NPs, evidencing better catalytic features.****>>*
Bimetallic NPs can be synthesized with various morphologies
and geometries, depending on the preparation method,
temperature, and atmosphere of pre-treatment used (Fig. 1).>**°
One of the advantages of bimetallic catalysts is the possibility of
performance tuning through the varying structure by intro-
ducing another metal to the parent nanoparticle.**** The
synthesis of these advanced nanomaterials has been facilitated
by technology development that have enabled their preparation
with tunable compositions, shapes, sizes, and structures, either
on their own or on support materials.*® The synthesis protocols
of various types of bimetallic NPs and their composites have
already been addressed by many researchers and reported in
literature.**

The bimetallic particles’ structure can be tailor-designed by
synthesis protocol or randomly attained, ie., intermetallic
compound, alloy, core-shell or clusters structures, etc.*® In fact,
their final structure strongly depends on several parameters
such as (i) composition, (ii) synthesis methodology applied and
conditions, (iii) relative strengths of the metal-metal bond,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The shape-activity relationship at molecular level. (b) The
example of Au—Pd nanoparticles for different Pd : Au concentrations.
This figure has been adapted from ref. 2 with permission from Royal
Society of Chemistry, copyright 1972; and from ref. 2* with permission
from American Chemical Society, copyright 2007.

surface energies of bulk elements, and many more as given
previously.>*%”

Considering several essential processes, such as hydroge-
nation, dehydrogenation, and isomerization and a variety of
bimetallic catalysts applied for them (i.e., Ni-Cr, Ru-Cu, Os-Cu,
Pt-Ir, Pt-Ru), there is an undoubted correlation between shape
yet also between the shape and chemical composition of
selected bimetallic nanostructures towards given functionality.
Moreover, by varying ratios of both metals, the selectivity of the
reaction, as well as the product distribution, can be controlled,
i.e., as was shown for Ru-Cu catalyst for glycerol hydro-
genolysis.*® Also, material composition with tuneable interpar-
ticle distance affects the catalyst's stability in a chemical
reaction. The inclusion of additional metal in bimetallic
nanostructures influences (i) the NPs size and overall bimetallic
nanocatalysts lifetime; (ii) changes the electronic configuration
thereby creates ligand and strain effects.*>** These aspects still
require basic research and essential consideration to improve
the charge transfer phenomena, altering the binding energy,
and reducing the obstacles for specific chemical reactions,
providing a shield from catalyst poisoning and catalytic deac-
tivation. Moreover, the NPs tuneable composition can enhance
the thermal stability of bimetallic NPs in certain chemical
reactions and gives a possibility to reduce the poisoning effect
creating a new reaction pathway leading to a distinct product
distribution with the desired selectivity.***

Apart from synthesis, another crucial aspect is under-
standing how a heterogeneous catalytic system works, and most
importantly, how it works under ‘not isolated’ conditions. To
address this issue, the selected catalytic process is often broken
down into simplified steps and chemical reactions that
adequately simulate the catalytic material and/or conditions,
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focusing each time on an isolated part of the catalytic
process.”***** Therefore, the chemistry and structure of many
bimetallic catalysts should be studied under reaction condi-
tions or ducting catalysis by in situ/operando techniques. Such
studies allow to establish an intrinsic correlation between the
chemistry and the structure of the authentic surface catalysing
a reaction and the corresponding catalytic performance.
Furthermore, valuable inputs on the atomic (i.e., microscopic)
level, catalyst surface and intermolecular interaction are ob-
tained from surface science and theoretical chemistry, which
are further used as a basis for understanding the complex
structures and catalytic behaviour of real materials under
operating conditions.

