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ABSTRACT

Catalytic transformations involving hydrogen are among the most important processes in the
chemical industry. While this process occurs easily in the presence of nickel or platinum, the
use of gold as an alternative catalyst has gathered significant attention only in recent years.
However, the understanding of the physicochemical effects involved during hydrogen
activation and reaction on gold surface or gold/support interfaces still need advances. It is
important to understand how to improve the hydrogenation properties of gold, and rationally
design better catalysts. In this context, this review presents a concise but complete analysis of
the strategies implemented to improve hydrogen-gold interactions, from addressing the role of
metal particle size, to the alternative mechanisms for molecular hydrogen (H) dissociation
based on gold cations and gold-ligand interfaces.



1. Introduction

Heterogenous catalysts are at the heart of many industrial processes [1-3], and often
involve finely dispersed metallic nanoparticles. In this context, gold nanoparticles (Au NPs)
dispersed on solid carriers possess remarkable catalytic abilities [4], which have been initially
demonstrated for oxidation reactions [5-8]. This is related to the presence of more low-
coordination surface sites, which offers higher catalytic properties over conventional gold
surfaces [7, 9]. The origin in the activity and selectivity enhancements can be traced back to
dispersion and quantum effects unique to the nanoscale, leading to the emergence of unusual
electronic and/or atom packing shell structures, and the interactions with the support.
Therefore, it is not surprising that gold nanoparticles are able to activate small molecules such
as carbon monoxide at significantly lower temperatures.

The discovery that, in some specific cases and when the metal particle size is below 10
nm, Au NPs can also dissociate molecular hydrogen, therefore showing a catalytic function in
hydrogenation reactions, has broken a long-standing glass ceiling in chemistry, and has
attracted attention from academia and industry [10-12]. Understanding how hydrogen can be
activated with gold is essential for the rational design of efficient and stable gold catalysts for
hydrogenations [13-14].

Generally, hydrogenation reactions on metal surfaces follow the Horiuti-Polanyi
mechanism, that involves the homolytic splitting of H, and the sequentially transferring of the
surface-adsorbed H atoms on the reactive molecule. This critical activation step has been
demonstrated using IR, XAFS, and H/D exchange experiments on supported Au NPs [15-18].
Experimental and theoretical studies have corroborated that the active sites responsible for the
dissociative adsorption of molecular hydrogen are the low-coordinated atoms located on the
corner and edge of the Au NPs [19]. Some important scientific questions remain concerning

the possible charge transfer between Au and H, the presence of alternative (spontaneous or



activated) hydrogen dissociation paths, and the degree of mobility of H species on the Au NPs
[20]. However, the main challenge in using gold for hydrogenation reactions is intrinsically
connected with its low efficiency in dissociating H, under standard conditions, due to the
degree of filling of the antibonding states, and the degree of orbital overlap with the adsorbate
[21]. This results in lower gold-catalyzed hydrogenation performance.
2. Hydrogenations on gold

Gold nanoparticles enable catalytic activation at significantly lower temperatures, e.g.
in CO oxidation. The development of original gold based catalytic formulations and the
enhancement of existing ones [4, 14, 22-27] both require large efforts, involving the study of
the impacts of active metals, supports, solvents, metal additives, co-catalysts, catalyst
preparation methods, study of active site [1] and/or the combination of all these parameters.
Significant progress was made on the catalytic performances through the synthesis of multi-
phase formulations (bimetallic and promoted gold catalysts) and obviously on active phase
dispersion methods that act directly on the gold NPs size and localization within the support.
Theoretical calculations were performed also to understand the mechanisms of H, activation,
possible hydrides formation [28] and adsorption of the substrates on gold and oxide surfaces,
while reaction mechanisms and kinetics have been elucidated over some catalytic systems.
Nonetheless, the development of gold catalysts is still hampered by a series of obstacles. The
control and tunability of the chemical composition of gold and gold bimetallic
nanoparticles/nanoclusters are still limited when catalysts are prepared via traditional methods
such as co-precipitation or co-impregnation of metal salts. These procedures often result in a
poor control of the average and the distribution of the particle sizes, and the formation of a
mixture of mono- and bimetallic particles even within the bimetallic systems stability
domains expected from the phase diagrams. Another striking problem is the deactivation of

the catalyst due to structure degradation, leaching, valence change of the gold, carbon



deposition, etc [29]. The mechanisms underlying the degradation of the catalyst performances
are still not fully understood and most importantly not yet solved. Finally, the knowledge of
fundamental aspects, including the reaction mechanisms at the molecular level, Kkinetic
modeling, adsorption geometry of substrates on gold surface, and the active phase modeling,
is far from complete.

