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This minireview describes the fundamental bases of
the preparation of supported or unsupported
bimetallic catalysts by redox reactions and the recent
advances in that domain. These preparation
methods enable the deposition of a second metal at
the surface of monometallic nanoparticles, leading to
bimetallic nanoparticles with strong metal-metal
interactions and enhanced catalytic properties
compared to their monometallic counterparts.
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Abstract

The development of a bimetallic catalyst for a given reaction requires not only the selection of
the appropriate metals M1 and M; but also the control as far as possible of the distribution of
the two metals together and at the support surface in the case of supported catalysts.
Preparation methods using redox reactions specifically enable the deposition of a second
metal M; at the surface of monometallic M1 nhanoparticles, leading in most cases to core-shell
nanoparticles with strong metal-metal interactions. Various methods are possible depending
on the electrochemical potentials of the species involved: either a direct redox reaction, also
named galvanic replacement, or the reduction of an intermediate reducing agent activated at
the surface of Mi. In this minireview, the fundamental bases of the preparation of bimetallic
catalysts by both types of redox reactions and the recent advances in that domain are
described.

Key-words: metal-metal interaction, bimetallic catalysts, redox chemistry, galvanic
replacement, electroless deposition.



Introduction

Since the first publications highlighting the use of bimetallic systems in heterogeneous
catalysis dating back to 1950 -3 the interest of combining two elements to design catalysts
with specific properties has continued to grow over the years. In the first articles published in
the field, the catalytic behavior of these alloys was explained exclusively in terms of electronic
effects, based on the so-called “rigid band theory” according to which, when going from left to
right in the periodic table, the “rigid” band of energy levels of the valence electrons is
successively filled by electrons.” The catalytic activation of adsorbed molecules was then
considered to be govern by both incompletely filled d-bands and a high density of states at the
Fermi level for a given active metal, these conditions being the most optimal for electron
transfer. Thus, according to this theory, a bimetallic system was considered as composed of
another metal in which the two initial components are no more distinguishable. As opposed to
this “collective” model, other scientists supported the idea that properties of the individual metal
atoms are preserved in bimetallic catalysts, and demonstrated by titration with chemisorbed
hydrogen that the bond strength between the adsorbing atom and the adsorbate can be
modified by the direct neighbors in and below the surface, giving rise to the ensemble or ligand
effect.® The best achievements in catalysis brought by alloying two metals can be found in the
refining industry with the very famous reforming Pt-Re systems ! or in petrochemistry with Pt-

Sn catalysts for selective hydrogenations or hydrogenolysis "8 for instance.

By combining two different metals, researchers tried to prepare bimetallic formulations able to
exhibit catalytic performance (i.e. activity and/or selectivity and/or stability) higher than those
displayed by both monometallic catalysts working individually, that is to say a synergetic effect
resulting from metal-metal interactions generated within bimetallic entities with varied
morphologies (alloys, Janus-type patrticles, core-shell systems, etc.). The combination can
concern two active metals, an inactive with an active one (like the Pt-Sn systems previously
mentioned), or two inactive ones whose association will lead to the appearance of catalytic
performance (as Au-Ni systems, for example, demonstrating a strong synergetic effect for

allylbenzene isomerization ).

Many chemical methods were developed for synthesizing bimetallic catalysts allowing one to
control more or less precisely the formation of bimetallic interactions. For the supported
catalysts, the most conventional syntheses are performed by impregnation of the precursors
salts on the support, simultaneously (coimpregnation) or successively (successive
impregnation), or by deposition-precipitation, with the drawback to hardly controlling the final
composition of the nanoparticles and then of the presence of bimetallic interaction 1%, Less
conventional methods as those using microemulsion or microsuspension processes can be

considered more suitable for generating bimetallic entities, but they have the disadvantage to



use polymers as templating agents, which are generally difficult to remove during catalyst

preparation.

In this context, surface redox reactions were developed in the 1990s by Barbier's group in
Poitiers (France) 1171, for synthesizing bimetallic supported catalysts with controlled metal-
metal interaction. The preparation of bimetallic M:-M. catalysts by surface redox reactions
occurs between atoms in the reduced state at the surface of the monometallic M; nanopatrticles
and the oxidized form of the M, modifier in solution. It is governed by the electrochemical
potential of the species implied in the reaction. This process can be direct (direct redox reaction
with M;) or may involve an intermediate reducing agent activated at the surface of M1, as Ho,
for reducing the oxidized form of the M, modifier (refilling or catalytic reduction) or other
reducing agents (electroless deposition). The main goal of this minireview is to draw up an
inventory of the most recent work dealing with the use of these different redox processes to

prepare bimetallic nanoparticles, supported or not supported.

1. Direct redox reactions
1.1. Generalities

Among the surface redox reactions, the so-called “direct redox” (DR) method, also named
“galvanic replacement (GR) or displacement”, is the electrochemical process that involves the
oxidation of one metal (which is referred to the parent metal M; which is sacrificed (corroded))
by the ions of another metal having a higher reduction potential (considered as the modifier or
promoter metal M). The direct redox process is driven by the favorable difference in reduction

potential between the two elements considered to lead to the following redox reaction (1):
mM;+nM™> mM™+nM, (1)

The reaction (1) will be spontaneous if its Gibbs free energy (AG) is negative, the value of AG

being determined by equation (2):
AG = - ZFAE (2)

where z is the number of electrons transferred in the half redox reaction, F is Faraday’s
constant and AE is the potential difference between the involved electrochemical half reactions
calculated using the Nernst equation given in equation (3) (established below for the M, /M3

redox couple).
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where a,»+ and ay; are the activities of oxidized (M:"") and reduced (Mi) species,
respectively, E1° is the standard reduction potential at 25 °C, R is the gas constant and T is

the temperature.

The system reach the equilibrium when the two half-reactions E; and E; are equal with the

same number of electrons exchanged in the two half reactions.

According to reaction (1), the direct redox reaction leads to the replacement of surface atoms
of the My metallic particles by atoms M2 of the modifier. An illustration is given in Figure 1 in
the case of a macroscopic object corresponding to a Cu wire immersed in an aqueous AgNOs3
solution, showing after 10 min the noticeable quantity of release blue Cu?* ions in solution and
the grey deposit of Ag atoms on the surface of the Cu wire 8, The galvanic replacement
reaction can be facilitated by introducing ionic species in the medium, such as halides, that
can change the reduction potential of the metal/ion pairs by complexation effect, thus shifting
the thermodynamic equilibrium, as well as modifying the reaction kinetics 8. A wide variety of
MiM: nanoparticles, supported or not supported, can be generated by this type of reaction
which represents a facile and versatile route to tune the elemental compositions of the final
catalysts (by adjusting the amount of added modifier precursor salts), as well as the
morphology of the synthesised multifunctional nanostructures (the redox process occurring
generally on specific sites of the parent metal M;) 2924, The M, metal involved as modifier in
the studies based on direct reaction process is generally a noble metal (Au, Pt, Pd, Ag, Rh...)
displaying high values of standard reduction potential relative to the standard hydrogen
electrode. Knowledge of the experimental conditions (temperature, oxidation state and

concentrations of relevant ions notably) can also affect these values and modulate the direction

of the replacement reaction 125261,

Figure 1. Direct rec  reaction between Cu atoms of a Cu wire and Ag* ions of an AgNOs solution.
Adapted with permission from Ref. [18]. Copyright © 2013 John Wiley and Sons.

1.2. Direct redox reaction over monometallic nanoparticles
Direct redox reactions are now commonly used to synthesize hollow nanomaterials displaying
high surface-to-volume ratio and effective mass transport of reactants compared to their solid

counterparts, thus generating excellent materials for many technological applications such as
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catalysis [2"-%%. An example is illustrated in Figure 2 for a Ag nanoparticle undergoing a galvanic
replacement reaction with a HAuCl, solution 8, with 1) an immediate replacement of three Ag
atoms located on sites with the highest surface energy (defect or steps for instance) by one
Au atom which is deposited epitaxially on the surface (the crystal structure and the lattice
constant of both metal being comparable), generating a small hole on the surface of the
nanoparticle, opening the way to all the species involved in the reaction to diffuse in and out
of the cavity and then 2) allowing the formation of an alloy that can turn to 3) a hollow interior
and alloyed shell. This particular hollow structure will be disintegrated if the addition of Au®*
ions proceeds causing 4) dealloying by selective removing of Ag atoms from the Ag-Au shells,
which can lead at the end 5) to the formation of small clusters of pure Au. It can be noticed
that the dealloying process can also be favoured by using an external wet etchant such as
NH,OH for instance 8, The combination of galvanic replacement and dealloying process was
recently used by Yan et al. as a facile route to synthesize porous hollow Au nanoshells from
Ag nanopatrticles, with excellent catalytic properties towards the reduction of p-nitrophenol by
NaBH, BY. When small quantities of modifier are introduced, the galvanic replacement can
occur on specific sites of the host nanopatrticles, as illustrated by Zhang et al. who modified Pd
nanosheets exclusively at edges with Au nanoparticles. These catalysts tested in the
carbonylation of iodobenzene by carbon monoxide demonstrated an increase in the
iodobenzene conversion by a factor of 25 and a similar selectivity towards ethylbenzoate