Morphology and activity of bimetallic NPs

Structural arrangement and coordination environment of
atoms in the catalytic system provide different active sites,
which further influence the adsorption energy of reaction
intermediates, the activation energy of their transition states
and the bond-breaking mechanism of these chemical species
on the catalyst surface.***° In the bimetallic system, the incor-
poration of second metal changes the bond lengths between
metals and hence influences the geometric and electronic
structure of catalyst.***® Thus, bimetallic NPs with distinctive
morphology possess different catalytic activity. In the literature,
most of the size-shape dependency studies are performed for
monometallic systems and well-defined clusters, especially
noble metals. Unfortunately, only a few research groups have
practical experience in the bimetallic, noble metal-free NPs
synthesis and studying structure-activity correlations.”*>**
Therefore, these sparse data available in the literature are dis-
cussed below with respect to the shape-activity relationship
studies on bimetallic catalytic systems.

The NPs activity as well as NPs morphology depends on the
NPs surface properties, whereas the surface structure depends
on the size and shape of NPs. Metallic NPs with diverse shapes
profiles (i.e.,, nanobelts, nanocubes, nanoflakes, nanowires)
may have different exposed facets. The exposed crystal facets are
differing in atomic and electronic structures and hence possess
various catalytic properties. Therefore, the exposure of different
crystal facets can significantly change catalytic activity for
a given chemical reaction.*® For instance, it has been found that
monometallic Pt nanocrystals terminated with high-index (730)
facets exhibited an excellent activity for electrooxidation of
ethanol and formic acid.***” However, in the bimetallic system,
the catalytic activity may follow a completely different order for
various exposed facets than its monometallic counterparts. This
has been demonstrated by studies on oxygen reduction (ORR)
activity on the Pt surface. As noticed, for bare Pt surface, the
ORR activity increases in the order of Pt (100) < Pt (110) < Pt
(110). Whereas, for Pt;Ni alloy, the ORR activity increases in the
order of Pt;Ni (100) < Pt3Ni (110) < Pt3Ni (111).***® Furthermore,
it was found that lattice strain might strongly affect the catalytic
activity of NPs. For example, icosahedral and octahedral Pt;Ni
nanocrystals both terminated with (111) facets reveal different
ORR activity.*® The higher percentage of edge atoms in
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Linked monometallic NPs

RuPt alloy

Ru@Pt core-shell

Fig. 2 Different types of Ru—Pt bimetallic system. This figure has been
adapted from ref. 3* with permission from Springer Nature, copyright
2008.

icosahedral Pt;Ni results in the higher mass and area-specific
activity, changing the adsorption energy and hence boosts
catalytic performance.***®

Typically, depending on the synthesis and temperature used,
three types of architectures/structures can be distinguished in
bimetallic catalytic systems, i.e., alloys, core-shell, and contact
aggregates (Fig. 2).***' For these catalytic systems, the metals’
atomic distribution is another crucial factor that may affect the
catalytic activity. The atomic distribution in core-shell and alloy
structures can be adjusted by the different ratio of the two
metals or by the degree of alloying. As reported by Choi et al., for
Pt,Co alloy the highest ORR activity was obtained for Pt;Co
nanocubes.*®* It was found that the catalytic activity corre-
sponds to the different oxygen-binding energy of various Pt to
Co ratios. On the other hand, in some cases, the catalytic activity
of bimetallic Au-Pd alloys and Au@Pd core-shells which
possess the same atomic distribution can be different.***°
Therefore, to estimate the catalytic activity, it is important to
predict the structure of the NPs catalytic system. The architec-
ture of metallic NPs can be estimated by the binary phase
diagram of the bulk alloy and its corresponding thermodynamic
model.*> The shape-temperature dependency for Cu-Ni NPs
showed that the Cu-Ni alloy can only be synthesized at
temperatures higher than that at which the two metals mix
together (miscibility temperature, (mT)).** If the temperature is
below the mT, the alloy cannot form and a “Janus” NP is created
instead (Fig. 3). This first theoretical study can support the
experimentalists by guiding them in their attempts to synthe-
size bimetallic NPs with the desired structure and, hence,
catalytic activity.”> Indeed, it was confirmed that different Pt-Ru
NP catalyst architectures provide different activities in the
preferential oxidation of CO in H, (Fig. 4).*"** Importantly,
different catalytic activity is also observed for bimetallic NPs,
which possesses different particle size, e.g., in the case of the CO
oxidation on Pt, Pd or Au nanoparticles.”*** As noticed, the
catalytic activity decreases as the particle size decreases until