Research in catalysis by gold was motivated by the possibility of improving the
efficiency of catalytic processes by designing nanostructured catalysts that possess novel
catalytic properties such as low temperature activity, selectivity, stability and resistance to
poisoning and degradation. Structure-sensitivity, real structure of supported gold catalysts and
attempts to identify the active sites are essentials in reactions exhibiting severe selectivity
problem. The main characteristic feature of gold catalysts is the high selectivity in
hydrogenation reactions. The discovery that in some specific cases, Au NPs can dissociate
molecular hydrogen when the Au particle size varies from 2 nm to 10 nm, has motivated the
research in the synthesis of size and shape-controlled Au nanoparticles for hydrogenation
reactions [11-12]. Dissociative adsorption of molecular hydrogen on supported Au NPs, using
a range of different oxide supports has been demonstrated using IR, XAFS and H/D exchange
experiments [15-18]. Moreover, experimental and theoretical studies have shown that the
active sites responsible for the dissociative adsorption of molecular hydrogen are the low-
coordinated atoms located on the corner and edge of the Au NPs [19]. Even if the mechanism
of H, dissociation on gold surface is well established from the computational point of view,
the fate of the H atoms is still not completely understood. For example, discrepancies exist
regarding which atoms of the gold NPs are specifically the most reactive, whether there is a
charge transfer between Au and H, whether the dissociation is spontaneous or activated, and
finally the degree of mobility of H atoms on the Au NPs [20]. Theoretical investigations

helped in developing of more efficient gold-based catalysts for this process, open surfaces as



Au(100) and low coordinated sites enhance the gold activity irrespective whether if they are
located at the edge or belong to an extended line defect [30]. A fundamental understanding of
the hydrogen interaction [31] with gold and the role of metal-ligand and metal-support
interaction in gold catalysis is important to rationalize the performance of the catalysts, from
the nano to the single-atom level [32-33]. In case of alkynes semihydrogenation, the higher
selectivity of gold compared to palladium was predicted by DFT and then experimentally.
The carbon-carbon triple bonds of alkynes are preferentially adsorbed and activated on gold,
whereas carbon-carbon double bonds of alkenes are not. In contrast, both carbon-carbon triple
and double bonds are adsorbed on palladium. Thus, C=C and C=Cs compete for the active
sites on Pd being hydrogenated, whereas on Au the molecules containing C=C leave the
catalyst surface and where not hydrogenated [30]]. Gold also exhibited high chemoselectivity
for the hydrogenation of a,3-unsaturated aldehydes to the corresponding unsaturated alcohols
[34] and for the deprotection of epoxides via deoxygenation back to the corresponding alkene
[35], in both cases preserving the carbon-carbon double bonds.

The semi-hydrogenation of alkynes is one of the most straightforward methods for the
synthesis of alkenes using H; as the hydrogen source. Pd-based nanoparticles have shown
high catalytic efficiency; however, the main obstacles are the over-reduction to alkanes and
C-C coupling leading to coke formation, therefore a lower selectivity towards to alkenes. On
the other hand, supported gold nanoparticles are promising catalysts due to the fact that gold
nanoparticles are alkynophiles, whereas in the case of Pd, there is no differential adsorption of
alkene and alkyne bonds and therefore can possess better selectivity. An effective process for
the semi-hydrogenation of diphenylacetylene as the chosen model was demonstrated using a
commercial Au/TiO, catalyst. The reductant molecule was ammonium formate instead of H,
and a yield of 70% to cis-diphenylethene without the formation of trans-isomer at mild

reaction conditions was achieved. In addition, various internal and terminal alkynes, with



either electron-donating or electron withdrawing groups, were tested and excellent yields
were obtaining for cis-alkenes (76-96%). The effect of support was not crucial in terms of
yield and selectivity and reusability of the catalyst was promising, showing a slow

deactivation of the gold catalyst due to the mild aggregation of gold nanoparticles [36].

3. Improving the gold-hydrogen interactions:

The inability of Au to activate H, is the rate-determining step in gold-catalyzed
hydrogenations (Figure 1a-b). [21]. Several strategies exist which permit to enhance the rate
of dissociation of hydrogen on gold surfaces, improving the catalytic properties of gold-based
catalysts. Thus, we give herein a systematic and critical analysis of the most important

approaches to enhance the reactivity of gold with hydrogen.
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Figure 1. Gold heterogeneous catalysts and the types of H, activation. (a) Potential energy diagram comparing the heterolytic H,
activation across the MSI at a cus-OH site (blue) with homolytic H; activation on Auws followed by deprotonation (red). H,(g) is used as
reference energy [50]. (b) Energy profile for the hydrogenation reaction of 2-methyl-3-butyn-2-ol on a single gold atom in the oxidized-4-
pyridinic cavity and side view of DFT-optimized adsorption configuration of the intermediates [51]. (c) Proposed mechanism of hot-electron
induced dissociation of H, on AuNP surface [55]. (d) Electronic density of states (DOS) of H, approaching a Au (111) surface using DFT, at
different surface distances (see inset), projected onto one approaching atomic H atom (top panel) and total DOS (bottom panel). H, bond
length is 0.725 A. The dashed line marks the Fermi energy. Arrows denote the bonding (B) and antibonding state (AB) of H,. [51]



3.1. Ligands

The addition of a ligand to a Au NPs is one of the possibilities to improve the
hydrogenation ability of this metal. For example, it has been shown that Au NPs embedded in
a N-doped carbon activate H, with an energy barrier of 1.45 eV, and the reaction energy is
endothermic by 0.69 eV [37]. However, when the same gold nanoparticle is decorated with
1,10-phenanthroline to mimic graphene-like sheets, the nitrogen atoms on the ligand assisted
Au in the surface activation of H; via an heterolytic path (Figure 1c-d), with an energy barrier
of only 0.30 eV. The intermediate formed is significantly exothermic by 0.71 eV, and the
catalytic system can be rationalized as frustrated Lewis pairs (FLP) analogue [38]. The
formation of FLP interface has also been demonstrated by combining Au NPS either with
phosphorous- or nitrogen-containing ligands [39-41]. As verified by DFT calculations, these
systems are all capable of heterolytically activating H,. The generated hydride and proton can,
for example, be concertedly transferred to CO, to produce formic acid [42].

