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Catalytic active sites consisting in isolated metal single atoms
can be found in enzymatic, homogenous and heterogeneous
catalysts. In heterogeneous catalysis, single-atom catalysts
(SACs) may offer high reactivity and selectivity towards some
reactions provided their local coordination environment and
electronic properties are correctly tuned. These sites generally
possess specific properties compared to metal nanoparticles or
clusters. Because of the difficulty, inherent in supported
catalysis, of preparing catalysts having a high homogeneity of

1. Introduction

The use of catalytic entities having only one metal atom is the
normality in homogeneous catalysis; and has become since the
beginning of this century a prominent research field in
supported catalysis." In homogeneous catalysis, the first
coordination sphere around the metal ensures the catalytic
performance and the stability of the coordination complex,
which can if adequately tuned withstand drastic conditions,
such as for the Rh- or Ir-catalyzed carbonylation of methanol.”’
The same thing prevails when isolated metal atoms (without
molecular ligand) are immobilized on a solid support,” and
intrinsic thermodynamic stability (chelate effect of the support),
kinetic stability and dynamic stability are key factors in
determining the reactivity of single atom catalysts (SACs).” This
extreme limit of the size of the active site (single atom, SA)
should be compared to clusters/nanoparticles (NPs) or bulk
metal. In homogeneous catalyst systems, there is the persistent
problem that metal clustering and aggregation/precipitation
cause catalyst decomposition and loss of activity. Pd black
formation in reactions of organic synthesis is a typical
example.”! Alternatively, the interconversion of various metal
species during catalytic reactions, including molecular com-
plexes, clusters and NPs® have governed the development of
the concept of “cocktail catalysis” in some dynamic systems.”
The transition that operates via subnanometric species (clus-
ters), whether in homogeneous or heterogeneous catalysis,
induces problems related to the stability of these species and to
the control of their activity/selectivity. Indeed, minor changes in
their environment, size and composition — such as the addition
or removal of a single metal atom - can have a substantial
influence on their performances.?’ Consequently, the use of
nanoscale metal particles or SAs can lead to more stable
systems, both in molecular- and in supported-catalysis, which
are generally preferred for industrial applications. Worth to be
noted is the dynamic formation of active metal SAs, which can
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active sites, these two species have had to coexist in many
supported catalysts. If the current trend is often limited to
comparing the reactivity of these two types of species, we will
see in this mini-review that for few years, work has highlighted
a possible synergy between these species to improve catalytic
performance. The different types of synergies are discussed, as
well as challenges and opportunities for such catalysts in
thermal-, electro- and photo-catalysis.

be stabilized on some defects of the support, from metallic NPs
acting as ad-atom reservoir,”) during catalytic reaction. Such
phenomenon has been particularly observed in the case of gold
catalysts supported on reducible oxide or carbon supports for
CO oxidation™ and acetylene hydrochlorination."" In all these
examples, the isolated atoms are more active than the NPs for
the studied reactions.

In term of reactivity, metal SAs and NPs often present
marked differences due to the coverage and ensemble
(ensemble of metal atoms in NPs)!'? effects, not present as such
for isolated metal species.”® Works by Sachtler and coworkers
in the 90’s on the reaction of H/D exchange of cyclopentane on
Pt/mordenites were already going in this direction." While
these differences in reactivity are often put forward to ration-
alize catalysis results,™ it is rarer that they are used to improve
the performance of a catalytic system for a given chemical
transformation. However, synergistic interaction between SA
species and metal NPs have the ability of catalyzing reactions
that cannot be easily catalyzed by SAs or metal NPs catalysts.
There are still few studies integrating molecular or enzymatic
catalytic species together with supported metal NPs;"® and
these studies are limited to cascade reactions. With regard to
single atom catalysis, the difficulty of selectively preparing SACs
with consequent metal loading means that SAs and NPs may
coexist in the catalysts prepared, including industrially."” In
fact, a growing number of articles have appeared in recent
years promoting cooperative catalysis between SAs and NPs
present on the same support,'® and structure-activity relation-
ships are under discussion in literature. Although the approach
is interesting, very few studies are still dealing with the use of
physical mixtures of catalysts (one containing SAs and the other
NPs).["!

When considering the possible synergy between SAs and
NPs on the same support, the question of communication
between these two species should be taken into account. Some
type of synergy does not involved communication, such as
synergy in parallel for cascade reactions (Figure 1a). In that case,
either the different active sites exhibit enhanced effects in a
catalytic reaction, or they catalyze different reactions separately,
resulting in bifunctional effects. For other types of synergy, a
communication through the support is operative. This is the
case for d-band regulation by electron transfer that can improve
the catalytic performance by regulating the adsorption strength
of the reactants and intermediates, and can contribute to
catalyst stabilization (Figure 1b). In that case, features such as
metal loading, species proximity and nature of the support
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Figure 1. Overview of themes discussed in this article related to synergy
between supported metal single atoms and nanoparticles.

should be taken into consideration to exploit cooperativity.
Communication is also needed when synergy operates in
tandem, which means that SAs and NPs are involved at different
steps of a given chemical reaction, like in some hydrogenation
reactions where metal NPs activated H, and SAs performed the
hydrogenation of the substrate (Figure 1c). Different interdisci-
plinary strategies including experimental and theoretical ap-
proaches are required for a holistic understanding of this type
of catalysis, which occurs perhaps unknowingly (due to the
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difficulties of detecting isolated atoms) in many catalytic
systems. This mini-review article focuses on present concepts
and accompanying future challenges in the field of the possible
synergy between supported metal SAs and NPs, highlighting
recent developments in catalysis.