compared to bare Pd nanosheets, while Au nanopatrticles were inactive for this reaction &2,
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Figure 2. Schema of the morphological and structural changes at different stages of the GR reaction
between a Ag particle and a HAuCls aqueous solution. Adapted with permission from Ref. [18]. Copyright
© 2013 John Wiley and Sons.
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Figure 3. Schematic illustration of the synthesis by GR reaction followed by dealloying process of porous
hollow Au nanoshells highly performant for reduction of p-nitrophenol. Adapted with permission from
Ref. [31]. Copyright © 2020 Elsevier.
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In situ characterization technics by optical spectroscopy and electron microscopy have
revealed that the mechanism of the formation of these hollow structures can be more complex,
involving Kirkendall effects due to unequal diffusion rates between the metal atoms notably at
higher temperatures 324, By using in-situ liquid cell transmission electron microscopy (TEM),
Chee et al. evidenced that the Kirkendall effect occurs in conjunction with the galvanic
replacement reaction between Ag nanocubes and Au ions B°. When the GR is performed at
90 °C (Figure 4), at 9.6 s reaction time, two Kirkendall voids appear at the interface between
the inner shell and the Ag nanocube, growing further until forming a nanobox at 17.6 s reaction
time. The formation and growth of these voids was attributed to a concentration gradient
causing the diffusion of Ag atoms into and through the Au layer, knowing that the diffusion of
Ag into Au is faster that the diffusion of Au into Ag. Moreover, the synergistic combination of a
galvanic replacement reaction, the Kirkendall effect and an etching reaction allowed Zhao et
al. to synthesize a special type of core-shell structure, named yolk-shell, corresponding to a

core@void@shell configuration from Ni spheres dispersed in a SnCl, solution 61,

t=1,

136 t-t,=17.6s
R

—— 50 NM

Shell deposited by Void nucleation Void growth and propagation Nanobox Nanocage

galvanic replacement

Figure 4. In situ TEM images and corresponding schematic representations showing the morphological
evolution as function of the GR reaction time between a Ag nanocube and Au solution at 90 °C (SiNx:
silicon nitride membrane window; orange arrows: inner shell with darker contrast corresponding to the
Au layer; red arrows: observed void nucleation). Adapted from Ref. [35].

With the ability to prepare metal nanocrystals of controlled shapes and sizes, their
transformation by GR approach can then generate advanced catalysts by controlling the
formation of hollow interior and shell thickness, with active sites embedded inside the hollow
nanostructures, which improves their stability against aggregation or sintering "8, Zeng et al.
has demonstrated that the catalytic properties of Au-based catalysts prepared by galvanic
replacement of Ag nanocubes are directly linked to the type of formed hollow nanostructures
B° The authors prepared three different Au-Ag nanostructures, i.e. Au nanocages and Au
nanoboxes with a complete hollow interior (with an average wall thickness of 5 and 6 nm,
respectively), and partially hollow nanoboxes with a significant amount of unreacted Ag
remaining inside (with wall thickness around 13 nm), that they compared to solid Au
nanoparticles of same size (50 nm) or smaller (5 nm). For the model reaction based on the
9



reduction of p-nitrophenol by NaBH,, they observed the Au nanocages with the most porous
morphology and the thinnest wall displayed the highest reaction rate constant (10 times higher
than the value obtained for Au nanoparticles of same size). Slater et al. have also correlated
the 3D structure of Ag-Au nanoparticles obtained by the galvanic replacement reaction and
their catalytic activity displayed for the three-component coupling reaction among
cyclohexanecarboxyaldehyde, piperidine and phenylacetylene to produce propargylamines
(Figure 5A) [“°l. By varying the amount of AuCls;” metal salts in the course of GR process, they
prepared AgAu bimetallic nanoparticles with controlled compositions and shapes (solids vs
hollow interiors), and determined by STEM imaging with EDX spectroscopy the exact
elemental distribution of each metal with an excellent spatial resolution (Figure 5C). They
identified that the direct redox reaction initiates with the formation of a gold surface layer at a
low Au concentration (Figure 5Ca), which immediately transforms into an hollow Au-Ag alloy
with the increase of the Au content because of the fast interdiffusion between gold and silver
(Figure 5Cb and Figure 5Cc), evolving finally towards a reversal in the surface segregation by
a dealloying effect (such as Ostwald ripening) leading to nanoparticles with a silver surface
(Figure 5Cd). Higher yields of propargylamine were observed for all the hollow AgAu
nanoparticles compared to the solid and monometallic systems with a maximum at 18 at. %
Au (Figure 5B), corresponding to the point at which the particles change from Au surface
segregation to a homogeneously alloyed composition.
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Figure 5. (A) Three-component coupling reaction to form propargylamines. (B) Propargylamine yield
after 12 h reaction time at 90 °C as a function of the composition of the Ag-Au nanopatrticles. (C) STEM
EDX mapping showing the inversion of surface segregation behavior for Ag-Au nanoparticles as the Au
content is increased, with EDX maps of representative nanoparticles of each studied stoichiometry: (a)
AgesAuz, (b) Ags2Auis, (€) AgzsAuzz and (d) AgesAusas. Adapted from Ref. [40].
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Camargo’s group has demonstrated that varying the reaction temperature during the synthesis
of bimetallic nanoparticles by galvanic replacement can tune their morphology and surface
segregation, because influencing the redox reaction, the possibility of alloying or diffusion rate
(1% An example concerns the AgPt system obtained from GR between Ag nanowire and PtCle*
solution performed either at 100 °C or ambient temperature (Figure 6). At room temperature,
the Ag ions formed during the redox process precipitate as AgCl crystals at the surface of the
Ag nanowire, acting further as templates for the Pt deposition, inducing a growth in an island-
mode and limiting the surface diffusion, whereas at 100 °C no precipitation occurs keeping the
smooth surface of Ag nanowires as templates. This example illustrates how the temperature

of the redox reaction may affect the way the second metal is deposited by GR.

/‘mc:

PVP

Ag nanowire

100 nm

Figure 6. (A) Galvanic replacement between Ag nanowires and PtCls? ions performed either at 100 °C
or room temperature leading respectively to the formation of smooth (B-F) or rough (G-K) surfaces, as
illustrated on the SEM (B, G), HRTEM (C, H), STEM HAADF (D, 1,), STEM EDX (E, F, J, K) images.
Adapted with permission from Ref. [10]. Copyright © 1996 Royal Society of Chemistry.

Conversely, Wang et al. operated a galvanic replacement reaction for the first time at ultralow
temperatures below 0 °C (between - 20 and - 60 °C). By replacing some Fe atoms of an iron
sheet by Au, they synthesize Au/Fe sheets with atomically dispersed Au nanoparticles,
exhibiting high catalytic activity for methanol electro-oxidation and excellent stability Y. With
a lower reaction temperature, they observed that the synthesized Au nanopatrticles are smaller,
inducing a synergistic effect with Fe.

Other interesting approaches involving the galvanic replacement reaction were also studied as
the synthesis of trimetallic nanomaterials “>4%1 with controlled compositions by adjusting the
molar ratio between the sacrificial templates and the metal modifier solutions introduced
sequentially, or the coupling with co-reducing agents to provide a significant control over
morphology for instance B°46l, In the course of the galvanic replacement of Ag by Au in
presence of ascorbic acid as co-reducing agent, Yang et al. have observed that the freed Ag*

ions are immediately reduced and deposited back onto the surface of the template leading to
alloyed AgAu nanocages with more that 80 % of the initial Ag content retained in the walls 7,

The influence of the presence of a surfactant was also evaluated in the course of the
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preparation of AgPt bimetallic nanoparticles by direct redox reaction, revealing its passivating
effect of the surface of the Ag nanoparticles templates as well as its stabilizing role of the Pt

ions by the formation of complexes 8,

Figure 7 shows that the use of the PVP surfactant leads to smooth surface structures with a
controllable thickness (notably with the use of mineral acids) evolving towards nanocages after
dealloying of the Pt shells, compared to a growth of Pt onto Ag in an island-mode without

surfactant as a consequence of the Pt-Ag immiscibility.
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Figure 7. Schematic representation of distinct types of AgPt hollow nanopatrticles obtained by galvanic
replacement performed in various conditions (PVP: polyvinylpyrrolidone). Adapted with permission from
Ref. [48]. Copyright © 2020 Elsevier.
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Carbon monoxide was also used as a stabilizing and/or reducing agent in the course of the
synthesis of Co-Pt electrocatalysts via the reaction of a Pt salt with Co nanoparticles prepared
by thermal decomposition of a Co carbonyl precursor, the CO species being generated from
this decomposition step 9. More generally, the galvanic replacement method has been widely
used for several years to prepare bimetallic electrode materials, such as (i) Pt-Pd, Pt-Ni or Pt-
Ag alloy, for instance, for the oxygen reduction reaction (ORR) in proton exchange membrane
fuel cells (PEMFCs) or methanol fuel cells 85051 (ii) Pt-Co, Pt-Ni, Pt-Cu, Pd-Ni or Ag-Au
electrocatalysts for alcohol oxidation 5259, (iii) Ir-Co core-shell systems, Pd-Sn hollow alloys
or Pt-Pd nanoparticles for the production of H, through water splitting reaction 56581,