Fig. 3 Cu—Ni nanoalloy (A) mixed, (B) core—shell, (C) Janus nano-
particle. This figure has been reproduced from ref. 52 with permission
from The Royal Society of Chemistry, copyright 2009.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Activity of different Pt—Ru bimetallic systems in preferential
oxidation of CO in H,. This figure has been adapted from ref. ** with
permission from Springer Nature, copyright 2008.

the optimized nanoparticle size is achieved. However, it has
been found that some catalytic reactions show an increase in
catalytic performance with an increase in the catalyst nano-
particle size (within a given range). This phenomenon was
observed mainly for the CO oxidation on supported Pt/Al,O3
and for the Fischer-Tropsch reaction performed on Co-bases
catalyst.* The decrease in the catalytic activity can be
explained by the fact that smaller particles bind the reactant or
product molecules more strongly, which suppresses coupling
with another.

For the bimetallic system, the change of particle size is
mainly related to the change of atomic-scale structure.”® With
the decrease of NPs size, two metals' distribution differs spon-
taneously to minimize the surface energy and form the most
thermodynamically stable mixing pattern.*> For instance, the
optimal NPs size of Pt-Co alloyed catalysts, designed for
chemical energy conversion into electricity in fuel cell was
studied via in situ atomic-level imaging.”” Applied measurement
method revealed the structural and compositional changes at
the atomic level during the thermal treatment (annealing
process) of NPs and allowed for the best catalytic performance
correlation with the optimal structure (Fig. 5).® This study
clearly demonstrated the need for in situ/operando character-
ization in order to tune the material for a given functionality.

The complexity of the surface structure

The structure of bimetallic system not only has a significant
influence on the catalytic properties but also can undergo

J \

Fig. 5 Co atoms on graphene — behaviour at the atomic scale when
alloying nanoparticles during in situ annealing. This figure has been
reproduced from ref. *8 and °° with permission from Springer Nature,
copyright 2015.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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constant changes under reaction conditions due to the atomic
reorganization.*® Therefore, the NPs surface properties have to
be taken into account when selecting the suitable catalytic
system. For bimetallic NPs catalyst, both surface topography
(i.e., NPs distribution on the investigated support) and surface
chemistry (i.e., composition of the system different than the
composition of the bulk) should be considered. In principle, in
terms of topography, the surface reconstruction and surface
energy minimization lead to the NPs arrangements. Whereas,
from the chemical point of view, the component segregation
enriches surface layers into one component compared to the
bulk composition. Therefore, both topography and surface
chemistry have a crucial impact on the catalytic activity.

XPS studies of the CO oxidation on Rh indicated that the
higher turnover rates are due to the oxidation state of Rh change
from metallic rhodium to Rh**.* Similar studies carried out on
Pt and/or Pt-Rh NPs, also confirmed that oxidation state has
a direct influence on the final reaction rate. Obtained results
pointed out that the NPs size is in direct relation to the oxidative
state of NPs (e.g., Pt NPs below 1.5 nm are in the 2" and 4"
oxidation state).*® This might be explained by the fact that very
few bulk atoms are available for these nanoparticles. Therefore,
they are dominated by low-coordination surface atoms, and, as
a result, their electronic structure changes. In a model example,
different surface geometrical arrangements are formed over
a single crystal surface, depending on the direction in which
they were grown. The NPs direction grown ultimately deter-
mines the frequency with which the chemical reaction
undergoes cyclic oscillations, as in the case of Rh surfaces
exposed to oxygen and hydrogen.* In other words, the surface
geometric arrangement influences the different adsorption
affinity of the selected substrate and thus overall catalytic
activity.

Another crucial aspect, in the context of surface complexity,
is the phenomenon known as strong metal-support interaction
(SMSI).* The SMSI describes a strong oxide support effect on
catalytic reaction rates, where the oxide itself does not perform
the same or any chemical reaction. Tailoring multiple catalytic
active sites, especially acidic and basic sites on solid supports,
provides opportunities for the development of new green
synthesis protocols for the organic synthesis and chemical
industry. The SMSI effect will be described in the following
chapters using the graphitic carbon nitride supported bime-
tallic NPs as an example.