The ligands can be also added directly in the reaction media. In case of selective
hydrogenation of alkynes into cis-alkenes using molecular hydrogen, a significant promotion
effect is reported when nitrogen-containing bases are used in the presence of gold
nanoparticles supported on SiO,. In fact, in the absence of nitrogen-containing bases,
supported gold nanoparticles showed a poor catalytic performance with conversion below 1%.
It was found that nitrogen-containing bases with two heteroatoms performed better and in the
presence of piperazine, at high conversion, high selectivity to the alkene was reported,
showing the best catalytic results among the amines tested. Reusability tests showed the
catalyst was stable without significant leaching. Moreover, the effect of the concentration of
piperazine used was studied, showing that piperazine not only facilitates the activation of Au

nanoparticles as hydrogenation catalyst but it also promotes the selectivity to alkene by



avoiding the subsequent hydrogenation of alkene to alkane, therefore by tuning the substrate
to piperazine molar ratio, the enhancement of activity and selectivity to the desired product is
possible (Figures 2 a-d). Moreover, the general applicability of the methodology was
demonstrated with the efficient hydrogenation of terminal and internal alkynes with moderate
to excellent yield to alkene and with minimum over-reduction to alkane. Based on the
scientific findings it was suggested that the role of piperazine is to facilitate the heterolytic
activation of hydrogen at the surface of Au nanoparticles, due to the fact that the nitrogen
atom of piperazine can act as a basic ligand to promote the heterolytic hydrogen cleavage and
therefore providing hydrogen activation at mild reaction conditions (Figures 2 i-j). According
to simulations, molecular hydrogen dissociation occurs at the ligand—gold interface, and the
nitrogen-containing bases with two heteroatoms were more efficient to lower the energy
barrier for the heterolytic H, dissociation and boost gold hydrogenation activity (see Figure
1b). Finally, it was concluded that it is important to achieve an optimum balance of the
different experimental conditions tested, and the following parameters should be considered,
such as, (i) basicity of the ligand and reorganization energy of the ligand to activate hydrogen
and (ii) the possibility of site blocking depending on the ligands used, and (iii) the metal

leaching effect induced by some ligands for affecting activity, selectivity and stability [39].
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Figure 2. (a-d) Time course of hydrogenation of phenylacetylene catalyzed by Au/SiO, with increasing amounts of piperazine: (a) 0.04
mmol; (b) 0.4 mmol; (c) 2 mmol; (d) 4 mmol. Reaction conditions: 4 mmol of phenylacetylene, 0.04 mmol of Au, 0.04—4 mmol of amine, 8
mL of ethanol, 80 °C, 6 bar of H,. (e-h) Time course of hydrogenation of phenylacetylene catalyzed by () Au@N-doped carbon/TiO, and (f)
Au/TiOg; (g) recycling experiments using the Au@N-doped carbon/TiO,; and (h) hot filtration test. Reaction conditions: 0.14 mmol of 1a, 2
mol% of Au, 2 mL of ethanol, 100 °C, 6 bar of H,, (i) Energy profile for the hydrogenation reaction of 2-methyl-3-butyn-2-ol on a single gold
atom in the oxidized-4-pyridinic cavity and side view of DFT-optimized adsorption configuration of the intermediates. (j) Electronic density
of states (DOS) of H, approaching a Au (111) surface using DFT, at different surface distances (see inset), projected onto one approaching
atomic H atom (top panel) and total DOS (bottom panel). H, bond length is 0.725 A. The dashed line marks the Fermi energy. Arrows denote
the bonding (B) and antibonding state (AB) of H,. Reprinted with permission from [37, 39].

Nitrogen-doped carbon materials are known to affect the catalytic activity of embedded

metal nanoparticles for various reactions, including hydrogenations, where the basic N atoms

of the support material may cooperate for the heterolytic activation of H, at the metal-N-

doped carbon interface. In this context, gold nanoparticles embedded in N-doped carbon

materials supported on titania (Au@N-doped C/TiO;) showed an enhanced catalytic activity

(Figures 2 g-j) when compared to Au/TiO, for alkyne semihydrogenation. The main

advantage regarding the previous study where gold was activated with piperazine [39] is the

catalyst reutilization (Figure 2 i) without the need of external ligands (Figures 2 j). A



combination of experimental results and computational study (Figures 2 k) revealed a N-
assisted heterolytic H, activation mechanism that boost the catalytic activity. The absence of a
direct interaction between the lone pair of the nitrogen and the gold surface creates a unique
interface that can be related to a frustrate Lewis pair, enabling the heterolytic activation of
molecular hydrogen [37]. There are other examples in the literature on the utilization of the
cooperation between gold and adsorbed basic ligands to unlock the catalytic activity of gold
for hydrogenations of organic molecules, including quinoline [43], imine or nitrile [44] and

secondary phosphine oxides [45-46].