In conclusion, the choice of the M:-M> couple and the experimental conditions applied during
the synthesis of bimetallic systems by galvanic replacement are determinant parameters on
the morphology of the as-obtained nanoparticles. The outermost electronic configurations and
atomic radius of both metals remain crucial factors, as emphasized by Wang et al. 5 who
prepared series of bimetallic systems Mx(Pt, Pd, Cu, Ag, Au)-Mi(Co, Ni, Cu) by GR starting

from M1 = Co?, Ni° and Cu°. They observed three types of states: (i) ad-metal atoms monolayer
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dispersed on the surface of sub-metal for Pt(Pd, Cu)-Co(Ni), (ii) ad-metal atoms forming solid
solution with surface sub-metal atoms for Pt(Pd, Au)-Cu, and (iii) ad-metal atoms with no
interaction with sub-metal as in the simple mixture of respective crystallites for Ag(Au)-Co(Ni)
and Ag-Cu. Thus, for instance, similar states were obtained for Co- and Ni- based bimetallic
systems with the same ad-metal, in relation to their similar outermost electronic configurations
and atomic radius. About ten years ago, another important parameter was pointed out as
crucial during the GR process: the size of the M; monometallic nanoparticles that should be
behind surprising reductions of ions from a M, metal less noble than the parent M; metal. This
behavior opposite to GR was called anti-galvanic replacement (AGR) and was reviewed
recently by Astruc’s group %63, A description of the reversing of the thermodynamics of the
GR reaction as function of the M; nanopatrticles size was performed by Pattadar et al. with the
Au-Ag and Au-Pt system where Au, the most noble metal, acts surprisingly here as the
reducing M; metal 62, Considering the values of standard reduction potentials, the reactions
established in Figure 8 between bulk Au and solution of Ag* or PtCls> ions are not
thermodynamically favorable under standard conditions, but become dominant with the
decrease of the Au nanopatrticles from 4.1 to 0.9 nm. Indeed, with the use of anodic stripping
voltammetry and STEM-EDS mapping, these authors determined the final composition of the
particles obtained after 3 min of AGR with a 10 mol L'* AgNOs (or 10° mol L PtCl,?) solution
and obtained the following percentages of Ag (Pt): 17.8 (6.9), 87.2 (35.3) and 100 % for a Au
nanoparticles initial diameter of 4.1, 1.6 and 0.9 nm, respectively. For initial diameter of 4.1
and 1.6 nm, bimetallic nanoparticles were obtained with strong metal-metal interactions (Figure
8). Then, from the relative difference in %Ag (Pt) composition obtained as function of size, the
authors have concluded that the size-dependent AGR is not simply linked to the number of the
available surface atoms, but drived by the decrease in Au oxidation potential with decreasing
nanoparticles size, i.e. from 0.72 to 0.22 V (vs Ag/AgCl, in KBr electrolyte) when the diameter
evolves from 4.1 to 0.9 nm. Thus, the AGR strategy has been demonstrated as a novel route

for synthesizing alloy nanoclusters difficult to obtain otherwise 631,
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Figure 8. Size-dependent anti-galvanic replacement reaction between Au nanoparticles and Ag ot Pt
ions; STEM images (A,D), STEM-EDS mapping images (B,E) and size histograms (C,F) of Au
nanoparticles with two different initial sizes (4.1 and 1.6 nm) after AGR with AgNOs solution. ITO: indium
tin oxide. Adapted with permission from Ref. [62]. Copyright © 2020 American Chemical Society.

1.3. Direct redox reaction over supported monometallic nanoparticles

Direct redox reactions are also commonly used to prepare supported bimetallic systems with
the aim to improve the catalytic performances compared to the monometallic counterparts by
electronic and geometric effects, depending greatly on the shape of the nanoparticles and the
atomic arrangement at their surface 4. Many oxides can be used as support, but one have to
keep in mind the possibility for some of them to lead to spontaneous direct redox reaction by
simple contact with a metallic precursor salt 8. It was the case during the preparation of
Pt/MnO-Mnz0, catalysts by Kim et al. %%, where a Na,PtCl, solution added in suspension with
the support was observed to become gradually dark-brown due to the formation of Pt
nanocrystals on the surface of the Mn3;O4 particles. The spontaneous deposition of Pt on MnsO4
was ascribed to the galvanic replacement reaction between PtCl,> ions reduced to Pt° while
part of the Mn3O4 was oxidized from oxidation number Il to 11l forming Mn»O3 species. Oh et
al. % have also demonstrated that the galvanic replacement process is not exclusively limited
to the chemical transformation of metallic nanostructures, since they used this approach to
produce hollow box-shaped nanocrystals of MnzO4/y-Fe.Os via oxidation of iron(ll) perchlorate
by MnzO4. The mechanism implied during the GR reaction between the oxide-based sacrificial
template and the modifier metal ions in solution can be sometimes more complex, as put in
evidence by Zhu et al. 87 for the reductive deposition of Rh (or Pt) on magnetite FezO4. The
authors proposed the mechanism described in Figure 9 where a parallel dissolution and
adsorption of Fe?* ions onto the metal occurs leading finally to the formation of FeOx coated
on the Rh nanoparticles supported on FezO.. The presence of this oxide overlayer allows the
metal particle to display efficient redox sites to activate CO., favoring its selective reduction to
CoO.
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Figure 9. Mechanism during the galvanic replacement reaction between Rh precursor salt and
magnetite Fez0a: a) reduction of Rh3* leading to the formation of Rh nanoparticles and oxidation of Fe?*
releasing Fe3* ions, b) dissolution of Fe?* species, c) selective deposition of Fe?* ions on Rh
nanoparticles. Adapted from Ref. [67].

Classical oxide supports such as Al,Os;, SiO;, TiO2, etc., do not exhibit metallic cations
susceptible to be oxidized by contact with a metallic precursor salt belonging to a redox couple
of higher potential, leading them totally inert during the preparation of bimetallic catalysts by
galvanic replacement method.

On the silica support, Wang et al. 8 prepared Ir-Co bimetallic catalysts by direct redox reaction
between IrCls solution and 10wt.%Co/SiO2 with the aim to obtain three different Ir contents
(0.1, 0.3 and 1.0 wt.%). The surface-decorated systems as-obtained were evaluated for the
selective ring opening of methylcyclopentane, revealing a significant higher mass specific rate
for the production of 2- and 3-methylpentane and n-hexane resulting from the selective
cleavage of the endocyclic C-C bonds, compared to monometallic Ir/SiO, catalysts of similar
Ir contents (Figure 10). By combination of STEM and HRTEM analysis, the distribution of Ir
atoms was clearly identified as single atoms or clusters (depending on the Ir content) at the
surface of Co nanoparticles with diameters comprised between 2 and 5 nm. Finally, a surface
decoration with 0.1wt.% Ir appears as the optimal content in the bimetallic system, highlighting
the interest of generating high metal-metal interactions due to highly dispersed catalytically
active Ir atoms on the Co surface by GR. Afterward, the same group of researchers followed
their investigations on the selective ring opening of methylcyclopentane by preparing trimetallic
Pt-Ir-Co/SiO, systems via galvanic replacement between a solution containing Pt and Ir

precursors and Co/SiO; catalyst [,

15



W X/SIO,
[ xir-10Co/SiO,

Y min™]

tal

=3
o
1

=]
o
1

$

Mass-specific rate [mol (g Ir
o o
n o
| |

Frequency
H

o 3
o

=}

1

® 0.1 0.3 1.0
Ir content (wt.%)

Diameter (nm) Diameter (nm)

Figure 10. A) Surface-decorated Ir-Co nanoparticles prepared by galvanic replacement from
10wt.%Co/SiO2 catalyst; B) Selective ring-opening reaction of methylcyclopentane (MCP) towards n-
hexane (n-H), 2-methylpentane (2MP) and 3-methylpentane (3MP); C) TEM images and patrticle size
distributions for the bimetallic Ir-Co/SiO2 with (a) 0.3wt.%Ir and (b) 10wt.%lr; D) Catalytic activity
expressed as mass-specific rate corresponding to the molar quantity of MCP converted to nH, 2MP and
3MP per unit of time and Ir content (xIr = nominal weight ratio x of Ir to the catalyst). Adapted with
permission from Ref. [68]. Copyright © 2011 Royal Society of Chemistry.