Bimetallic NPs supported on carbon
nitride
Properties of graphitic carbon nitride

Graphitic carbon nitride (g-C3;N,) is a polymeric material
predominantly composed of carbon and nitrogen.®* Therefore,
the g-C;N, consists of the three triazine subunits merged in
a planar triangular arrangement (called  tri-s-triazine
(C¢N"H,)).*% As shown in Fig. 6a, the tri-s-tirazine is an
aromatic ring connected through the planar tertiary amino-
groups in a layer, forming a stacked 2D structure. The 2D

Nanoscale Adv., 2021, 3,1342-1351 | 1345


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na01063d

Open Access Article. Published on 26 January 2021. Downloaded on 3/15/2026 2:31:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

(a)

“, Bronsted basic
_/ functions

Electronic
properties -

3 N
NN Ay
NN o
o *IN’*N;& IN’*N’ NAN’*-_’N-’*N:':
; Lewis basic : ||-i»;vn;hng

functions motif

Fig. 6 Scheme of (a) pure and (b) doped graphitic carbon nitride (g-
C3Ny) structure and its properties. This figure has been adapted from
ref. & with permission from American Chemical Society, copyright
2009; and from ref. ¢ with permission from Elsevier, copyright 2019.

structure of tri-s-tirazine can be regarded as an N-substituted
graphite framework (with the highest nitrogen-doping level)
consisting of m-conjugated graphitic planes, which are formed
via sp> hybridization of carbon and nitrogen atoms.*

g-C3N, can be synthesized via a one-step polymerization of
cyanamide, urea, thiourea, melamine, or dicyandiamide. The
high degree of polycondensation reaction leads to high thermal
stability (up to 600 °C) and to good chemical resistance.*
Various strategies of the synthesis, templating and post-
processing of carbon nitride provide the possibility to adjust
optical, electronic, and physicochemical properties.®® Whereas
the low cost of the starting materials and the easy of preparation
open a wide range of applications in energy storage and
conversion, especially in the field of photo-, electro- and
thermal catalysis.

Furthermore, g-C3N, has rich surface properties that are
important for catalysis, such as basic surface functionalities,
electron-rich properties, and H-bonding motifs (Fig. 6b).
Therefore, pristine g-C;N, has been reported as a promising
catalyst for various reactions, including CO, activation,*”
transesterification,®® oxygen reduction,® hydrogen production”
or photodegradation of dyes, etc. Importantly, the functional
groups on the g-C;N, surface make it an ideal support candidate
for dispersed small metallic NPs, showing a strong affinity for
them, and preventing their agglomeration.

Potential application of NPs/g-C;N, system in thermal
catalysis

2-C;N, possesses unique surface properties that might affect its
further application towards standard (thermal) catalytic
processes. Nitrogen functional groups at the surface can act as
strong Lewis base centres. Therefore, both unmodified and
modified g-C;N, (doped metal systems) can be directly
employed as an effective catalyst for the oxidation reaction of
cyclic olefins, alcohols, toluene and benzene.”

Furthermore, the NPs/g-C;N, catalysts can be applied in C-C
bond formation via alkene/alkane dimerization.”” As an
example, the graphitic carbon nitride based catalysts were
active for Knoevenagel condensation, i.e., the reaction between
an aldehyde and an active methylene-containing reagent.” This
reaction is a primary path to synthesize valuable B-unsaturated
carbonyl compounds that are widely used in the pharmaceutical
industry. It is worth mentioning here that the presence of
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metallic alloy particles implies a likely activity as catalysts for
“redox” reactions, such as oxidation and hydrogenation/
dehydrogenation reaction. Whereas the graphitic carbon
nitride supports exhibit a basic catalytic behaviour and, in
contrast to commonly applied support oxides, poor reactivity
towards metals.” Thus, the NPs/g-C;N, catalyst might be much
more stable catalyst in comparison to their commercial coun-
terparts. Therefore, coupling the acido-basic properties of the
nitride carbon support and the properties of the metallic alloy
particles, gives a possibility to perform complex reactions (such
as hydrocondensations or dehydrocondensations), providing
attractive routes to fuels and chemicals.