3.2. Gold-support interactions

Another strategy to enhance the catalytic activity of gold is to exploit the concept of
strong metal-support interaction (SMSI). The support, in fact, can stabilize dissociated
hydrogen. Compared to homolytic dissociation, heterolytic dissociation is much more energy
intense (4.4 eV vs 16.9 eV). Thus, the extra energy needs to be compensated by the new
bonds formed upon dissociation, and this sets a minimum of charge separation that allows the
process to be viable [47]. The interface of the heterogeneous oxide carrier can help enhancing
the heterolytic process [48-50]. This has been demonstrated, for example, by the low
coordinated oxygen atoms on TiO>(110) close to the Au clusters, that were found to be able to
cause the dissociation of H;, and protonate the O atoms of the support [49]. In contrast, the Au
SAs supported in electron-rich cavities of N-doped carbon dissociate H, homolytically [51].
The catalyst was suggested by DFT to be composed of Au’* (1<d<3) species stabilized in
oxidized-4-pyridine cavities from the N-doped carbon. When the H, activation step was
studied, the developed catalyst led to thermodynamically more favored step than on the
stepped surface Au(211) (—1.13 eV versus —0.17 eV, respectively).

The structure-sensitivity of gold can also induce catalytic effects. The catalytic

performance of Au catalysts showed that small nanoparticles around 3 nm had higher
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selectivity (78%), while Au nanoparticles with mean particle size of 9 nm showed much lower
selectivity (39%) in the hydrogenation of 3-nitrostyrene. A model catalyst was synthesized by
depositing both 3 nm and 9 nm Au nanoparticles onto TiO,, showing a moderate selectivity
(55%) at a higher conversion. However, when a reduction process was utilized for the Au
catalysts either with small or larger particle size, the selectivity was improved significantly
reaching over 95%. The main difference was in terms of conversion where the catalyst with
the largest Au nanoparticles (around 9 nm) exhibited a significant lower conversion, whereas
Au catalysts with mean particle size of 3 nm or a combination of 3 nm and 9 nm, maintain the
conversion level. By characterizing the catalysts with HRTEM it was found that the catalyst
with the larger Au nanoparticles (9 nm) had a significant degree of encapsulation, therefore
the catalytic activity was significant lower. In the case of smaller Au nanoparticles, were only
partially encapsulated. The authors explained the observed trend, based on the fact that the
encapsulation occurred during SMSI can be considered as a wetting process of the Au NPs by
reduced titanium oxide) and the encapsulation process is mainly determined by the surface
tensions of the metal and support. Assuming that in the scale of NP size of interest, overlayer
species TiO, are abundant, therefore at any thermodynamically equilibrated states the
encapsulation degree 0 is only the function of surface tensions yau, Yint, YT102—, and r, the
radius of NP. The authors demonstrated that the surface tension increases with NP size,
therefore, larger Au NPs with higher surface energy has stronger tendency to be wetted by
TiO, and as a consequence can lead to a higher degree of encapsulation. The enhancement of
the selectivity after the heat treatment with hydrogen was attributed due to the electronic
effect upon reduction creating electron rich sites and the favorable adsorption of -NO, group
on these sites [52].

An alternative novel strategy for enhancing the catalytic performance of gold was by

using synthesized uniform gold nanoparticles with carbon atoms occupying interstitial sites in
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the lattice (C—Au). The main hypothesis was that the formation of interstitial C in the Au
lattice modifies its electronic properties and therefore can affect catalytic performance. The
catalytic performance was investigated using synthesized and commercial catalysts. The
material with interstitial C species showed an improved catalytic performance and a high
selectivity (well beyond 95%). To explain the observed catalytic trend DFT and XPS studies
were carried out. The formation of interstitial C in the Au lattice facilitated the heterolytic
dissociation of hydrogen on C-Au due to electron transfer between C and Au and therefore
improvement of catalytic activity. Moreover, the high chemoselectivity observed for the C-Au
ordered mesoporous carbon catalysts (OMC) was attributed to the perpendicular adsorption,
stronger interaction and activation of 3-nitrostyrene over the C-Au surfaces. It was concluded
that the formation of gold nanocatalysts with C occupying interstitial sites in its lattice
provides high d-electron gain and can significantly enhance the electron transfer at Au sites
with a consequence the stronger adsorption and activation of the substrate on the C-Au
surfaces. This enhanced H; dissociation and improved the catalytic performance in

hydrogenation reactions [53].

3.3. Plasmon enhancement

Besides metal support interactions and ligand effects, exploiting the plasmonic
properties of Au NPs is a very interesting alternative to activate H, [54-55]. Mechanistically,
localized surface plasmons (LSPs) excited on metal NPs decay non radiatively into high
energy hot electrons. These hot electrons may then relax through electron—phonon coupling
or, in the presence of molecular adsorbates, may scatter into an excited state of the molecule,
initiating a chemical reaction. The transfer of electrons to the antibonding orbital of H,
molecules [55] weakens the bong strength and stretches H-H bond, thereby decreasing the