Recently Sun et al. [ have also introduced small quantities of Pd on Ag/Al,O; catalysts by
galvanic replacement in order to generate performant systems for the selective
hydrodechlorination of 1,2-dichloroethane towards ethylene. For a weight content of the
modifier below 0.3wt.%, the Pd atoms remained in an isolated state on the Ag surface as
evidenced by CO-IR spectroscopy and XPS analysis, with an electron transfer from Ag to Pd
resulting in an intimate bimetallic contact. Such bimetallic structures led to enhanced ethylene
selectivity, whereas Pd monometallic displaying large Pd ensembles exhibited a negligible
selectivity towards this high valuable product (Figure 11). Aqueous-phase dechlorination of
chlorobenzene was also investigated on Ag nanocubes deposited on carbon nanotubes C
modified by redox reaction with a PdCI; solution, leading to high-performant hollow bimetallic

nanocubes [,
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Figure 11. Catalytic hydrodechlorination of 1,2-dichloroethane as a function of time on stream on: a)
monometallic 0.10wt.%Pd/-Al,O3 prepared by impregnation; b-d) bimetallic Pd-Ag/ »~Al,O3 catalysts
prepared by galvanic replacement with three different compositions: (b) 0.08wt%Pd-0.88wt.%Ag, ()
0.13wt.%Pd-0.84wt.%Ag, (d) 0.30wt.%Pd-0.60wt.%Ag. (m) Ethylene; (¢) Ethane; (A) Chloroethylene;
(e) Chloroethane; (A) Conversion. Adapted with permission from Ref. [70]. Copyright © 2018 Elsevier.

Once again on alumina support, GR reaction was observed as an excellent method for
synthesizing core-shell bimetallic RhNi catalysts active for the CO, methanation, compared to
the co-reduction (CR) of both Ni and Rh precursor salts introduced simultaneously in solution
with polyvinyl alcohol and NaBH, /2, XPS, XAS and CO-FTIR characterizations indicated that,
with comparable metallic contents (around 1.10wt.%Rh and 1.65wt.%Ni), the GR system
displays a thin RhOy shell encapsulating a Ni core with a strong Rh-Ni synergy, leading to 3.5-
fold rate enhancement for CO2 methanation compared to the CR catalyst constituted of a mix
of Rh and RhNi alloy nanoparticles (Figure 12). In other words, Rh highly dispersed over Ni
nanoparticles corresponding to a Ni@Rh core-shell structure (GR catalyst) is then superior to
Rh alloyed to Ni (CR catalyst) to convert CO, selectively to CHa4. Other supported bimetallic
catalysts prepared by galvanic replacement process rely on Ni as sacrificial template modified
by other metals like Pt to synthesize PtNi/TiO, and PtNi /TiO.-C electrocatalysts for methanol
oxidation 3, or Ag to formulate AgNi/C catalysts for the benzylbromide reduction 4 or
AgNi/hydrotalcite for methane activation "%\, In this latter case, the direct surface redox reaction
was performed between various amounts of AgQNO; precursor and a 12wt.%Ni monometallic
catalyst in order to modulate the surface Ag fractions on Ni particles (from 0.03 until 1) leading
to well-defined surface Ni-Ag alloys. Replacement of Ni by Ag induced three main effects: (i) it
reduces the number of Ni active sites (Ag being inactive for methane activation), (ii) by

electronic effect between Ag and Ni, the activity of the remaining accessible Ni sites is also
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reduced, (iii) the Ag deposit blocks the active sites responsible for the coke formation (the
replacement of only 3 % of the surface Ni atoms by Ag allows decreasing by a factor of ten the
carbon yield compared to monometallic Ni).

3Ni + 2Rh3* --> 3NiZ* + 2Rh
(AE° = +0.46 V)

(@) i S— Ni/Al,0,
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Figure 12. (a) Possible morphologies of the bimetallic RhNi/Al2Os catalyst prepared by galvanic
replacement (GR) of Ni atoms by Rh; (b) CO-FTIR spectra of monometallic and bimetallic RhNi/Al203
catalysts prepared by GR or co-reduction method (CR); (c) Fourier transform magnitudes of the Rh K-
edge EXAFS spectra of monometallic Rh and bimetallic GR and CR RhNi/Al203 catalysts; (d) CH4
productivity at 250 °C during CO2 methanation on monometallic and bimetallic RhNi/Al2Os catalysts
prepared by GR or CR. Adapted with permission from Ref. [72]. Copyright © 2020 Elsevier.

Recently, our group in Poitiers has demonstrated that in the course of the preparation of Co-
Re/TiO, bimetallic catalysts by successive impregnation of Re precursor salt on Co/TiO2, a
direct redox reaction can occur in agreement with the redox potential values of the involved
couples "8, To demonstrate this galvanic replacement phenomenon, we have prepared two
sets of bimetallic samples: the first one by reaction in a beaker between the Re precursor salt
(NH4ReO.) and a Co/TiO, catalyst reduced previously and then exposed to air (usual
procedure for the preparation by successive impregnation Sl), the second one performed in a
appropriated device allowing in-situ pre-reduction of the Co/TiO; catalyst, letting it under inert
atmosphere (N2) during the contact with the Re solution and filtering of the solution after
reaction (conventional protocol used in our lab for the direct surface redox method SR). For a
similar Re amount introduced in solution, we obtained a comparable content of Re deposited
on both bimetallic samples, but identified clearly a decrease of the Co content on the SR
catalysts with the increase of the Re loading. An in-depth characterization of the prepared
systems, notably by high-resolution microscopy, temperature-programmed reduction and
desorption (TPR and TPD), and CO-FTIR, clearly evidenced the presence of bimetallic Re-Co
interactions for both SI and SR samples (Figure 13), but with a contact degree, i.e. a metal-

metal interaction, and an electron transfer from Re to Co, more pronounced in the case of the
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surface redox method. For these catalysts prepared by galvanic replacement where Re
species specifically decorate the Co surface, bimetallic particles are obtained with
homogeneous size decreasing from 3.3 nm to 1.2 nm when the amount of Re added is
increased from 1wt.% to 5wt.% due to the progressive loss of Co atoms, evolving towards a
core-shell structure at high Re loading. Conversely, a Janus-type structure predominates on
Sl catalysts with a concentration of small Re particles around big Co particles.

Temperature (°C)
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Figure 13. (a) Structures of the bimetallic Co-Re/TiOz catalysts prepared by successive impregnation
of Re on Co (SI) or direct surface redox reaction (SR); (b) Particle size distribution of Sl and SR catalysts
deduced from TEM analysis; (¢) H2-TPD profiles of monometallic Co/TiO2, Re/TiO2 and bimetallic SR
Co-Re/TiO2 catalysts. Adapted with permission from Ref. [76]. Copyright © 2019 John Wiley and Sons.

The bimetallic interaction was observed to lead to a synergic effect between Co and Re
particularly interesting for the selective hydrogenation of citral (o,3-unsaturated aldehyde) to
unsaturated alcohols (UA), since the monometallic Co and Re samples, as well as a
mechanical mixture of these both catalysts, displayed low activities and UA selectivities
compared to bimetallic systems (Table 1).

Table 1. Metal contents of the monometallic Co/TiO2, Re/TiO2 and bimetallic Co-Re/TiO2 catalysts
prepared by successive impregnation of Re on Co (Sl) or direct surface redox reaction (SR), and

catalytic performances for selective hydrogenation of citral to unsaturated alcohols (UA) at 70 °C, under
75 bar, and in isopropanol as solvent.

Catalyst Co (Wt.%) Re (wt.%)  Activity (mol min? molmer’)®  UA selectivity (%)°

5Co 5.3 - 0.1 28
4Co + 1Re¢ 4.0 1.0 0.1 12
Sl 4Co-1Re 4.2 1.0 3.6 45
Sl 4Co-5Re 4.2 4.5 3.6 45
SR 5Co-1Re 4.0 11 0.2 48
SR 5Co-2Re 3.9 1.5 2.6 43
SR 5Co-5Re 2.2 4.8 31 52

5Re - 4.5 1.8 20

(a) Activity = mol of citral transformed/(reaction time*mol of metal)
(b) Selectivity to unsaturated alcohols at 40 % conversion
(c) Physical mixture of 4Co/TiO2 and 1Re/TiO2 monometallic catalysts
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Other studies in the field of selective hydrogenations have highlighted the interest of galvanic
replacement method to achieve efficient bimetallic catalysts, with the aim notably to reduce the
precious metal content, these metals being generally the most communly used due to their
activity, selectivity and stability in the reaction conditions. One example is the liquid-phase
selective hydrogenation of furfural, an important derived lignocellulosic biomass feedstock, for
the production of furfuryl alcohol, a value-added chemical (Figure 14a) '\, Taylor et al. used
the galvanic replacement to modify the surface of a Cu/y-Al,O3 catalyst by a small quantity of
Pt atoms and then prepare a bimetallic Pt:Cuzo system (atomic ratio) exhibiting exceptionally
high initial rates of hydrogenation under 10 and 20 bar hydrogen pressure (Figure 14b),
rivalling the catalytic performances of monometallic Pt catalyst containing 12 times more Pt,
and surpassing the pure Cu and two other bimetallic PtCu catalysts prepared by a colloidal
route (with Pt:Cu atomic ratios of 38:62 and 18:82, respectively) (Figure 14c) '/, For the three
studied bimetallic catalysts, a PtCu alloy was evidenced by XRD, TEM and XPS, with an
electron transfer from Pt to Cu. However the surface state of the ultra diluted alloy PtiCuzo
appeared as the most favorable to facilitate hydrogen dissociative adsorption on Pt atoms, and

then its spillover onto the Cu atoms where furfural is preferentialy adsorbed.
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Figure 14. (a) Reactions involved in the transformation of furfural; (b) Normalized initial rates per gram
of Pt for monometallic Pt and bimetallic Pt-Cu catalysts supported on alumina; (c) Yield of furan, furfuryl
alcohol (targeted product) and tetrahydrofurfuryl alcohol (THFA) obtained after 7 h reaction time with
monometallic Pt and Cu catalysts, and bimetallic Pt-Cu catalysts. PtiCuzo: bimetallic Pt-Cu/Al2Os
catalyst prepared by galvanic replacement; PtssCus2 and PtisCusz2: bimetallic Pt-Cu/Al2Oz catalysts
prepared by colloidal route. Reaction conditions: methanol as solvent, 50 °C, three tested hydrogen
pressures. Adapted with permission from Ref. [77]. Copyright © 2021 Elsevier.