Finally, the polar C-N-C groups of g-C3;N, can provide ideal
adsorption sites for polar molecules. e.g., NO, N,O, facilitating
the molecules reactivity and product desorption. This feature
and strong resistance to oxygen make g-C3N, a suitable catalyst
support for the oxygenated pollutants decomposition, e.g.,
challenging N,O decomposition reaction.”’® In recent years,
many catalysts have been studied and Ru NPs were considered
as having one of the best activities among the metals (an
effective N-O bond dissociation catalyst), depending on the size
and support. Nevertheless, in situ DRIFTS studies confirmed
that in general the N,O adsorption and its decomposition lead
to oxygen species that are not easily desorbed from metallic Ru
NPs. Thus, once formed oxygen species caused the formation of
a high valence state of Ru (Ru*") and further deactivation of
catalyst.”” Therefore, the design and development of new and
active NPs/g-C;N, catalysts, which can contribute to the green-
house gas reduction and sustainable energy development, is
still required.

Photo- and electrocatalytic application of bimetallic NPs/g-
C3N4

g-C3N, is considered as a kind of multifunctional catalyst.”
Nevertheless, due to its unique electronic band structure, this
semiconductor material has found application mainly in the
photocatalytic field. The van der Waals interactions between
adjacent C-N layers with strong covalent bonding within each
layer are involved, implying its stability under light irradiation
in solution.” However, g-C;N, with a medium band gap energy
(2.7 eV) suffers from the rapid recombination of photo-
generated electron-hole pairs, inefficient visible light utiliza-
tion, and a small specific surface area.**®*>*' All above-
mentioned factors suppress its photocatalytic activity. There-
fore, to overcome these limitations, the g-C;N, structure can be
modified. Modification strategies, starting from various
synthetic methods of pristine g-C;N, and ending with the
combination of g-C3;N, with other nanomaterials, such as
metals, oxides, metal oxides, metal sulfides or halides. There
are several reports describing the fabrication of g-C;N,-based
nanocomposites and the underlying mechanisms of their
photocatalytic performance.”®* Nevertheless, the complex
mechanistic studies on the bimetallic NPs/g-C3N, system are
rather barely reported in the literature.

The photocatalytic activity of metallic systems based on g-
C;3N, depends mainly on the metal-semiconductor junction

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Proposed photocatalytic mechanisms for the degradation of
tetracycline hydrochloride (TC-HCl) by Au@Pt/g-CsN4 nano-
composites under visible-light irradiation. SP-surface plasmon. This
figure has been adapted from ref. °* with permission from American
Chemical Society, copyright 2015.

(called the Schottky junction) and the surface plasmon reso-
nance (SPR) effect, rising from noble metal NPs.** The creation
of heterojunctions in g-C;N, semiconductor structure allows for
the formation of a tuneable space-charge separation region.
Therefore, once modified semiconductor can more effectively
capture photogenerated electrons and reduce recombination of
photogenerated carriers. Consequently, the prolonged lifetime
of electron-hole pairs increases the overall catalytic perfor-
mance. Furthermore, incorporation of any noble metal into
semiconductor structure might cause the SPR effect. The SPR
effect can result in a significant local electric field enhancement
(at the surface of NPs), interacting with the conduction band of
the contacted semiconductors and, hence, increasing its
(photo)reactivity (Fig. 7).*>* For the same reason, noble metals
are regarded as an appealing co-catalyst in the construction of
heterojunctions for photocatalytic applications.