2. Synergy in Parallel or Bifunctional Effect

For multistep tandem/cascade catalytic reactions, optimal
performances require the engagement of spatially defined
multiple distinct catalytic sites with different catalytic proper-
ties. Structural heterogeneity as the one obtained in mixtures of
SAs and NPs can be beneficial by promoting different individual
steps in certain complex multistep reactions.

Biobased 2-substituted benzimidazoles have been prepared
via a single-step cascade reaction involving dehydrogenation of
bio-alcohols and reduction of nitro groups on Cog, ., n/N—C
catalysts (N,C=nitrogen-doped carbon support) containing ZnO
basic sites (Figure 2a).”” Catalytic transfer hydrogenative cycli-
zation of 2-nitroaniline and bio-based furfuryl alcohol (FA)
toward 2-(2-furyl)1H-benzimidazole was first performed to
evaluate the catalyst performance. Experimental results and
DFT calculations suggested that Cog, have a higher activity for
the dehydrogenation of FA, while Coy can promote the
reduction of 2-nitroaniline. The proposed mechanism involved
several steps. First, FA undergoes dehydrogenation on Cog, sites
to generate furfural, and 2-nitroaniline borrows the hydrogen

(a) _0'-0’
o Y i _{

(b)

’
D
o _ 50

L. 2

Figure 2. Bifunctional effect for synergy in parallel with supported metal SAs
and NPs. (a) Reaction routes to bio-based benzimidazoles on Cosy_, p/N—C
catalysts.[“‘] (b) Evaluation of the individual reaction steps of cyclohexanol
dehydrogenation over Rhsy , \/C catalysts and the illustration of proposed
reaction pathways."”
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from FA, followed by reduction to o-phenylenediamine under
the action of Coy and Cog. Then, the two intermediate
products, o-phenylenediamine and furfural, undergo C—N
coupling cyclization to rapidly generate 2-substituted benzimi-
dazole on ZnO sites (alkaline local environment).

Cyclohexanol dehydrogenation requires a monofunctional
behavior (dehydrogenation) but contains two consecutive
chemical transformations (cyclohexanol-to-cyclohexanone - R;,
and cyclohexanone-to phenol - R,) including several C—H and
O-H bonds activation.”” On Rh, , \/C catalysts, the Rhg, show
the highest activity for R, whereas the Rhy, are mainly
responsible for R, (Figure 2b). The coexistence of Rhg, and Rhy,
significantly boosts the overall reaction. Considering the fact
that the TOF,/TOFg, ratio is equal to 6.5, an optimization of the
density of the two active sites but above all of their relative
proportion (Rhsa/Rhye ratio) should allow to further enhance the
catalyst performance. An efficient strategy for the oxidative
cleavage of C=C bonds in olefins using O, as the oxidant to
form esters with one or multiple carbon atoms less was
described using Cos,_, no/N—C catalysts (Scheme 1a).”? The Cos,
were the active centers for the Wacker-type oxidation of olefin,
and Coy, cleaved the C—C bonds in alcohols or ketones to form
esters. Quinolines and quinazolinones were efficiently produced
on a Fe;CypFeyFesy/N—C catalyst via a cascade coupling process
involving oxidative coupling of amines and aldehydes
(Scheme 1b).”® The catalyst consists in core-shell structured NPs
with metallic and carbide iron NPs as the core and layers of
graphitic carbon containing coordinated Fe—N, SAs as the shell.
Although the authors demonstrate that synergistic catalysis on
SAs sites and NPs was primarily responsible for high activity
and stability, no mechanism was proposed for that.

Electrocatalytic reactions usually involve multiple complex
reaction steps. Co-electroreduction of CO, and water into
synthesis gas was investigated on Nis,, p/N—C catalysts, on
which the SA/NP ratio was modulated via acid etching.?” The
Nis, show high selectivity towards the CO, reduction reaction
(CO,RR), while Niy, have preferential selectivity for the hydrogen
evolution reaction (HER). Interestingly, it was possible to tune
the CO/H, ratio of the syngas from 1:9 to 19:1 by controlling
the Niga/Niyp ratio in catalysts.

QP Q‘O & Cogsine/N-C
00 b 4 K,COs, MeOH
0,,150°C, 24 h

=g
QD b ~Q, (@)

& 'Q‘

Beg” %

| Y -
4 \:.0'.+ QPOD (gﬁo‘odgg_j (b)

Q
CIb B¢

Fe,CupFeysFes,/N-C
ZSsne EneT B T
H,0,. H,0-THF, 100°C

Scheme 1. Cascade reactions involving synergy between supported metal
SAs and NPs: (a) oxidative cleavage of C=C bonds in olefins using O, as the
oxidant to form esters;*” and (b) oxidative coupling of amines and
aldehydes to form quinazolinones.”"
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3. Synergistic Electronic Interaction

Synergistic effect due to (interfacial) electronic metal support
interaction (EMSI) to enhance the catalytic performance has
become a popular research strategy in electrocatalysis."®<*!
Basically, the energy-level (d-band) regulation by electron
transfer induced by the optimized structural configuration is
shown to improve the charge transfer and separation behavior.
Such type of interaction has to be considered for catalysts
presenting a high loading (density) of metal SAs, which can
modify the work function of the support but also altered the
electronic structures of SAs themselves.” In highly diluted
systems, the positive charge of the supported SAs originates
from the bonds formed between the metal and support,
leading to the electron transfer from the metal sites to the
support. Compared with highly diluted systems that exhibit
solely metal-support interactions, metal-metal interactions can
appear in highly populated systems (correlated SACs), which
can induce additional electronic effects via electron transfer
between adjacent metal SAs?”’ Metal Organic Framework
(MOF) pyrolysis often conducted to relative high SA density
(both on the surface and embedded) and to the presence of
metal clusters/NPs.”® The support decorated with large
amounts of metal SAs can be considered as a “modified
support”, which can improve metal NP stability.?® The syner-
gistic electronic interaction strategy has been used for many
reactions in electrocatalysis.