barrier for its activation (Figure 1e).
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It was demonstrated that the hot-electron-induced photodissociation of H, occurred on
small Au nanoparticles (Figures 3 a-d). Moreover, to strengthen the evidence that
dissociation is indeed taking place on the illuminated AuNP surface, mediated by hot-electron
capture by the adsorbate molecules. It was also shown that when the support changed from
SiO;, to TiOy, the rate of H, dissociation decreased significantly, showing that the dielectric
support did not actively participate in the chemical reaction [20]. In spite of the numerous
studies undertaken in this field, the issue of diffusion and recombination of the H atoms after
H, dissociation has not been investigated thoroughly. A comprehensive investigation of these
latter issues is therefore still essential for a deep understanding of H adsorption and
hydrogenation reactions on the Au NPs. The adsorption and diffusion of H, on Au NPs
followed by wavelength shift of the localized surface plasmon resonance (LSPR) displayed by
the NPs, was explained by the charge transfer between Au and H atoms. Transmittance
Anisotropy Spectroscopy (TAS) technique permits to measure shifts of the LSPR as small as
0.02 nm upon H adsorption. It was shown that H, chemisorption occurs most likely directly
on the Au NPs and an electron transfer from Au to H was observed, which eventually led to
the decrease of the density of charge in the Au NPs and, consequently, yielded a redshift of
the LSPR. Moreover, the proportionality of the intensity of the redshift was correlated with
the areas of NPs with different particle sizes and it was shown that the dissociated H atoms
migrate to the facets of the NPs, most likely the (100) facets, where they eventually
recombine and desorb back to the gas phase [20]. Finally, the charge transfer induced by H
adsorption at the atmospheric pressure of H, was calculated and the average negative charge
transfer from every surface Au atom to H was found to be about -0.06 e, and the charge back-
bonded localized on every Au-H bonding to be around -0.2 e. Consequently, their results
showed a decrease of the electron population in the Au NP upon H adsorption, in line with

some theoretical results [20]. For photocatalytic applications, gold nanoparticles have the
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unique ability to perform chemical transformations at low operating temperatures and light
intensities making these photocatalysts ideal for extended use in many chemical reactions by

plasmon-induced and hot electron-based mechanisms [56-58].
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support. (b) Schematic representation of hot- electron-induced dissociation of H, on Au. (c) Real-time detection of rate of HD formation with
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temperature on the sample changes reversibly by 8 °C, as shown in the figure, from 22 to 30 °C. (d) A comparison of the rate of formation of
HD using 1% Au/SiO, (left panel, red, inset showing the baseline of HD formation) and 1% Au/ TiO, (right panel, green) at the same
experimental conditions and laser intensities (2.4 W/cm?). No photocatalytic rate was observed with pristine SiO, (left panel, blue) and TiO,
(right panel, purple). The diameters of the AuNPs were 5—30 nm. The excitation wavelength range is 450—1000 nm. Hydrogen spillover
region identification [54]. (e) Synthetic steps involved in the preparation of nitrogen- doped carbon with a high density of electron- rich
cavities, and incipient wetness impregnation with HAuCI4 in aqua regia, followed by thermal activation to create a gold-based single-atom
catalyst. Au yellow, C gray, N blue, and CI green. [51] (f) HAADF-STEM images of Au SACs (individual atoms highlighted with yellow
circles, scale bar: 2 nm) [78]; (g) catalytic activity for ethene hydrogenation as a function of the Au—Au coordination number [74].

To further demonstrate the efficiency of H, dissociation using Au/SiO, photocatalyst
in direct comparison with the Au/TiO, previously used, the rate of photocatalytic HD
formation was monitored on both Au/SiO, and Au/TiO,. It was found the reaction rate in the
presence of SiO, was enhanced by almost 2 orders of magnitude. The proposed mechanism
was based on the generation of hot electrons by plasmon decay transfer to the H, molecules,
substantially reducing the barrier for H, dissociation and the dielectric support plays a passive

role in this reaction process. A plausible explanation was proposed for the substantially larger
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dissociation rate in the presence of an SiO; relative to TiO, NP support based on the presence
of a Schottky barrier at the AUNP/TiO, surface, which may facilitate hot-electron transfer into
the TiO, matrix and therefore reducing the number of electrons available for the H,
dissociation [54]. In addition, unlocking H, dissociation on gold surface via plasmonic nano-
catalysis under visible light excitation opens the possibility for the development of selective
hydrogenation catalysts. An increase in selectivity of the semi-hydrogenation of
phenylacetylene was observed under visible light illumination using nanoparticle architectures
comprised of Au or Au@Ag plasmonic core and ultrathin Pt-based catalytic shells [59]. The
effective combination of plasmonic and catalytic properties allowed to enhance the catalytic
transformation at the surface of the catalytic active but non-plasmonic metal (Pt), where the
LSPR-excited hot carriers lead to the enhancement of activity and selectivity. It is worth to
note that both positive (catalytic enhancement) and negative (reaction rate suppression) were
found under visible-light illumination employing Au NPs supported on TiO; and SiO; as
plasmonic catalysts for 4- nitrophenol hydrogenation. The nature of the reducing agent (H.
and NaBH,) and the occurrence of charge-transfer processes at the interface were responsible
for the detected variations in plasmonic catalytic activities [60]. A significant enhancement in
activity were found under plasmonic excitation for Au/SiO, NPs, whereas for Au/TiO,
catalyst, a plasmonic enhancement was observed only for H,(g) and a negative catalytic effect
was observed for the reaction with BH, (aq) as the reducing agent, due to charge-transfer of

localized surface plasmon resonance-excited hot electrons from Au to TiO,,

3.4. Cationic gold

An alternative approach for improving the activation of hydrogen is by using
dispersed cationic gold species, which resemble the structure of traditional homogeneous
catalysts [61-66]. As these metal species are immobilized in heterogeneous carriers, they are