The bimetallic NPs/g-C;N, materials can catalyse chemical
transformations, that are not achievable for its monometallic
counterparts, owning to the specific functions in the overall
reaction mechanism.** The addition of a second metal in the
catalytic system has a huge impact on the activity, selectivity,
and, in some cases, non-toxicity of photoactive composites.***
Not surprisingly, the bimetallic NPs/g-C;N, systems have been
successfully applied in the pollutant degradation,* hydrogen
evolution®*® or CO, reduction.” As an example, an increase in
the photocatalytic activity of Au-Pt/g-C;N, was observed for the
organic pollutant degradation, i.e., tetracycline hydrochloride
(TCH-CI), (Fig. 7).*° In comparison to Pt/g-C;N, and Au/g-C3Ny,
the conversion rate for the bimetallic system increased from
67% and 79% up to 93%, respectively. A similar trend can be
observed as regards to the hydrogen evolution reaction for the
gold-palladium bimetallic system. The Au-Pd/g-C;N, provides
high hydrogen evolution efficiency, which is 1.6 and 3.5 times
higher than those of Pd/g-C;N, and Au/g-C3;N,.*%

The synergetic metal effect is also crucial in the development
of an efficient catalyst for the CO, reduction. The carbon oxide
reduction (CO,RR) is a challenge for artificial photosynthesis,
mainly due to short-term stability of photoactive materials and
their low selectivity towards CO production.”® Nevertheless,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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CO,RR can be performed applying electrocatalytic processes.
Recent studies show that the bimetallic NPs/g-C;N, can signifi-
cantly improve the CO, reduction performance.”* The Ni-Mn/g-
C;N, and Ni-Cu/g-C;3N, catalysts are found to be more efficient
than their monometallic counterparts.”® For these systems, CO
evolution, reached approx. 90% over a wide potential range
(—0.6 V to —0.9 V vs. RHE electrode) with a low overpotential of
0.39 V vs. RHE. 1t is supposed that the enhanced activity coming
from the synergetic effects of two metal species and the atomically
dispersed unsaturated coordination between metal and the g-
C;N, matrix. If g-C3N, is hybridized/doped/modified with a con-
ducting material, also in the nanostructure form, then it may be
possible to obtain a stable and active material (i.e., as anode for
electrochemical reaction), as a result of the individual compo-
nents. In this context, g-C3N, may stabilize the NPs arrangement,
while transition metal/metal alloys strongly enhance the electro-
catalytic activity, improving the performance due to the adsorp-
tion capacity.”>®

Therefore, the bimetallic NPs/g-C;N, system can be applied
towards other electrochemical reaction such as electrooxidation
of alcohols, e.g., methanol, ethanol, ethylene glycol and glyc-
erol. In general, the electrooxidation of these small organic
molecules takes place at the Pt-based anodes and is limited by
several inherent drawbacks, including high cost and high
susceptibility to CO and HCO poisoning.® The performance of
Pt electrodes is also inadequate for practical applications
because of the slow kinetics of the methanol oxidation reaction
(MOR) and the oxygen reduction reaction (ORR) compared to
current noble metal catalysts.'®'** To overcome these prob-
lems, high-efficient but low-cost anode catalysts was developed.
Catalysts that are not based on precious metals, such as Pt or
Pd, but various graphene derivatives or carbon nanotubes.
Indeed, it was found that, e.g., bimetallic Pt-Pd/g-C3N,-CB (see
Fig. 8) showed excellent catalytic activity and durability for
electrooxidation of alcohols in alkaline media.*** On the other
hand, platinum metal catalysts combined with transition
metals, like Fe, Co, Cu or Ni, exhibited high performance in
many reactions and could achieve higher ORR activity.?**%

An interesting alternative for the electrocatalytic oxidation
reaction is the combination of photo- and electrochemistry.'®
The Cu-Ni bimetallic NPs embedded carbon nitride can be used
as electrocatalysts with high MOR efficiency, stability, and
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Fig.8 (A) Cyclic voltammogram of Pt—Au (10 : 1)/g-CsN4 (a and b) and
Pt/g-C3N4 (c) electrodes under visible-light illumination (a) and under
dark (b and c), respectively. (B) The histogram of activities of different
electrodes with different ratio of Pt and Au for MOR upon visible light
and dark environment. This figure has been adapted from ref. ** with
permission from Elsevier, copyright 2020.
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Fig. 9 The mechanism of enhanced catalytic activity of Pt—Pd/g-
C3N4-CB for alcohols electrooxidation. This figure has been adapted
from ref. 1°2 with permission from Elsevier, copyright 2020.