The oxygen reduction reaction (ORR) both in acidic and
basic media has been particularly studied since metal SAs (Co,
Fe) in an MN, environment (on N—C supports) are particularly
attractive for this reaction.’” For Fes,,»/N-C catalysts, the
active sites are the FeN, SAs, Fey, being poorly active.®" To
understand the role that Fey play in the experimentally
evidenced superior ORR activity of Fes,_ \»/N—C catalysts, DFT
calculations are usually performed. The wide variety of models
used, including Fey, on the support or on the Feg,, surely
explains the differences in the levels of rationalization proposed
from one study to another.?****=2 According to the experimen-
tal results, the ORR proceeds via a four-electron pathway
through O,*, HOO* O* and HO* key intermediates. The
explanation most often proposed is based on an electronic
effect provided by the Fey, located near the isolated Fe atoms.
The adjacent Fey, on the N-doped carbon support transfer
electrons to the support. This contributes to an increase of the
Fermi level about the whole system, meanwhile down-shifting
the corresponding d-band center and lowering the binding
strength of key ORR intermediates, hence enhancing both
catalytic kinetics and thermodynamics. This is generally accom-
panied by an increase of the Bader charge on the metal
SA.B?33 Increasing ORR activity was thus correlated to a
decrease of the adsorption energy of one OH*
intermediate,?***'3?*434 or modification of energy barriers for
OOH* formation or dissociation.®*® Fe,, were also proposed to
increase the local charge density of FeN, subsequently
enhancing O, adsorption/activation, resulting in the facile
cleavage of the 0—O bond.***?*? On N,P—C supports coloaded
with Feg, and Fe,P\,, DFT calculations have shown that
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phosphorous doping contribute to an upshifted d-band center
of Fe, facilitating the adsorption of O,. Thanks to the Fe,Py,, the
active Feg, atom is in a low oxidation state and is less positively
charged than in a Feg,/N,P—C catalyst, and serves as an electron
reservoir capable of donating or releasing electrons, thereby
improving the ORR activity.®™ It was also reported that in the
presence of alloyed Pt;M NPs (M=Fe, Zn), the Feg, immobilized
on a N—C support are electrodeficient, resulting in a weaker
adsorption strength of the OH* intermediate.®® A decreased d-
band center of Co atom for a Cos, , yp/N—C system compared to
its Cosa/N—C counterpart was reported to affect the binding
strength of key ORR intermediates (HOO*, O*).5” Bimetallic
systems such as PtCoypCoss/N—CP® or CoppRusy/N—CB were also
reported.

The alkali hydrogen evolution reaction (HER) is a multistep
reaction, of which the pathway is usually divided into three
steps: H,0 splitting (Volmer step), the subsequent Heyrovsky
desorption step, and H, desorption (Tafel step). A lowering of
the d-band center of Ru for a Ruy,Cos,/O—C system compared
to its Ruy/O—C counterpart (O—C: oxygen-doped graphene)
due to EMSI was reported to result in a in weaker but more
optimal H* binding strength for hydrogen evolution.?*? A
similar synergy was reported for a Ruy,Cosn/N—C catalyst
(Figure 3a)."” In that case, DFT calculation have shown that not
only the Gibbs free energy (AG,.) decreases significantly when
Ruye are associated to Cosy (AG..=-0.523, —0.287 and
—0.107 eV for N—C, Cog,/N—C and Ruy,Cosn/N—C, respectively);
but that the same tendency is observed for the energy barrier
for H,O dissociation (Figure 3b,c). Charge density distribution
shows an enhanced hybridization of the Ru-d and Co-d orbitals,

b) 1.6
i 1.2
>
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c
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Figure 3. Synergistic interaction between Ruy, and Cos, for HER. (a) HAADF-
STEM micrograph of a Ruy,Cosa/N—C electrocatalyst (5.36 % w/w Ru; 0.84 %
w/w Co). (b) Calculated free energy diagram for HER on different surfaces;
and (c) calculated energy diagram of the reaction path and corresponding
mechanism at different stages of H,O dissociation toward H, generation.
Reprinted from ref,“”’ Copyright (2019), with permission from Elsevier.