Another highly efficient bimetallic catalysts for selective hydrogenation reactions were
synthesized by galvanic replacement, such as (i) one again for furfural transformation, Pd-Ni/C
systems displaying Pd islands on Ni/Ni(OH). nanoparticles and showing yield to furfuryl alcohol
superior to 90 % at low reaction temperature (5 or 10 °C) with a very good stability, under 5
bar hydrogen pressure and in ethanol solvant, (Figure 15a) I8, (ii) for phenylacetylene
hydrogenation, Pd-Co/C systems exhibiting 92 % selectivity to styrene at 93 % conversion, i.e.
superior performance compared to a Pd-Co alloy catalyst obtained by successive impregnation

(Figure 15b) [, (iii) for benzene conversion to cyclohexene, Ru-M/TiO, (M = Fe, Ni, Cu, Co)
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nanocomposites obtained by GR followed by acid treatment and leading to Ru species
electron-deficient lowering the adsorption strength of cyclohexene on the catalysts and then
favoring the selectivity to this product (Figure 15c) 8,
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Figure 15. Bimetallic catalysts prepared by galvanic replacement method for selective hydrogenations:
(a) Pd-Ni/C catalyst for conversion of furfural to furfuryl alcohol. Adapted with permission from Ref. [78].
Copyright © 2020 Elsevier. (b) Pd-Co/C catalyst for conversion of phenylacetylene to styrene. Adapted
from Ref. [79]. (c) Ru-M/TiO2 catalysts (M = Fe, Ni, Cu, Co) for conversion of benzene to cyclohexene.
Adapted with permission from Ref. [80]. Copyright © 2018 Elsevier.

2. Use of an intermediate reducing agent

2.1. Generalities

Another kind of redox reaction used for preparing bimetallic catalysts starting from a
monometallic parent supported catalysts consists in using an intermediate reducing agent that
is activated at the surface of the monometallic particles (Red*). This process was named
“Electroless metal deposition” in 1946 by Brenner and Riddel ®Y, who described for the first
time the proper conditions to deposit a metal onto a metallic surface by catalytic reduction in
agueous solution. This approach is interesting when the direct redox reaction between the
base metal M; and the promoter M; is not thermodynamically possible (E°(M2™/M,°) <
E°(M1™/M1°)). If the activated reducing agent Red* can be oxidized by M,™, i.e. if E°(M2™/M.°)
> E°(Ox/Red*), the redox process can occur, leading to an oxidized species (Ox), according to

the following reaction (4):
n Mx™ + m Red” — n Mz° + m Ox 4)

Contrary to the direct redox reaction, this method may be applied to a large range of metals
and does not lead to the dissolution and loss of the parent metal Mi. However, it is of major
importance to verify that the metal precursor M,™ is only reduced at the surface of the parent
metal to favour the formation of bimetallic Mi1M: entities and not on the support or in bulk

solution to avoid the formation of monometallic M. species.
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Many intermediate reducing agents can be used, such as the simplest, hydrogen, and others
with lower standard potentials such as formaldehyde, hydrazine, hypophosphite, borohydride

or aminoboranes 82,

2.2. Hydrogen as reducing agent
The use of hydrogen for depositing silver, copper and bismuth onto a platinized platinum
electrode was firstly reported by Szabo and Nagy in 1976 ®], and named ionization of
adsorbed hydrogen. The same principle was then extended to the preparation of supported
bimetallic catalysts ¥ and developed in Poitiers by Barbier et al. ¥, who have perfected two
techniques named refilling (also called recharge) 1131920851041 gnd catalytic reduction [°5 105-115],
In the refilling method, the ions of the modifier (M.™*) are reduced by preadsorbed hydrogen
on the parent metal (M1). The amount of M. deposited is then limited by the amount of
irreversibly adsorbed hydrogen, i.e. limited to a monolayer. Catalytic reduction overcomes this
point by continuously introducing hydrogen, enabling larger amounts of M; to be deposited,
since the hydrogen is activated by M1, and possibly by M if it is also able to activate Hy, as it
is consumed by the redox reaction. Obviously, this method is not possible if M,™ can be
reduced by hydrogen in homogeneous phase. Successive refillings can also be considered to
increase the deposition of Mz, when the latter is capable of chemisorbing hydrogen. Thus,
many successive refilling steps were used for the first time to deposit the amount of Re needed
for usual Pt-Re reforming catalysts °°l. Considering that each rhenium atom deposited poisons
a platinum atom, a good correlation was obtained between the experimental rhenium loadings
and the theoretical values. Also in Poitiers, we also prepared a series of bimetallic 0.6wt.%Pt—
xwt.%Rh/Al,O3 by successive refillings of 0.2wt.%Rh onto a monometallic 0.6wt%Pt/Al,Os
catalyst and evaluated them for methylcyclopentane ring opening.'*®!l The addition of
successive monolayers of Rh on Pt resulted in nanoparticle growth. We showed that largest
particles were more selective for methylcyclopentane ring opening, leading to performance
similar to the reference iridium-based catalysts. Recently, we used successive refilling method
to deposit Pt on Pt/Al,O; to control the growth of monometallic particles.*'”] This method
enabled the preparation of uniform Pt particle sizes ranging from 0.95 to 2.62 nm. First, the
1wt.%Pt/Al,O3 parent catalyst was prepared by impregnation in basic medium (pH = 11),
calcined under air for 4 h at 450 °C and reduced under H; at 650 °C during 4 h. For the refilling
method, the parent catalyst, previously reduced in situ under H, during 1 h at 450 °C, was
moistened in a volume of water, maintained under H flow to preadsorb hydrogen on the
platinum surface (Equation (5)) and then placed under N flow for 15 min to remove dissolved
or weakly adsorbed hydrogen in solution and on the catalyst. H.PtCls solution was then added

for a 1 min contact with the parent catalyst, still under N flow (Equation (6)) to perform a redox
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reaction between the hydrogen atoms adsorbed at the surface of the Pt parent catalyst and

the oxidized Pt species in solution.

2Pts+H,—>2Pt—H %)
4 Pts— H + Pt**— Pt-(Pts)s + H* (6)

with Pts = surface Pt atoms.

This procedure was repeated up to 3 times to modulate the size of the platinum particles. In
fact, by adding the appropriate Pt**amount, this surface redox reaction induces a uniform
growth of the Pt particles (Fig. 16).
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Figure 16. Principle of the refilling method. Reproduced with permission from Ref. [117]. Copyright ©
2021 Elsevier.

Controlling the growth of supported Pt nanoparticles from a parent catalyst by the refilling
method enabled us to validate a geometric model that quantifies surface site concentrations
(corner, edge, face (1 0 0) and face (1 1 1)) for any fcc metal particle size. We demonstrated
that the initial activity for propane dehydrogenation reaction was directly correlated with the

guantity of corner + edge sites (Fig. 17).
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Figure 17. (a) Evolution of the normalized activity for propane dehydrogenation reaction (symbols) and
normalized surface site concentrations (corner + edge, orange curve) versus the particle size. (b)
Evolution of the initial activity versus corner + edge surface site concentration. Adapted with permission
from Ref. [117]. Copyright © 2021 Elsevier.