often described as single-atom catalysts (SACs), and they are attracting recently significant
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interest in catalysis, because of the potential better utilization of the metal phase, (Figure 4a),
and excellent levels of selectivity, activity, stability [67-71]. Cationic gold single-atom
catalyst (SACs) supported on multiwalled carbon nanotubes have been reported to be very
active for the hydrogenation of 1,3-butadiene and 1-butyne in the presence of parahydrogen,
an important catalytic process for the development of parahydrogen-induced polarization
methods [72]. The Au SACs was found to be an order of magnitude more active and selective
in pairwise hydrogen addition than the catalysts based on supported metal nanoparticle
catalysts. Similarly, isolated Au species dispersed on iron oxide nanocrystallites (Aui/FeOy)
were shown to be more sintering-resistant than Au nanostructures [73] for several
hydrogenations [74-77]. Theoretical studies revealed that the positively-charged, surface-
anchored Au® species formed covalent metal-support interactions, providing ultra-stability
and remarkable catalytic performance. For example, it was shown that supported Au(lll)
species supported on MgO were responsible for inducing high activity and selectivity in
ethene hydrogenation [74]. The It was also evidenced that the catalytic activity for ethene
hydrogenation decreased as the Au—Au coordination number increased (Figure 4 c). The data
indicated that gold nanoparticles were less efficient catalysts for ethene hydrogenation, and

that an atomic dispersion of the active phase is beneficial to drive the catalysis [74].

Height (A)
bbbowa

=
=

. 1.481.30 pg(111)
g Pd-NP 1.2
3 Ea"=26.7+2.0 kJ/mol s 1.0
g 121 Zos 0.65
3 Bos <
E 5 O0-
g 10 . 5 0.4
& ¢ 0.20
94 c 2 0.2 —
S Pd gosAu-SA
61 g 8 Ea™=41.2:0.4 kJ/mol ® 0.0
4 > :
’ - = > 2 S 5
T, 8 S @, o X
o = r ¥ & & fy &£
0 20 40 60 8 100 0 20 40 60 8 100 0.0030 0.0033 0.0036 L > ;,Z‘ * & & o
N

Position (nm) Position (nm) 1T (1K)

16



Figure 4. Plots of the peak intensity of the 1,336 cm™’ mode in four different TErS line scan spectra extracted from the TErS map of a CNBT
SAM on PdLC/Au (top images a,c) and on PdHC/Au (top images b,d) after exposure to H,. Error bars indicate standard deviation for the
two adjacent TErS line scans. The blue regions in the intensity plots indicate the reactive region defined by the FWHM of the fitted curves
(purple trace). a-d bottom images: Topographic height profile (red line) of the surface along the dashed line of the inset of the corresponding
STM images, superimposed with a schematic of the surface structure. Au, yellow shading; Pd, grey shading. The blue regions in the profile
plots indicate the size of the Pd areas. Blue arrows with dots indicate the hydrogen spillover directions. [94] (e) STEM image of a PdgosAu-
single-atom alloy on SiO; nanoparticle (scale bar: 2 nm). (f) electron microscopy image with EDXS elemental maps. (g) STM image of the
same single-allot catalyst collected with —300 mV bias and 900 pA current. (h) Arrhenius-type plot for 1-hexyne hydrogenation over Pd NPs
and Pd0sAu-single-atom alloy on SiO,. (i) DFT-calculated potential energy diagram comparing 1-hexene hydrogenation to 1-hexene
desorption on Pd(111) and PdAu(111). Adsorbed species are denoted with an asterisk. Reprinted with permission from [95]

The developments in single-atom catalysts have been possible due to advances in
atomic-resolution microscopy that has imaged and documented the dispersed metal atoms and
their evolution under reaction conditions [78-79]. However, the practical use of Au SACs is
often compromised by (i) challenging synthesis protocols, using aqua regia as chlorine- based
dispersing agent, and (ii) high catalyst susceptibility to sintering on non- functionalized
carbon supports at > 500 K and/or under reaction conditions [51]. To address this challenge, a
co-precipitation strategy to fabricate a series of gold single-atom supported metal organic
framework catalysts has been reported [80]. Here, the metal was added during synthesis of the
MOF precursors, intercalated through the layers via electrostatic surface interactions and
replaced some of the anions (i.e., sulfate ion) present in the MOF structures. The presence of
the gold atoms in isolated form was demonstrated by high-angle annular dark-field scanning
transmission electron microscope and extended X-ray absorption fine structure spectroscopy.
This approach recalls the copolymerization route for the immobilization of single atoms on
graphitic carbon nitrides [81-82]. Alternatively, a dry ball milling synthetic protocol for the
kg-scale production of Au;/CeO, SACs was also reported [83]. This approach can be
extended to prepare a family of oxide-supported noble metal SACs, which may pave a facile

path for the mass production of oxide-supported cationic gold species for hydrogenations.

3.5. Alloying and bimetallic synergy

Another approach to facilitate H, dissociation and production of weakly bound H

atoms is by exploiting gold alloying [84-86]. The alloy combination includes a catalytic metal
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that exhibits facile H, dissociation and a coinage metal that can utilize the weakly bound H
atoms to catalyze hydrogenation reactions [87-88]. One of the most promising bimetallic
catalysts for hydrogenation are Au-Pd nanoparticles either in alloyed or core-shell structure
[89]. For H, activation on Pd—Au, the necessary ensemble size has been debated. It was
concluded that the presence of contiguous Pd atoms is essential for H, activation [90].