ChemCatChem 2023, €202300545 (5 of 12)

which is favorable for boosting interactions of dissociated
intermediates at the Ru—Co coupling centers. Electron density
difference mapping shows that the interaction of adsorbed H*
is more favorable on Ru compared to the Co, N and C centers.
This suggests that the synergy between Ruy, and Cos, can
efficiently stimulate cleavage of the HO—H bonds to generate
the H* species, which then adsorb at active Ru sites to boost
the HER kinetic process. On pure ruthenium systems where Rus,
and Ruy, coexist on an N-doped carbon support, first-principles
calculations have shown that Rus, present a much lower
hydrogen binding energy than Ruy,“" and no discernable
promotion of catalytic activity was observed for HER upon
coloading of Rus, and Ruy, on an N-doped carbon support.”?
Interestingly, when Rus, and Ruy, are coloaded and in close
proximity on a 3D crystalline fullerene network, a higher d-band
center was measured for the Rug,, \»/C catalyst compared to
Rus,/C or Ruy/C™ The higher d-band center was favorable
towards water adsorption and further dissociation. In addition,
the Russ, np/C catalyst facilitates the formation of H* and OH*
intermediates. On a whole, the synergetic interaction between
Rug, and Ruy reduced the reaction energy both from
thermodynamic and kinetic viewpoint. Combining Co,Ny, and
Cos, on N-doped CNTs also allows tailoring of the d-band center
and Bader charges. In such system, the Cog, provide the optimal
value of 0.01 eV of AG,.*¥

Platinum-based catalysts, including the ones containing
mixtures of Ptg, and Pty are generally considered to be the
most effective electrocatalysts for the HER. On sulfur-doped TiN
support, an optimized electronic structure of Pt for HER
(thermodynamically favorable hydrogen adsorption free energy
AG,.) was obtained when both Pts, and Pt,, were present on
the support™ On polymeric carbon nitride, the strong
electronic interaction between Pty (electron rich) and Ptg,
(electron deficient) tailors the 5d-band with a downward shift
of the d-band center, resulting in an optimized H* binding
strength compared to isolated Ptg, or Pty,.””” When Ptg, or Pty
were deposited on a Cogy/N—C support, the best configuration
for an optimized AGy» was obtained with Pty.®

Synergistic interactions resulting in a shift of the d-band
center were also reported for the oxygen evolution reaction
(OER) and overall water splitting. On Coyplrsy/N—C catalysts, the
Irs, showed poor activity toward the OER, and Coy, are the
active sites.*” Compared with the Co d-band center of —2.83 eV
in Cow/N—C, the Co d-band center in Copplrsi/N—C was
upshifted to —2.22eV. The upshift of the d-band center
strengthened the binding of intermediates with Coy during
OER. When the Irs, were located next to Coy, (at a distance of
8.2 A), the rate determining state (rds) transitioned from the
formation of *OOH in Coy/N—C to the formation of *O.
Moreover, the energy barrier of the rds was reduced from
1.81 eV on Cow/N—C to 1.72 eV on Copplrsa/N—C. Chen et al.
have proposed that integrating Cus, and Cuy, on N-doped
carbon in a single catalyst can not only adjust the sizes and
metal loadings of Cu sites, but also regulate the local electron
densities of Cu 3d orbitals, thereby contributing to rapid
intermediate adsorption/desorption towards highly efficient
water splitting.””
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In Li—CO, batteries, both CO,RR (4Li" +3CO,+4e —
2Li,CO;+C) and CO, evolution reaction (CO,ER; decomposition
of Li,CO; into Li™ and CO,) occur during the discharging and
reverse charging process, respectively. On Rus,_ n/N—C cata-
lysts, significant electron transfer between Rug, and Ruy, was
observed both experimentally and by modeling.”" The Rug, , ns/
N—C catalyst displays a lower work function than Rugy/N—C
implying easier electron-emitting. The projected density of
states of the Ru atom in Ru—N, sites in Rus,  np/N—C and Rus,/
N—C shows that both the d-band center and state density
display significant difference, which verifies the electronic
structure modulation for the Ru atom in Ru—N, sites by adjacent
Ruye. The energy barriers for most sub-steps of CO,RR (and
CO,ER) occurring on Rug, of Rug,, n/N—C are lower than that
occurring on Ruye as well as that occurring on Rug, of Rus,/N—C,
suggesting that the Rug, should be the active site in the Rus,
n/N—C catalyst. In this catalyst, the different interaction
behavior between intermediate and the Rug, sites are essen-
tially caused by the Ruy, nearby.

Methanol®? and ethanol®® electrooxidation reactions were
investigated on Pd-based catalysts deposited on carbon. Differ-
ent synergistic interactions were evidenced according to the
system investigated. On a N—C support, a mixture of Pds, and
Pdy» was used for methanol electrooxidation (MOR).®? In that
case, DFT calculation have shown that: i) the Pds, are not the
active phase; ii) the d-band center of Pdy, in Pdg, . \/N—C and
Pd\s/N—C catalysts are the same; and iii) the charge transfer is
the key factor for the weakened binding strength with CO*
species, suggesting a facile CO removal (improved CO poison-
ing resistance). So, in that case it is the EMSI between Pdg, and
the N-doped carbon support that boost the electron transfer at
their interface, decreasing the charge transfer from Pdy, to the
support, thereby reducing the adsorption strength of CO on the
Pdy and optimizing the MOR. When palladium-cobalt
phosphide (PdCo,P) NPs and Pdg, were deposited on graphene
oxide (GO) for ethanol electro-oxidation reaction (EOR) the EMSI
results in a shift of the Pd d-band center that tailor the
adsorption/desorption of reactants or intermediates, leading to
an enhanced EOR performance.”® Synergistic interaction be-
tween PtZny, and Zng, immobilized on a N—C support was also
reported for electrochemical ozone production.®