The catalytic reduction method was investigated for the preparation of different bimetallic

catalysts, such as Ru-Cu %], Ru-Pb 1061 pt-Re 195107110 ' pt.Cy [112-115] pt-Ge 115118119 pt.Gn
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[120-122]’ Pt-Au [123], Pd-Cu [114,124-127]’ Pd-Ag [114], Pd-Au [114], Pd-Sn [128,129], Pd-In [129]’ Pd-Re [130-
132], Rh-Cu [133], Rh-Ge [118.119]

A study was carried out in our group on Rh-Ge bimetallic systems prepared by catalytic
reduction supported on SiO,, Al,O3 and TiO,.[118119.134137] "ynlike their counterparts prepared
by successive impregnation, whatever the support, a strong interaction between the metals
was confirmed by different techniques like TEM, TPR or by model reaction of cyclohexane
dehydrogenation. They were evaluated for the selective hydrogenation of citral, a q,3-
unsaturated aldehyde, toward the unsaturated alcohols nerol and geraniol. It was shown that
Ge deeply modifies the catalytic properties of Rh and promotes the hydrogenation reaction

towards the desired unsaturated alcohols.
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Figure 18. FTIR spectra and peak assignments of adsorbed CO at room temperature on 1wt.%Rh-
xwt.%Ge/TiO2 (x = 0) catalysts reduced at 300 °C. Blank rhodium catalyst was prepared following the
same catalytic reduction procedure but without addition of germanium salt.
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Figure 19. Unsaturated alcohols selectivity as a function of R (R = ZA(COads on Rh>1+
species)/ZA(COads on total exposed Rh species)) for 1wt.%Rh-xwt.%Ge/TiO2 (x = 0) catalysts prepared
from various metal salt precursors and reduced at 300 °C.

The optimized bimetallic interaction within the Rh-Ge/TiO, system was characterized by CO
adsorption followed by FTIR. The relative proportion of Rh® and Rh*'* species on the surface
of the catalysts was determined (Figure 18). To do so a ratio R was calculated; it is defined as
the sum of the absolute surfaces of the oxidized rhodium species divided by the sum of the
absolute surfaces of the reduced rhodium species. Figure 19 shows the linear evolution of the
selectivity in unsaturated alcohols obtained during the hydrogenation of citral as a function of

this ratio R for all the samples analysed by FTIR. Thus, the more Rh species oxidized, the

24



more selective the catalyst in hydrogenating the C=0 bond of citral. This evolution evidences
that the increase of selectivity in nerol and geraniol, observed after addition of germanium by
catalytic reduction, is related to the preferential poisoning of Rh° species, which would be the
main responsible for the hydrogenation of C=C double bonds. This poisoning is associated
with an increase in Rh*'* species, suggesting the existence of a charge transfer from rhodium
to germanium favourable to the activation of the carbonyl function of citral. The charge transfer
from Rh to Ge was demonstrated by XPS. The catalytic reduction method provided an
optimized Rh-Ge bimetallic system for the activation and the selective hydrogenation of the

carbonyl function of citral (Figure 20).

O :rn Q:rRe" O):Ge?*

0:TiOg 4 (x<2)
(generated by reduction at 500°C: SMSI effect)

Figure 20. Scheme of a Rh—Ge/TiO2 catalyst prepared by catalytic reduction highly selective toward the
unsaturated alcohols during citral hydrogenation.

@)

O Ha Tetrahydrofuran

Hz o _o — (THF)

R e e

(0] % HO _~_"~
Succinic acid y-Butyrolactone “OH

(SUC) (GBL) 1,4-Butanediol

(BDO)

Figure 21. Simplified scheme for the catalytic hydrogenation of succinic acid (SUC) to 1,4-butanediol
(BDO).

In the context of biomass valorisation, Pd-Re/TiO, catalysts were developed for selective
aqueous-phase hydrogenation of succinic acid to 1,4-butanediol (Fig. 21) (30132 A 2
wt.%Pd/TiO, was modified by addition of various amounts of Re either by successive
impregnation or catalytic reduction. The catalytic reduction method led to a selective Re
deposition at the Pd-TiO, interface while a random one is obtained by successive
impregnation (Fig. 22). Moreover, the authors demonstrated that the Re oxidation state depend
on the localization of these species: their reduction is complete when they are isolated on the

support (Re?) and maintained partially oxidized (Re**) when they are in contact with palladium.
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Figure 22. Schematic representation of the Re localization on the Pd/TiO2 particles according to the
preparation method of the bimetallic catalysts: Sl, successive impregnation method; CR, catalytic
reduction method. Reproduced with permission from Ref. [132]. Copyright © 2020 Elsevier.

It was evidenced that after handling the catalyst in air, Re™ species were partially leached out
during heating under Ar in solution in the batch reactor, before introduction of H, for the
hydrogenation of succinic acid. It appeared that Re"* species re-deposited on the catalyst once
under H, pressure. The authors took advantage of this fact by developing the preparation of
the Pd-Re system by catalytic reduction directly in the batch reactor %Y, For this in situ
synthesis, monometallic Pd/TiO; catalyst was mixed with a NH4sReO, aqueous solution
containing different amounts of Re. After purging with Ar, the suspension was heated to 160 °C
and the reactor was pressurized under 150 bar H; for a given time. A duration of 1 h seemed
sufficient and optimal to deposit all the Re species. After cooling and release of the pressure,
the aqueous solution of succinic acid was introduced in the batch reactor. After a purge with
Ar, the reaction was performed at 160 °C under 150 bar of H, pressure. Figure 23 evidences
that the catalyst prepared in situ, i.e. with no contact with air, presents better performances
than its counterpart prepared ex situ. Therefore, the authors showed that care must be taken
to maintain Re-based catalysts under anoxic or reducing conditions to immobilize Re species

on their surface and thus maintain their catalytic performance.

In situ (no contact with air) so0 Ex situ (Contact with air)
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Figure 23. Concentration profiles versus time for succinic acid hydrogenation in the presence of Pd-
Re/TiO: catalysts prepared by in situ and ex situ catalytic reduction. SUC: succinic acid, BDO: 1,4-
butanediol, GBL: y-Butyrolactone.

Pd-Sn and Pd—-In systems prepared by catalytic reduction were supported on an atypical

support: a sulfonated styrene—divinylbenzene copolymer (Sty—DVB), for nitrate removal in
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water 29 TEM of the inner part of the polymer beads shows that metal particles are well
distributed with however an apparently higher density of particles in the outer part (Figure 24).
The average diameter is about 3 nm, although some aggregates have diameters up to 40 nm.
Both bimetallic catalysts were analysed by scanning electron microscopy and the metals were
mapped by EDS. The results are shown for Pd—In in Figure 25. The metals are homogeneously
distributed on the surface of the copolymer, with no visible agglomeration of palladium, tin or
indium metal.

Figure 24. TEM pictures of 5wt.%Pd-5wt.%In/Sty—-DVB prepared by catalytic reduction method.
Reproduced with permission from Ref. [129]. Copyright © 2013 Elsevier.
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Figure 25. SEM pictures (a and b) and metal mapping (c and d for palladium, e and f for indium) of
5wt.%Pd-5wt.%In/Sty—-DVB prepared by catalytic reduction method. Reproduced with permission from
Ref. [129]. Copyright © 2013 Elsevier.

Controlling the pH of the solution is the key point in the catalytic reduction of nitrate to avoid
the formation of ammonium. In this study, the reaction was performed under pure hydrogen,
i.e. without any external control of the pH by addition of an acid in the medium. Table 2
compares the performance of Pd-Sn and Pd-In prepared by catalytic reduction to their
counterparts, with the same metal loading, prepared by successive impregnation on the

copolymer and on an alumina support.

Table 2. Comparison of the catalytic performance at 75 % of nitrate conversion of 5wt.%Pd—-2wt.%Sn
and 5wt.%Pd-2wt.%In prepared by catalytic reduction (CR) on the copolymer or by successive
impregnation (Sl) on the copolymer Sty—DVB and on Al2Oz. Nitrate reduction under pure Ha.

Catalyst Activity (umol g~' min™) Selectivity to N2 (%) Final pH
Pd-Sn/Sty-DVB CR 6 72 9.2
Pd-In/Sty-DVB CR 42 12 9.4
Pd-Sn/Sty-DVB Sl 5 87 8.9
Pd-In/Sty-DVB SI 14 81 9.3

Pd-Sn/Al203 SI 32 55 10.0
Pd-In/Al203 SI 71 52 10.3

Even if the systems prepared by impregnation on Sty—DVB are the most selective to N, Pd-
Sn catalyst prepared by catalytic reduction is much more selective than catalysts on alumina.
We can also notice the lower final pH obtained in the presence of the Sty—DVB support. It was
explained that the acid copolymer used as a support could act as a buffer on the catalytic sites

where the reaction occurs, thus improving the selectivity towards nitrogen.[129

The refilling and the catalytic reduction methods also enabled the preparation of trimetallic
catalysts, such as Pt-Ir-Sn 1211221 pt-|r-Ge (1381401 pt-Re-Ge 138140141 pt-Re-Sn 1421431 pd-
Sn-Au 4 Pt-Ru-Sn 149 Pt-Ru-Mo 431, pt-Sn-Te 1481 Pt-Sn-Bi (1461 Pt-Sn-Au 1471 Pt-Sn-Ir
and Pt-Sn-Pd 1471,

In the area of naphtha reforming, the Szabo’s group modified Pt-Sn/y-Al.Os by addition of Sn,
Te, Bi 41 or Au, Ir and Pd 2471 by the refilling method whereas Pieck et al. , in Santa Fe
(Argentina) in collaboration with the group of Poitiers, studied several Pt based trimetallic
catalysts prepared by catalytic reduction (Pt-Ir-Ge (%8140 pt-Re-Ge [138 140141 pt-Re-Sn
[142143)) The results indicate that both methods are suitable for preparing trimetallic catalysts
and in general the addition of the third metal modifies the properties of both the metal and acid
functions of the bimetallic catalysts. In our laboratory, Pt-Ru-Sn/C and Pt-Ru-Mo/C, prepared

by catalytic reduction, were also investigated as anode catalysts with high CO concentration
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tolerance for the development of proton exchange membrane fuel cells 4%, The three metals

were in strong interaction in the two systems.