performance for the electrooxidation of methanol.** Similar
results were obtained for Pt-Au/g-C;N, composites. Comparing
with Pt/g-C;N, modified electrode, Pt-Au/CN exhibited 13.8 times
enhancement on the electrocatalytic activity of MOR (Fig. 8).6%'*

From the point of biofuel electrochemical transformation,
this bimetallic catalyst is of substantial importance in enabling
fuel cell technology. Furthermore, the performed study pointed
out that the tuneable transition metal stoichiometry and the
surface chemical composition and morphology optimization
can be adapted for current density and photocurrent regulation
(Fig' 9).64,102,103

Conclusions and outlook

This review has endeavoured to highlight the exceptional
versatility of graphitic carbon nitride supported bimetallic
nanocatalysts for sustainable energy development. The bime-
tallic NPs catalysts systems are already known in the literature.
As mentioned, bimetallic NPs can be synthesised following
a various synthetic methodology which allows controlling their
structure, composition, size, and morphology. All these
parameters influence the geometric and electronic structure of
the catalyst and hence its catalytic activity. The structural
arrangement and coordination environment of atoms in
bimetallic system determine the adsorption and activation
energy. Depending on it, some bimetallic catalysts may then
favour given chemical reaction. Nevertheless, it still is difficult
to predict how exactly individual parameters, e.g., size of NPs or
composition of the bimetallic system, can provide the best
catalytic performance for the selected chemical reaction. The
diversity of catalyst morphologies and geometries provides
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different accessibility to active sites, which can differ from
single nanocrystal to bulk metal surface, and change upon
reaction conditions e.g., via surface segregation. Therefore,
fundamental studies, at the molecular level, of how the shape
and structure of bimetallic NPs affect their catalytic activity are
still required also during the application process. A compre-
hensive study on the structure-property correlation relating to
the atomic-level can be achieved by the in situ microscopic
technique. Moreover, a better understanding of the shape-
structure-activity relation at the metal-metal and metal-
support level allows the design of a new class of more eco-
friendly materials in which the use of expensive noble metal
can be decreased.

Special attention should be raised on the supporting mate-
rial and its further interaction with metallic NPs. Herein,
graphitic carbon nitride (g-C;N,) has been considered as one of
the most promising supporting material due to its unique
physicochemical properties. As mentioned, g-C;N, can be
applied towards thermo-, photo-, and electro-catalysis. There-
fore, the possibility of combining metal NPs with g-C;N, opens
a new class of bimetallic nanocatalysts that can find an appli-
cation in clean chemical synthesis and clean energy production.
Importantly, the design of these complex materials should
begin with the rational synthesis of individual components, i.e.,
bare g-C;N, and bimetallic NPs, and end up with their suitable
functionalization. This allows to tune the electronic structure of
the supporting material, e.g., optimize the light absorption, the
charge carrier separation/transportation, and improve its
surface properties, e.g., increase the g-C;N, Lewis active sites.
Therefore, the use of g-C;N, exerts the stability of bimetallic
NPs, e.g., inhibits the poisoning of NPs catalyst, and, thus,
enhances the overall catalytic performance.

It has been proved that the bimetallic NPs/g-C5;N, system
exhibit higher catalytic activity in comparison to their mono-
metallic counterparts in several chemical reaction, such as
hydrogen evolution, CO evolution or electrochemical oxidation
of small organic molecules. Although considerable progress has
been achieved, further studies can be devoted towards the N,O
decomposition, CO, hydrogenation and/or C-C formation. In
particular, in situ studies on the reaction
mechanism/reaction kinetics are required. These studies can
contribute to energy-related global issues by the development of
a new catalysts, with superior, tuneable performance, thermal
stability, and reduced costs.
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