Synergistic electronic interactions between metal SAs and
NPs were also reported in photocatalysis. Photocatalytic CO,
reduction and C—C coupling to form ethylene was investigated
on AuCuye-Cug,/TiO, catalysts.* The generation of photo-
generated electrons and their migration to the surface to react
with CO, are fundamental processes in photocatalytic CO,RR.
The photogenerated electrons promoted by AuCuy, under
visible light are transferred to nearby Cus,, which can effectively
promote the charge transfer and thus improve the photo-
catalytic activity for CO, reduction. Combined in-situ IR studies
and DFT calculations have shown that compared to AuCuyy/
TiO, or Cus,/TiO, catalysts, the synergistic function of AuCuy,
and Cug, enhances the adsorption and activation of CO, and
H,O, and lowers the overall activation energy barriers for C,H,
formation. Photocatalytic HER was investigated on Aug, , \»/TiO,
catalysts using a Na'-modified defective TiO, support.”® The

ChemCatChem 2023, €202300545 (6 of 12)

reaction mainly consists of two steps: i) the photogenerated
electrons reduce the adsorbed H* to produce H*; and ii) H*
converts to H, and desorbs from the photocatalyst surface. A
cascade electron transfer from Auy, to TiO, and Aug, for charge
separation was evidenced. The Auye and Aus, possess different
affinities for electrons, inducing their different roles as electron
donors and reservoirs during charge separation, respectively.
The same reaction was studied on Pds,, \»/TiO, catalysts.>”
Theoretical calculations have shown that the synergistic effect
of Pdy and Pds, can optimize the d-band center, and
equilibrate the adsorption and desorption of intermediates
during the reaction. The Pd,, effectively promote the electron
transfer to Pd., resulting in superior charge carrier separation
efficiency. The Pdg, is the active site that capture electrons to
reduce H* into H,.

Up to now, relatively few studies report synergistic
electronic interactions in thermal catalysis. Zhang and co-
workers employed such a strategy to regulate the chemo-
selectivity of a Pd catalyst for p-iodonitrobenzene
hydrogenation.”® Pdy, and Zns, were coloaded on a O-doped
carbon support coated on alumina. Three catalysts were tested:
Pdyp/O—C@Al,0;, Zng,/O—C@ALLO;, and PdypZns,/O—C@AlLO;.
The Zng,/O—C@Al,O; catalyst was not active. PdypeZns,/
O—C@Al,O; is more active than Pdy,/O—C@Al,O; and shows
high selectivity in hydrogenation of the iodo group rather than
the nitro group in p-iodonitrobenzene to yield nitrobenzene.
Density of states analyses show that the presence of Zn, move
up the d-band center of Pd by approximately 0.94 eV, which
accords with XANES analyses. For pure Pdy, p-iodonitroben-
zene tends to adsorb on Pd atoms through both nitro and iodo
groups, indicating that both two groups tend to be activated
and hydrogenated. For Zng, inserted Pd, the iodo group
remains on Pd atoms where it can be hydrogenated, while the
nitro group tends to interact with Zng,.

4. Synergy in Tandem or Binary
Complementary Effect

For reactions where the active phase must activate dihydrogen,
the cationic character of the SAs makes them clearly less active
than the NPs. This is for example the case of alkene hydro-
genation with Pd-supported catalysts, which is clearly favored
over Pd,."* However, it has been reported that cooperativity
can function between Pds, and Pdy, supported on carbon for
the hydrogenation of alkenes.”” The observed cooperativity
involves: (i) the activation of H, on the Pd,, (ii) the spillover of
hydrogen on the carbon support, which allows the formation of
H—Pd;, species, and (iii) the catalytic reaction on the H—Pdg,
species, which are much more active for hydrogenation than
the H—Pdy, species (Figure 4a).>* Even when a very small
number of Pdy, are present, the activity is quite different than
the Pdg, alone. This can be a common issue in studies aimed at
examining solely the properties of SA in catalysts actually
presenting a distribution of structures. A similar synergy was
reported for other reducing agents such as NaBH, for 4-
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Figure 4. Binary complementary effect for synergy in tandem with supported
metal SAs and NPs. (a) H-spillover assisted cooperative catalysis between
supported metal SAs and NPs for hydrogenation reactions. (b) Conversion of
a LA/HMF mixtures to GVL and FDCA by synergistic catalysis between Rus,
and Ruy,.®

nitrophenol reduction on Pds,_, \/C catalysts,* or hydrazine on

Mog,M0oO, »/N—C catalysts for transfer hydrogenation.®” Inter-
estingly, when using hydrazine as reducing agent on Feg,-Fe,0;.
np/N—C catalysts for selective reduction of nitro compounds, an
opposite situation was observed. In that case, it is the Feg, that
generate hydrogen by hydrazine decomposition and the nitro-
benzene reduction to aniline is performed on Fe,0; y, surface.””
In this type of cooperative catalysis, the best control for the
balance between H, activation on NPs, H-spillover and the H-
Mg, catalyzed hydrogenation rate involved a control of the NP/
SA ratio®?% and of support surface chemistry for optimized H-
spillover. The generality of this type of synergy in hydro-
genation or hydrodeoxygenation®™ has been demonstrated. It
can involve metals other than palladium, such as Pt or Rh.**" A
wide variety of substrates such as ketones and aldehydes,"
nitroaromatics,’®” C0O,,2%%*® quinoline,’®® phenol derivatives® or
alkynes can be (selectively) hydrogenated thanks to this
cooperative catalysis.