2.3.  Other reducing agents

Electroless deposition (ED), initially developed in industry for plating metallic surfaces mainly
with nickel 148149 was successfully applied to supported metallic catalysts by the Monnier’s
group in 2007 for depositing Pt onto Rh/C.1}%% Contrary to the method developed by the
Barbier’'s group for which the precursor salt of the second metal is introduced in agueous
solution onto the monometallic catalysts after hydrogen, for ED the reducing agent is dissolved
with the precursor salt of M, in the electrolytic aqueous solution before introducing the
monometallic M, parent catalyst. In addition, electroless deposition is often performed at high
temperature, generally in the 60-100 °C range, in order to increase the reducing power of the
reductant, since the redox potential decreases with temperature. The electrolytic solution may
contain in some cases a complexing agent, a stabilizer or a buffer. Complexing agents are
generally organic acids or their salt that are chosen as a function of the nature of the second
metal M, to prevent the precipitation of M. in the form of hydroxides and to buffer the solution.
For example, acetate, succinate or citrate can be used as complexing agent for electroless
deposition of Ni, Co, Pd, Pt or Ru.8 Stabilizers, such as organic acids, salts of organic acids
or heavy metal cations or buffers may also be used to avoid the decompaosition of the solution
due to an uncontrolled reduction of M>™ or its precipitation. Various reducing agents can be
used for electroless deposition such as aldehydes, carbohydrates, salts of inorganic acids,
reducers with weak nitrogen or oxygen single bonds or boron-hydrogen compounds but the
most employed are sodium hypophosphite, hydroxylamine, hydrazine, dimethylamine borane,
diethylamine borane, sodium borohydride and formaldehyde.®? It is important to notice that,
when the reducing agent contains boron or phosphorus these elements are incorporated in the
deposit forming M-B or M-P alloys.**8 One have also to take into account that some of these
very efficient reducing agents are very toxic or carcinogenic, as formaldehyde, aminoboranes,
hydrazine, sodium borohydrides, and greener reducing agents as those originating from
biomass, such as glucose, ascorbic acid or tartrate, should be preferred.

Electroless deposition can be (i) a catalytic process, i.e. My™ is exclusively reduced at the
surface of M, or (ii) an autocatalytic process where, once M,;™ is reduced, M; in the metallic
state may serve as a seed for catalysing the subsequent reduction of M>,™ (Figure 26).
Consequently, the catalytic process may favour the formation of core-shell structure while
nanoclusters of M, may be deposited at the surface of Ms, leaving M; atoms accessible, with

the autocatalytic process.
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Figure 26. Scheme of electroless deposition method in aqueous solution. (a) Immersion of M1
monometallic parent catalyst in solution containing the precursor salt of M2 and the reducing agent RA;
(b) Activation of RA at the surface of Mz; (c) Reduction of the precursor salt of Mz; (d) Catalytic reduction
at the surface of Mz; (e) Autocatalytic reduction at the surface of M2. Reproduced with permission from
Ref. [151]. Copyright © 2013 Elsevier.

Various mechanisms have been proposed in the literature for electroless plating using various
reducing agents in both acid and alkaline media, namely (i) the “atomic hydrogen” mechanism,
where the oxidation of the reducing agent leads to chemisorbed hydrogen atoms able to reduce
M_"*, similarly to the reduction process occurring using Hz as intermediate reducing agent, (ii)
the “hydride ion” mechanism, where the reaction of the reducing agent with water or hydroxide
ions produces hydride ions that reduce M.™* leading to M;° and H. production, (iii) the “metal
hydroxide” mechanism in basic medium involving the reduction of the metal hydroxide by the
reduction agent liberating H atoms and (iv) the “electrochemical mechanism” by a direct
electron transfer between the reducing agent and M,™*.1'52 |n fact all these mechanisms have
in common the formation of atomic hydrogen at the surface of the base metal M, or the
formation of molecular hydrogen during the oxidation of the reducing agent and electroless
deposition is favoured on metals M; with good hydrogenation/dehydrogenation catalytic
properties.[*52

As written above, electroless deposition may be applied to a large range of metals. That means
that noble metals may be deposited either by direct redox reaction (galvanic replacement) or
by using an intermediate reducing agent (electroless deposition) on a non-noble metal.
Consequently, the understanding of reaction mechanism of noble metals deposition onto other
transition metals is of major importance to control the growth of the deposit. Pd deposition by
redox reaction onto Ni was studied using a Pd?* salt and Ni-P coated Cu (Ni-P/Cu) electrodes
in various electrolytic solutions: 1) In the absence of reducing agent; 2) In the presence of a
reducing agent, formic acid; 3) In the third experiment the starting electrode was Pd/Ni-P/Cu
and Pd?* reduction was performed in the presence of formic acid. The open-circuit potential
was measured as a function of time in a three-electrode electrochemical cell in these three

experimental conditions (Figure 27).0:5%
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Figure 27. Open circuit potential of Ni-P/Cu electrode in a solution containing PdSO4 and Na:HPO4
without reducing agent (line 1 in black) or with formic acid as reducing agent, ethylenediamine and EDTA
at 60 °C (line 2 in red) and potential of Pd/Ni-P/Cu electrode in a solution containing PdSO4 and
Na:HPO4 with formic acid as reducing agent, ethylenediamine and EDTA at 60 °C (line 3 in blue).
Reproduced from Ref. [153].

On the Ni-P/Cu electrode, in the absence of formic acid, an increase of potential is observed
due to the direct reduction of Pd?* by Ni (galvanic replacement). When the reducing agent is
present, the potential decreases slowly during few minutes and then more rapidly to reach a
plateau. This particular behaviour was explained by a two-stage reaction process. Initially, only
the galvanic replacement is possible at the Ni surface, probably due to the poor ability of Ni to
activate formic acid, allowing the deposition of the first Pd atoms that can then activate the
reducing agent leading to the complete autocatalytic reaction when the whole surface is
covered by Pd atoms, with an intermediate stage where both types of reactions are possible.

When the electrode is already covered by Pd (Pd/Ni-P/Cu electrode), the electroless
deposition is the only reaction occurring in the presence of formic acid, leading to a sharp
decrease in electrode potential.[*53

Electrodeposition can also be used to deposit two metals together at the surface of a substrate.
For example, Ni-P-Re alloys were deposited on a copper substrate at T = 70-100 °C from a
bath containing NiSO, and NHsReOs precursors, hypophosphite as reducing agent and
succinate as buffer (pH = 3.0-6.5) and complexing agent.*> For the same amount of nickel
precursor salt introduced in solution, it was shown that the amount of nickel deposited
decreased when the amount of rhenium precursor salt was increased. While Ni° can only be
deposited by reduction of Ni?* by hypophosphite, ReO,4 can be reduced by both hypophosphite
and Ni° by galvanic replacement, thus explaining the Re® deposition at the expense of that of
Ni®.1*54 Furthermore, the simultaneous deposition of two metals is complicated by the fact that
the precursors may also interact in solution or at the substrate surface, or be reduced at
different reaction rates preventing the deposition of alloys with controlled composition. To
overcome this difficulty encountered for Cu-Pt alloys due to the highest reactivity of PtCls*, a
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strategy was developed based on the engineering of the ligand shell, and the replacement of
chloride ions by ethylenediamine thus decreasing the Pt(IV) reactivity. It was demonstrated
that this method allowed adjusting the copper to platinum atomic ratio in the alloy by playing

with the degree of stabilization of the platinum precursor.[*5°!
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Figure 28. TEM images of Au@Ag core-shell nanocubes obtained by electroless deposition of Au onto
Au seeds (spheres of 11 nm diameter, concentration 14.6 mg/L) at 60 °C in aqueous solution containing
AgNOs, ascorbic acid as reducing agent and a capping agent, with various volumes of AgNOz solution
(2 mM), added: 0.25 mL (A), 0.5 mL (B), 1 mL (C) and 2 mL (D). Insets are the corresponding high-
magnification TEM images with the scale bars being 8 nm. Reproduced with permission from Ref. [156].
Copyright © 2010 American Chemical Society.