An atomic-level understanding of reactive sites for H, activation in Pd-Au alloys can
elucidate the minimal Pd ensemble capable of activating H, and reveal the energetic
landscape for uptake, spillover, and release of H. These steps were investigated with the aid of
scanning tunneling microscopy (STM), temperature-programmed desorption (TPD), and DFT.
Using well-defined Pd—Au model surfaces, it was demonstrated that Pd monomers in a
Au(111) surface are responsible for activating H,. By coupling high-resolution STM with
TPD it was demonstrated that low concentrations of individual, isolated Pd atoms can
dissociate H, due to the fact that the concentration of adsorbed H atoms is proportional to the
surface concentration of Pd atoms in Au. Combining TPD with DFT, it was further elucidated
the energetic landscape for H, adsorption, activation, and desorption from isolated Pd atoms,
revealing (i) a low-temperature pathway for H, activation and (ii) release through the Pd

atoms with minimal spillover to Au.

To carry out spatially resolved investigation [91-93] for revealing the mechanism of
the catalytic selective hydrogenation of chloronitrobenzene to chloroaniline, a number of
spectroscopic techniques were utilized, such as tip-enhanced Raman spectroscopy (TERS) on
well-defined Pd(submonoayer)/Au(111) bimetallic catalysts, where the surface topography
and chemical fingerprint information could be mapped with high accuracy and simultaneously
with nanoscale resolution of ~10 nm. TERS imaging of the surface after catalytic
hydrogenation showed that the reaction occurred beyond the location of Pd sites. The results

demonstrated that in the case of hydrogen spillover after dissociation of hydrogen molecules
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on Pd, adsorbed hydrogen atoms diffused onto the adjacent Au surfaces (spillover) and
initiated the hydrogenation, therefore hydrogenation took place extend beyond the Pd areas
and onto the Au areas (Figures 5 e-l). Moreover, the evidence that hydrogenation due to
spillover of adsorbed hydrogen atoms occurs on Au over a distance of ~15-30 nm from the
Pd catalytic sites was provided [45]. To better understand the mechanisms of the reaction for
the proposed reaction DFT confirmed the feasibility of the diffusion of hydrogen atoms from
Pd to the neighboring Au area and provide a plausible explanation for the high
chemoselectivity observed on Pd/Au model system [94].

The ultimate limit of the ensemble size in metal alloys corresponds to the case of
single atom alloys (SAAs), where atomically-dispersed metal atoms facilitating the activation
of hydrogen are entrapped and dispersed on the surface of a host metal, participating more in
the adsorption of the activated H species and reaction cycle. Such materials have also drawn
increased interest owing to their potential ability to break linear scaling relationships in alloy
catalysis. Here, Au is a highly selective hydrogenation catalyst, but it is not active at low
temperatures. Through measurements of reaction kinetics and in operando spectroscopy
studies, the facile activation of hydrogen on PdAu SAAs was followed, involving the splitting
of molecular hydrogen by the palladium sites and then reaction of the adsorbed H species on
gold [95]. This also limits over-hydrogenation and oligomerization side reactions. Similarly,
the addition of a small amount of Ni on either supported or unsupported Au surfaces induces
resistance to sintering, along with a beneficial effect on the catalytic activity in the selective
dehydrogenation of ethanol to acetaldehyde and hydrogen.

Differently from alloys, in bimetallic nanoparticles the chemical composition and
order affect the catalytic properties of bimetallic systems [96]. The incorporation of the
second metal can also help to overcome the limitations observed for monometallic

nanoparticles.
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Figure 5. Morphology of Au@Pt core-shell catalysts. a, X-ray diffraction spectra of 5.3 nm-Au and Au@Pt bimetallic catalysts. b, Platinum
dispersions of Au@Pt bimetallic catalysts as determined by CO chemisorption. The insets show the models of the corresponding Au@Pt
core-shell catalysts, where the dark blue and yellow spheres are platinum and gold atoms, respectively. c,d, Representative atomic-
resolution HAADF-STEM images of Au@1ML-Pt (c) and Au@2MLPt (d) catalysts, with the corresponding line intensity profiles along the
numbered dashed rectangles to show the interplanar distance and the lattice distance. In ¢ and d, the atoms in the outer layers are shown as
light yellow and blue spheres to highlight the gold core and platinum shell. e-h, A STEM image of an Au@2ML-Pt particle (e) and the
corresponding EDS mapping of Au (f), Pt (g), and Au + Pt (h) signals. i, Line profile of Au@2ML-Pt. The yellow arrow in e indicates the
position for the line profile in i. The length of the scale bars in c, d, e are 2 nm. j, In situ TEM imaging of the alloying and dealloying
evolution of an individual NiAu particle during the CO2 hydrogenation reaction. Scale bar, 2 nm. k.|, Surface atom arrangement of a NiAu
NP reconstructed from the full alloy (600 °C) (k) to the Ni@Au core—shell (400 °C) (l); the four parts from left to right in k show the high-
resolution transmission electron microscopy (HRTEM) image (with a Thon ring inset), the corresponding enlargement of the surface area,
schematic structure and point analysis of the electron energy loss spectra (with a HAADF inset); the three parts from left to right in ¢ show
the HRTEM image (with a Thon ring inset), the corresponding enlargement of the surface area and phase contrast profile. Scale bars, 2 nm.
m, Intensity profiles from the integration of diffraction rings of selected area electron diffraction (SAED) patterns during the reaction. The
inset shows 2D profiles stacking along with reaction temperature. n, In situ EXAFS of the Au L3 edge and coordination number changes
(inset) of the Au—Au, Au-Ni and Ni—Ni pairs at room temperature (r.t.), 400 and 550 °C. The microstructural evolution during the catalytic
reaction for the reconstruction from the Ni@Au core-shell to the NiAu alloy is evidenced through atomic scale microscopy (TEM/STEM and
SAED) as well as the overall statistics of the spectroscopy (EXAFS and FTIR). a.u., arbitrary units. Reprinted with permission from [23]