Multiple reactions were also investigated. Thus, Rus . np/N—C
catalysts were used for the hydrogenation of levulinic acid (LA)
and the oxidation of 5-hydroxymethyl furfural (HMF).”® The
substrate mixture of LA and HMF was efficiently converted to
the desired products y-valerolactone (GVL) and 2,5-furandicar-
boxylic acid (FDCA) in a one-pot fashion (Figure 4b). The
synergistic mechanism involved first H, dissociation over the
Ruye surface and H-spillover from the Ruy, to N atoms of the
support. The formation of the N—H bond increases Rug,
metallicity and strengthens LA adsorption. The Rug, perform
better in LA hydrogenation than Ruy, and the product HPA
also desorbs easily to the solvent and it is subsequently
transforms to GVL through intramolecular esterification. The
Ruye show also high activity in O, dissociation and HMF is
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adsorbed upon the Ruy, surface to be oxidized to the final
product FDCA.

In addition to carbon supports, other supports such as
reducible oxides can be involved as long as they promote H-
spillover.®® When the metal SA is directly deposited on a metal
NP, resulting in a single-atom alloy (SAA) catalyst, H-spillover
occurs on the surface of the metal NP. This mechanism has
been proposed for Pto,-Cup”" and Pds,-Cuy,’? systems that
selectively promote the hydrogenation of C=0 bonds in
unsaturated aldehydes and alkynes, respectively, in which H,
activation is proposed to occur on the noble metal SAs and
hydrogenation on the surface of the NPs.

This type of synergy in tandem involving H-spillover is not
limited to thermal catalysis and has been reported to be
operative in electro- and photo-catalysis. Thus, for the alkaline
HER on Pts,_ \/C catalysts, the Pty, are beneficial to water
dissociation, while Pt;, favor the H-H coupling into gaseous
dihydrogen.” A similar behavior was also reported for photo-
catalytic HER on Ptg,_, np/CdS and Ptsy , ne/TiO, catalysts.”

On Rug,-RuOy,/C catalysts, experimental and theoretical
results suggest that the high HER electrocatalytic activity can be
attributed to the following synergic catalytic pathway: i) first,
H,O is adsorbed on Rug,; then, ii) the oxygen of RuOy, and the
Rus, has strong binding affinity for hydrogen and hydroxyl
groups, respectively, which accelerates water dissociation.
Finally, H-spillover from RuOys to Rus, the Rus, has a weak
hydrogen binding energy, promoting hydrogen desorption
after 7' Such mechanism, which also involved synergistic
electronic interactions between Rug, and Ruy, (electron transfer
from Ruye to Rusy) was confirmed for various Russ np/(N—)C
catalysts."*’® The electrochemical reduction CO,RR into value-
added products by using clean energy and water (proton
source) is a promising route toward carbon neutrality. Copper-
based tandem electrocatalysts integrating Cug, and Cuy, for
CO,-to-CO conversion have been reported.”” For this reaction
on Cug,, no/N,S—C catalysts, Cuy, catalyzed water dissociation
and offered *H via H-spillover to the Cus, which has an
optimized binding energy for the key intermediate *COOH. The
resulting *COOH intermediate was easily converted into *CO.
The integration of Cuy, adjacent to Cug, reduces the energy
barrier of *COOH formation (synergistic electronic interaction).
For the nitrogen reduction reaction (NRR) on Mo,CypMos,/CNT
catalysts, DFT calculations have shown that the Mo,Cy, are the
active centers for N, production.” In that case, the Mo, are
more selective for the HER reaction (H"+e — H¥) and
contribute to create an H*-rich microenvironment around the
Mo,Cyp, Which is favorable for N, activation, and improve the
overall selectivity and activity. Synergy between Pds, and Pdy,
via H-spillover was reported for enhancing CO, photoreduction
to CH,.” Mechanistic studies revealed that the Pds, activated
the CO,, while the Pdy, boosted water dissociation for increased
H* coverage. Proximity between Pds, and Pdy, is required to
stabilize intermediates such as *CHO, thereby favoring the
pathway for CH, production.

This type of synergy involving spillover is not limited to H-
spillover as shown for CO, methanation on various catalysts. On
Rug,Niye/Ce0, catalysts, it was proposed that the Rug, converted
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CO, to CO, while the Niy, were highly efficient for the
subsequent CO methanation step.®” For the CO,RR on Cusy, ne/
N—C catalysts, mechanistic analysis suggested that CO, is first
reduced to CO over Cug, followed by diffusion onto the
neighboring Cuy, for further reduction into CH,.®" On Cuga_ np/
SiO, catalysts, the reverse water gas shift reaction (WGSR) was
catalyzed by Cuy,, while Cug, helped to inhibit CO desorption
and further facilitate its hydrogenation to methanol.®? For the
WGSR on Cus,, \/AlLO; catalysts, Cus, strongly bind CO, and
increase its concentration on catalyst surface to form a CO
“pool” around Cuy,, Which are the active sites for the WGSR.**
Single atom alloys have been shown to be highly selective for
acetaldehyde production from ethanol dehydrogenation.®” For
ethanol dehydrogenation on NiCu SAAs, a spillover-mediated
pathways from Nig, to Cuy,e of a hydroxyethyl intermediate (the
dominant intermediate) was proposed based on microkinetic
simulations. DFT studies coupled to kinetic and spectroscopic
investigations have allowed to shed some light on the reaction
mechanism. First, Nis, selectively activate ethanol by a-C—H
bond scission (the rate-controlling step of the reaction)
providing the 1-hydroxyethyl intermediate. After spillover of
this intermediated from Nig, to Cu, the final O—H bond cleavage
step to form acetaldehyde takes place over the Cuy,.*” For the
EOR on PdyNigy/C catalysts, the Pdy, catalyze the C—C bond
breaking of ethanol, while the Nig, promote elimination of CO
as CO,.® This mechanism should involved CO spillover on the
support. Spillover of hydroxyl was also proposed to rationalize
the results obtained with Cog,PtCoy\p/N—C catalyst for the
photocatalytic overall water splitting without the use of any
electron sacrificial agents.®”” The Cos, are the active sites for
H,O activation and a spillover phenomenon of hydroxyl groups
occurs between the Cog, and the PtCoy,. The Cog, act as highly
active sites for the HER half-reaction. Simultaneously, PtCoy, are
configured to act as highly active sites for the OER.