It was seen in paragraph 2.2. that Au-Ag nanostructures can be obtained by galvanic
replacement by introduction of gold precursors onto Ag nanocubes for example. The inverse
is also possible, i.e. depositing Ag on Au nanocrystals, not only by anti-galvanic replacement
as seen in paragraph 2.2 but also using electroless deposition. In that case, instead of hollow
structures as nanoboxes, core-shell structures are obtained. Thus, starting from Au seeds,
Au@Ag core-shell nanocubes were obtained in aqueous solution containing AgNOz as Ag
precursor salt, ascorbic acid as reducing agent and cetyltrimethylammonium chloride as
capping agent. The thickness of Ag shells was varied by controlling the ratio AQNOs/Au seed
in the aqueous solution (Fig. 28).115¢]

While the literature on electroless plating for depositing thin layers of metals on a substrate is
abundant, the one on surface modification of supported metal nanoparticles for the preparation
of bimetallic catalysts is much more limited, and mainly carried by Monnier's group at the
University of South Carolina (USA) for preparing Pt-Rh/C %0, Cu-Pd/SiO, [*571%8 Au-Pd/SiO;
(1591 - Au-Pd/C 189, Ag-Pd/SiO, %%, Ag-Pt/SiO, 161, Pt-Pd/C 162, Pt-Co/C %9, Au-Pd/SiO, 163,
Pt-Ru/C 64, Ni-Pt/Al,03 %] etc. and even trimetallic catalysts such as Pd@Cu-Pt/C with a Cu-
Pt mixed-metal shell %81, These systems were successfully applied as electrocatalysts for fuel
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cell applications 1501681 or as catalysts for methane dry reforming (Ni-Pt/Al.O3z) 1% or glycerol
oxidation in liquid phase (Au-Pd/C) 160,

When electroless deposition is performed to modify supported monometallic catalyst, one have
to keep in mind that the precursor salt of second metal M>™ may also be deposited on the
support by electrostatic adsorption. To avoid this phenomenon, the pH of the deposition
solution must be chosen as a function of the point of zero charge of the support and of the
ionic form (cation or anion) of the precursor salt. The pH has also a strong impact on the choice
of the reducing agent: for example, sodium borohydride is basic and decomposes in acidic
medium, and can only be used in basic medium. Consequently, acidic reducing agent must be
chosen for electroless deposition at low pH. Thus, deposition of Ru(NHs)s** onto 20wt.%Pt/C
was performed at pH lower than the pzc of the carbon support (pH = 4.8) in the presence of
formic acid, ensuring that the surface of the support is positively charged, avoiding any
interaction with the Ru precursor salt.['*¥ |t must also be verified that the reduction of the
precursor takes place on the surface of the M; metal and not in solution. It was demonstrated
that at low pH the amount of Ru species remains stable in solution in the presence of formic
acid (FA) until the introduction of the monometallic Pt/C catalyst marking the beginning of
electroless deposition (Figure 29). Finally, deposition rate is strongly dependent on the reaction
temperature and at 120 °C the deposit of Ru is complete in less than 5 min (30 min at 110 °C)
(Figure 29).
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Figure 29. Ru remaining as a function of time in aqueous solution of Ru(NH3)sCls in the presence of
formic acid (FA) and monometallic Pt/C catalyst (added at t 30 min) at pH 3 and various temperatures.
Reproduced with permission from Ref. [164]. Copyright © 2015 American Chemical Society.

However, depending on the reactivity of the metal precursor and the reducing agent, it is in
some cases very difficult to avoid the reduction of M,™ in solution and the addition of a
chelating and stabilizing agents is not always sufficient, especially for noble metals of which
metal precursor are very rapidly reduced in agueous solution. To avoid this phenomenon, a
synthesis strategy has been developed for obtaining core-shell catalysts by depositing
approximately 1 to 3 monolayers (ML) of Pt at the surface of Pd nanoparticles on a carbon

support (30wt.%Pd/C).11%7] This necessitates huge amount of Pt precursor salt (H.PtCls) in
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solution and consequently to choose very high concentrations of reducing agent. Hydrazine
was chosen for its low redox potential, -0.92 V/SHE at 25 °C and pH 9, and because its
oxidation only yields gaseous products, N. and H, avoiding any pollution by organic residues.
Instead of introducing all the components, i.e. the precursor salt, the complexing agent, the
ethylenediamine, the reductant and the monometallic catalyst in the same electrolytic bath, the
hydrazine was added progressively by means of a pump. This process, named semi-
continuous electroless deposition, allowed obtaining core-shell Pt-Pd/C catalyst (Fig. 30) from

0.9 to 3.4 ML of Pt which demonstrated better activity for oxygen reduction reaction than Pt/C.
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Figure 30. A) HAADF images of core-shell Pt-Pd/C bimetallic catalysts with various ML of Pt over
30wt.%Pd/C: (a) ML = 0; (b) ML = 0.9; (c) ML = 1.7; (d) ML = 2.7. B) HAADF of 2.7 ML Pt on Pd/C, EDS
sectional elemental analysis, EDS line scan of Pt (red) and of Pd (green). Reproduced with permission
from Ref. [167]. Copyright © 2016 Elsevier.

3. Concluding remarks and outlook

The preparation of bimetallic supported catalysts by redox reactions ensures the selective
deposition of the second metal M; at the surface of monometallic M: nanoparticles favoring

high metal-metal interactions.

Direct redox reaction, or galvanic replacement, is an interesting way to deposit noble metals
such as Pt at the surface of other transition metals, such as Cu, Ni or Co, easy to perform and
which can be used to decrease the size of the bimetallic nanoparticles compared to the parent
monometallic catalyst due to the inevitable loss of the base metal. However, this method
depends on the redox potential of the two metals involved in the reaction and can only be
applied for a limited number of Mi-M; pairs. The use of an intermediate reducing agent opens
up more possibilities, even if, compared to galvanic replacement, more parameters should be
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carefully adjusted to control the deposition, such as the particle size of M; and consequently
its capacity of adsorbing intermediate reducing agent. This method, generally called
electroless deposition or, in the case of the H, catalytic reduction or refilling method, allows
the preparation of a wide range of bimetallic catalysts. Indeed, in this case the redox reaction
is governed by the choice of the reducing agents and other components such as complexing
agents, stabilizers, buffers etc. and by the ability of the base metal M, to activate it. Thus, non-
noble metals can be deposited on the surface of noble metals and there is no loss of the base
metal M; since it is not involved in the redox reaction. These bimetallic catalysts have
demonstrated high catalytic activities in a wide range of reactions due to the high metal-metal

interactions generated by the redox process.

The last few years have seen the emergence of new types of catalysts, based on the presence
of isolated atoms at the surface of a support, namely single-atom catalysts (SACs) [1¢8-172] or
at the surface of metallic nanoparticles, namely single-atom alloys (SAAs) 273175 |n general
SACs and SAAs are obtained by using trace amounts of an active metal of which atoms are
stabilized by the support or the host metal. They have demonstrated higher activities than their
counterpart in the form of nanoparticles for many reactions and constitute a promising way for
decreasing the use of critical materials such as noble metals. While SACs suffer a lack of
stability, at high temperature especially under reducing atmosphere, the strong metal-metal
interaction in SAAs allows conferring to these systems a better thermal stability maintaining
single-atoms isolated. Given the ultralow amount of the second metal M, added to the host
metal My, it is of major importance that the active metal M is dispersed on the surface of M;
ensuring 100 % accessibility to the reagents. For this reason, redox methods, and more
specifically galvanic replacement which allows the replacement of M; surface atoms with M»
atoms, are the methods of choice especially when M; is a more noble metal than M;. Thus,
the first SAAs reported in the literature, Pd0.18Cul5/Al,Os, were synthesized by direct
reduction of H,PtCls on the surface of copper nanoparticles 7. In addition to SAAs, redox
methods allow the preparation of bimetallic catalysts with reduced critical metal contents by
offering the possibility to deposit them selectively on the surface of other metals and optimizing
their accessibility and stability. Consequently, these methods should meet with renewed

interest in the future.

List of abbreviations:

- AGR: Anti-Galvanic Replacement

- DR: Direct Redox reaction

- ED: Electroless Deposition

- EDS: Energy Dispersive X-ray Spectroscopy

- EDTA: EthyleneDiamineTetraacetic Acid

- EXAFS: Extended X-Ray Absorption Fine Structure
- FTIR: Fourier Transformed Infra-Red

- GR: Galvanic Replacement
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HAADF: High-Angle Annular Dark Field

HR-TEM: High Resolution Transmission Electron Microscopy
ML: Monolayer

NP: NanoParticle

ORR: Oxygen Reduction Reaction

PEMFCs: Proton Exchange Membrane Fuel Cells
PVP: PolyVinylPyrrolidone

RA: Reducing Agent

SAAs: Single-Atom Alloys

SACs: Single-Atom Catalysts

SEM: Scanning Electron Microscopy

SHE: Standard Hydrogen Electrode

Sl: Successive Impregnation

SR: Surface Redox reaction

STEM: Scanning Transmission Electron Microscopy
Sty—DVB: Styrene-DiVinylBenzene

SUC: Succinic Acid

TEM: Transmission Electron Microscopy

THFA: TetraHydroFurfuryl Alcohol

TPD: Temperature Programmed Desorption
TPR: Temperature Programmed Reduction

UA: Unsaturated Alcohol

XAS: X-ray Absorption Spectroscopy

XPS: X-ray Photoelectron Spectroscopy

XRD: X-Ray Diffraction
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