[97]

By using DFT it was predicted that to overpass this limitation from the size dependent
relationship on monometallic Pt catalysts, a bimetallic monolayer platinum on Au catalyst
could lead to higher activity as well as to higher selectivity. Therefore, core-shell bimetallic
Au@Pt/SiO, catalyst with a monolayer (ML) platinum shell, by using atomic layer deposition
(ALD) methodology were also studied. In addition, the catalytic activity with a range of

bimetallic Au-Pt catalysts using 0.5, 1 and 2 ML platinum shells, with 1 ML of platinum shell
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to show the highest activity of para-chloronitrobenzene and selectivity to para-chloroaniline
were compared (Figures 5 a-i). The enhanced activity of the Au@Pt/SiO, catalyst with a
monolayer (ML) platinum shell was attributed to the enhanced charge transfer from gold to
platinum atoms and the presence of a considerable ligand effect and lattice stretch of the
platinum shell induced by the gold core that substantially shifts the platinum shell d-band
center toward the Fermi level, while preserving the terrace sites for high selectivity as shown

by DFT studies [23].

Finally, the catalyst showed excellent stability with respect to the monometallic Pt
catalyst that suffer from agglomeration and leaching of Pt particles and chlorine poisoning
[23]. Au-based bimetallic catalysts were also shown to possess excellent activity for the CO,
hydrogenation to CO. Ni-Au bimetallic catalytic systems based on core-shell methodology
were found very active in this reaction. SiO, was chosen as a support and the typical structure
of the synthesized core-shell nanoparticles, consisted of a face-centered cubic Ni core, and 2-3
atomic layers of an ultrathin gold shell. Catalytic studies showed a high selectivity to CO
(95%) with conversion level between 4.5-18% and temperature range of 340-600 °C and ex-
situ STEM characterization showed the presence of core-shell structure, (ultrathin gold shell).
However, during in situ STEM imaging, a phase transition from the Ni@Au core-shell to a
NiAu alloy at similar reaction temperatures was observed. In situ TEM analysis was
performed and revealed that during the heat treatment from 450 to 600 °C the Au species at
the outmost surface were dissolved in the Ni matrix forming a mixed NiAu alloy [97]. During
the cooling process to 450-500 °C, the recovery of the Ni@Au core shell structure occurred.
To support their evidence reconstruction details of the NiAu surface were additionally
monitored during the recovery process from the NiAu alloy to the Ni@Au core-shell (Figures
5 J-n). Moreover, control experiments using a gas-cell reactor were carried out, which

allowed simultaneous imaging under a 1 bar reaction environment to minimize the ‘pressure
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gap’ between the in situ environmental TEM experiments (~9 mbar) and the actual reaction
conditions (1 bar) and they reproduced the reaction-driven alloying of NiAu NPs, which
confirmed the credibility of their original TEM results. These results were further confirmed
by in situ XAS and in situ FTIR studies. In addition, the DFT studies revealed the most
energetically favored reaction pathway, which consisted of two stages. The first one was the
hydrogenation of CO, to form the adsorbed CO and in the second stage, the most
energetically favored reaction pathway was the diffusion of the adsorbed CO from the Ni site
onto the Au site and finally the desorption of CO. These results conclude that the surface Ni
atoms offer the active sites for the hydrogenation of CO, and the surface Au atoms are

responsible for the selective production of CO [97].

4. Summary and Outlook

The results reported so far demonstrated that gold-based catalysts remain promising
catalysts for selective hydrogenation reactions. However, catalytic hydrogenations are
molecularly complex in nature and four key parameters can affect the reaction: light
assistance, size of the metal, interaction between the metal and the support, and the presence
of ligands or modifiers on the metal surface. All these parameters strongly influence the
hydrogen activation pathway. Depending on the activation mode (homolytic scission to H
atoms, and heterolytic scission into H*/H™ pairs), different degrees of efficiency in the
catalytic process can be expected. For example, it was demonstrated that the presence of some
organic linkers at the gold surface is necessary to perform selective hydrogenations due to the
heterolytic scission.

The control of the sintering tendency of Au species during reaction together with the
low solvent tolerance of these catalysts remains to date an important challenge. Research

works are being devoted towards the search for appropriate promoters and components able to
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improve the catalytic performance of Au-based catalysts. The shift from the use of gold
nanoparticles towards cationic gold single atoms seems to improve the catalysts durability and
open new ways for the regeneration of the catalytic materials [98].

Another important challenge will be the use of hybrid catalysts mixing single atoms
and nanoscale particles. In this case cascade reactions can be performed or reaction rate can
be significantly improved. This could be very interesting in the hydrogen involved reaction as
the hydrogen dissociation and reactivity is strongly correlated to the size of gold.

Finally, the fundamental understanding of the reaction mechanisms still requires
further investigation as it can provide practical information for the rational design of catalysts.
To understand the catalyst reduction process, the determination of the formation of
intermediates, by exploiting advanced in-situ characterization techniques, are required.
However, experiments and DFT simulations need to be combined to understand the

adsorption/desorption process and to explain the selectivity path to a specific product.
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