When anchored on reducible oxides, some metal SAs
greatly enhance the reducibility of the support and contribute
to the generation of oxygen vacancies (0,).%¥ When NPs coexist
with SAs in such systems, synergy in tandem can also operates.
On Sng,-Myp/TiO, catalysts (M=Au, Ru, Pt, Ni) used for the
hydrogenation of nitroarenes, the Sng, contribute to the
creation under the hydrogenation conditions of O, on the TiO,
surface; on which the nitro groups are adsorbed.® The nearby
metal NPs activated H, and provided hydrogen atoms that
facilitate both generation of O, and nitroarene hydrogenation.
On a Pd, ., \/TiO, catalyst used for water splitting coupled with
selective oxidation of benzylamine to N-benzylidenebenzyl-
amine, the electron transfer from Pds, to the support contrib-
utes to the stabilization of abundant O, which act as active
sites for the adsorption and activation of H,O and
benzylamine.”® Meanwhile, the Pdy, promotes the photogen-
erated charge separation and provides the optimum sites for
HER. The N-benzylidenebenzylamine is produced on the O, by
the condensation between benzylamine and an imine inter-
mediate, which is formed during a multi-step mechanism
involving the holes in TiO, as well OH™ and OH species. When
anchored on non-reducible oxides such as zirconia, O, can also
be formed because of charge imbalance between cationic metal
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SAs and Zr'" in the crystal lattice.®” In ternary Pd—In,0,~ZrO,
catalysts used for CO, hydrogenation to methanol, low-
nuclearity palladium species were detected, among them Pd**
species detected by EPR, indicating that Pd is strongly
interacting with In,0;, likely replacing In*" ions in the
structure.®® The remarkable methanol productivity of this
catalyst was attributed to a higher density of O, (likely stabilized
by ZrO,) on this ternary system compared to the binary
counterparts. Further studies are needed to acquire detailed
insights into the reaction mechanism on this ternary system.

Finally, synergy in tandem requiring high proximity be-
tween SAs and NPs was also observed for glycerol selective
hydrogenation to glyceric acid on Pts, ., »/Ce0,”” and Ptg, , wp/
Cu—CuzrO,"® catalysts. In that case, some steps of the
mechanism were proposed. First, the —OH bond activation
occurred on the Pty, leading to the H abstraction. A C—H of
glycerol was activated on the adjacent Pts,, which is the rate
determining step. The cleavage of this C—H yielded propional-
dehyde, which is adsorbed on the Pty, via its C=0 bond, and
the C—H of the aldehyde is reactivated by the Pt;,. An oxygen is
finally inserted in the activated C—H bond, forming glyceric
acid.

5. Summary and Outlook

The absence of ensemble effects in SACs and the charge
transfer to or from the support significantly affect the
adsorption and induce a different reactivity compared to
metallic NPs. This offers the possibility to have in SA-NP
mixtures the same metal in two different oxidation states on
the same support, which can be beneficial for some reactions.
Bimetallic systems can also be considered. It emerges from this
analysis on the work carried during the few last years that two
types of cooperativities between SAs and NPs are generally
proposed. The first type involves two-site catalysis (synergy in
tandem and in parallel) with one type of chemical trans-
formation occurring on SAs and another type on NPs. For the
second (synergistic electronic interaction), the role of NPs is
limited to modifying the electronic structure of SAs and vice
versa, which leads to a modification of the reactivity. We of
course suggest that the reader keep in mind that these two
types of cooperativity could also coexist, particularly for highly
loaded catalysts where synergistic electronic interaction have
been evidenced. It is clear that this type of cooperative catalysis,
which undoubtedly exists in many catalysts, opens up a large
number of perspectives but also challenges (Figure 5). Once the
possible synergy between supported SAs and NPs has been
demonstrated for a given reaction and catalytic system, the
question concerning their spatial distribution on the support
but also the proportion of a type of species compared to the
other must be asked. Indeed, these two fundamental character-
istics of a system containing both metal SAs and NPs will have a
profound influence on the extent of the synergy, and ultimately
on the catalytic performance. The influence of the inter-site
distance®® or SA loading/density®** as well as of the SA/NP
ratio**%3 on catalytic performance has already been demon-
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Figure 5. Main characteristics of a catalyst with a mixture of metal SAs and
NPs to be considered and their impact on the catalytic performance.

strated in few studies dealing with monometallic systems. In
that context, strategies are needed first to increase the density
of metal SAs (if synergistic electronic interactions are aimed),
while maintaining the homogeneity of the sites and avoiding
the formation of any clusters or particles.”® Additional work
should be definitively performed to understand the effect of
inter-SA distance in SACs for electro- but also photo- and
thermal-catalysis. Second, synthetic strategies are also needed
to prepare catalysts presenting similar metal loadings, similar
NP size and controlled ratio of SAs and NPs to investigate
synergy in tandem and in parallel. Considering the difficulty of
this task, it might be interesting to use physical mixtures of
pure metal SAC and pure supported NP catalyst."® Although in
that case the communication between the species can be
degraded since the two species are not on the same support,
this approach offer the possibility to mix or not (dual beds of
catalysts) the two species.

Another possibility will be to use a pure SAC and to add
controlled amount of preformed NPs (colloidal NPs). Although
this approach involved the use of ligands to stabilize the NPs,
which can introduce some complexity in the system, it offers a
high flexibility to control accurately the SA/NP ratio on the
same support, while maintaining loading and NP size fixed.
Although monometallic systems constitute most of the current
literature on cooperative catalysis between SAs and NPs, the
use of bimetallic systems has also been reported. Such an
approach opens a vast chemical space for the discovery of new
reactivity’s and poses new challenges in terms of synthesis but
also of characterization.

Fine characterization of catalysts containing mixtures of SAs
and NPs (homo- or hetero-bimetallic) is highly challenging and
deserves more studies. There are several techniques to analyze
the distribution of metal SAs and NPs, including under realistic
operating conditions.®” The first one is high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM), which allows probing supported SAs and NPs on an
atomic scale, whether by Z-contrast imaging of structure, or by
chemical analysis using energy dispersive X-ray spectroscopy
(EDS), and electron energy loss spectroscopy (EELS). Such
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analyses require care to avoid electron beam damage to single-
atom sites.

In addition, microscopy is a local probe, and other
techniques can be used to confirm the STEM results while
analyzing a significant amount of the produced catalysts. These
techniques are X-ray absorption spectroscopy (XAS), X-ray
Photoelectron Spectroscopy (XPS) and Diffuse Reflectance Four-
ier Transform Infrared Spectroscopy (DRIFTS), which all present
some limitations. DRIFTS provides chemical and structural
information related to surface species and on occupancies of
the metal d states, commonly through measurement of
adsorbed probe molecules (e.g., CO). However, DRIFTS is not
possible on carbon materials because they absorb most of the
IR radiation. On oxide supports, the presence of multiple
speciation in samples containing both SAs and clusters may
complicate the interpretation of the spectroscopic data. In that
context, complementary XAS analyses assisted by DFT can be
helpful ¥

XAS is a popular technique for SAC characterization,
which allows extracting electronic and geometric structural
information and that is well adapted for samples containing
only SAs or only NPs. When mixtures of SAs and NPs are present
this method shows some limitations." It should be noted that
EXAFS is more sensitive to heavier elements, than lighter ones,
which means that the metal-metal distances in the NPs will
dominate the results. When analyzing mixtures of SAs and NPs,
EXAFS is not sensitive enough to identify SAs, which may easily
confuse the contributions from small clusters or NPs due to the
polydispersity and disorder effects. In addition, it has been
shown that EXAFS is not capable of unambiguously identifying
the co-existence of oxidized or even metallic NPs as minority
species in samples containing predominantly SAs, yet such
minority species may often contribute to the catalytic
behavior %’

XPS is a widely used surface-sensitive quantitative techni-
que to probe the chemical and compositional properties of
solid surfaces and to determine the surface electronic struc-
tures. In XPS, semi-quantitative determination of a SA/NP ratio
can be difficult in samples with a significant amount of clusters
that present, as SAs, significant charge transfer with the
support.® The situation becomes even more difficult when it
is necessary to characterize heterobimetallic systems. Indeed, in
this case and because of the synthetic routes used, it is possible
that the SAs are located not only on the support but also on
the surface of the NPs of the second metal (SAA type). It will
then also be necessary to study the possible synergy between
these different species/situations. It is important to keep all
these difficulties in mind when characterizing these complex
systems containing metal sites ranging from NPs to clusters and
SAs that definitively required the use of the complimentary
characterization techniques discussed above, but also of others
such as solid-state nuclear magnetic resonance (ss-NMR),"%% or
Mossbauer spectroscopy.'® An alternative to multiple charac-
terization techniques, which has been rarely examined, consist
in studying structure sensitive catalytic reactions (reaction
testing direct strategy)."*'"'® Owing to different reaction
mechanisms/kinetics on SAs and NPs, reaction kinetics can

[99]
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serve as a surface sensitive characterization tool for quantifying
their surface site fractions.

It is also worth noting that all studies relating to the
cooperativity between SAs and NPs are essentially based on
catalytic results, often coupled with modelling studies. The
rationality of theoretical modeling shall be consistent with the
actual characterization results, and great care should be taken
in the choice of a realistic model. This is a crucial point for the
rationalization of catalytic results, which is often based on DFT,
as we have seen in the case of Feg, \»/N—C catalysts for ORR.
Finally, if we consider that the proposed synergies constitutes
possibly only one explanation among others for the catalytic
performances (e.g. coordination sphere of SAs, size of metal
NPs, distance between SAs and NPs...), it is important to carry
out, in complement of DFT calculations'®™ and machine
learning tool use,"® operando/in-situ studies on such complex
systems to support the hypotheses put forward, as it has
already been done in the case of SACs.”"®
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REVIEW

Cooperative catalysis: Exploiting the
synergy that can exist between
single atoms and nanoparticles is a
stimulating approach to improve
catalytic performance, which opens
up perspectives and challenges in
terms of catalyst synthesis and char-
acterization. In this mini-review we
discuss the main synergies observed
to date and discuss selected
examples where the origin of the
synergy was evidence to elucidate
reaction mechanisms.
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