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MINIREVIEW WILEY-VCH

Reactivity of Single-Atom Heterogeneous Catalysts: Unique and
Multifaceted

Sharon Mitchell,* Evgeniya Vorobyeva, and Javier Pérez-Ramirez*
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Abstract: Single-atom heterogeneous catalysts (SACs)
attached to carefully chosen hosts, are attracting considerable
interest, principally because they offer maximal reactivity per
metal atom and are usually readily recyclable. But the diminution
of the atomic population of nanoparticles or nanoclusters to
single atoms can significantly alter reactivity owing to
consequent changes in the active site structure. By examining
various, diverse applications, we ascertain whether the
performance of SACS is enhanced or depressed. We also note
that SACs generally display unique kinds of catalytic cycles. The
choice of host is crucial, since it influences both the electronic
and steric environment of the metal center. Moreover, it may
function as a co-catalyst. All these aspects impact upon the
design of new SACs, which exhibit similarities between hetero
and homogeneous predecessors. In addition, SACs offer a
viable replacement of soluble metal complexes in processes that
remain difficult to heterogenize.

1. Introduction

The ability to develop high performance catalysts is
fundamental to the innovation required to meet the sustainability
goals of modern society." A universal design principle is the
synthesis and assembly of molecules and/or materials
integrating active sites with optimized geometric and electronic
properties. Catalysts can be divided into two general types,
those that work in a different phase from the reactants
(heterogeneous catalysts) and those that are used in the same
phase (homogeneous catalysts). Because they typically operate
via different mechanisms, two distinct branches of catalysis have
evolved independently. Heterogeneous catalysts are widely
favored by industry for their easy recovery and robustness.
Interestingly, although the function of catalysts has long been
known to be surface driven,” most major advances in supported
metal systems still refer to the use of nanoparticles (NPs). Even
when small,®! the dispersion (D = number of surface atoms/total
number of atoms) can be low (around 20% for a 4 nm particle)
with a large fraction of frustrated bulk atoms.

An innovative area of research, is the development of single-
atom heterogeneous catalysts (SACs), nanostructured solids
that integrate spatially-isolated metal atoms on appropriate host
matrices (Fig. 1).% At the maximum limit of metal dispersion,
these pioneering materials generate great interest due to the
potential for every atom to contribute to catalytic turnover in a
targeted application. At the same time, the increased active site
uniformity and closer structural resemblance has led several
authors to postulate that SACs may be able to mimic the
desirable highly specific selectivity of homogeneous catalysts,
the use of which still dominates in many fine chemical
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Figure 1. Structural features of metal catalysts based on supported NPs or
SAs, or soluble complexes that originate active sites with distinct properties
(grey boxes).

applications.®! The alternative heterogenization of these soluble
metal complexes, primarily by grafting or encapsulating them
onto suitable supports, has met with marginal success. Loss of
structural flexibility upon immobilization, reduced accessibility,
and instability due to metal leaching have all been cited for the
inferior performance.”? SACs differ from these anchored
complexes because they minimize the use of labile and often
unstable ligands, with the metal fully or partially coordinating to
immobile hosts.

The design of an SAC can be expected to require the
harmonization of multiple attributes such as high stability to
sintering or metal loss, the presence of sufficient and uniform
active sites, well-tailored electronic and geometric structure, and
scalability. To meet the goals of improving metal utilization in
heterogeneously-catalyzed processes or replacing
homogeneous systems it is imperative to understand how the
properties of SACs compare to catalysts based on supported
NPs or soluble complexes (Fig. 1), and how this affects their
reactivity. Exploring the distinct catalytic behavior of supported
metal catalysts of different size, Liu et al. recently highlighted the
need for improved structure-performance relations over SACs.®!
Wang et al. also touched upon this question in a review on
developments in the field of SACs.[

To provide a complementary perspective, in this minireview
we begin by concisely analyzing the key structural and electronic
characteristics of SACs. Subsequently we explore their reactivity
in diverse, prominent applications identifying when they display
better or worse performance with respect to traditional
heterogeneous and homogeneous analogues. In each case, the
link between the observed changes in the catalytic cycle and
property distinctions is examined.

2. Properties of SACs

One of the first challenges in the development of SACs was how
to stabilize metal atoms against sintering or leaching in sufficient
amounts to give appreciable activity. Metal-containing zeolites
and zeotypes, in which metal centers were mainly isolated in
crystallographic positions, were among the most notable early
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Figure 2. Diverse host materials that have been studied to prepare SACs. Representative examples illustrate the distinct reported metal coordination sites. The
significantly different structures are expected to have a decisive impact on the performance, as elaborated in this review.

examples of successful SACs.'” Aided by synthetic and
analytical advancements, a huge range of potential host
materials has now been reported (Fig. 2), encompassing metal
oxides,[""" metal hydroxides,'5'®] metals (also termed single-
atom alloys, SAAs)['"18 micro/mesoporous materials like
zeolites,'®?% metal organic frameworks,?'?? and silicas,?3%4
carbon-based,?>?8  organopolymers,?%30 nitrides, %3 and
carbides.* Further extending the diversity of this framework,
host functionalization strategies, for example through the partial
surface hydration,®® introduction of alkali metals,®® or
decoration with ethylene glycolate species,’”! have also been
successfully demonstrated to enhance the anchoring of metal
atoms.

Significant differences in the possible binding sites can be
envisaged depending on the type of host, and consequently in
the type of bonding, coordination number, and steric

environment (i.e., the three-dimensional surroundings) of metal
centers. Metal (hydr)oxides exist in a wide variety of geometric
arrangements and crystal forms and may exhibit anionic or
cationic vacancies forming phases of distinct stoichiometry.
Various preferred coordination sites have been predicted for this
class of host, mostly associated with the substitution at specific
crystallographic positions. Although this structural diversity
presents an analytical challenge, it offers significant tunability of
the active site, as recently highlighted for Pt;/CeQO..'¥ In
comparison, SAAs are characterized by two features, the more
active metal is present in low concentrations, and atoms of this
metal are thermodynamically more stable when surrounded by
the host.l*! Most reported systems comprise substitutional alloys,
reflecting the similarity in the atomic radii. For practical
application, SAAs are also supported, and thus may present
different inequivalent atoms depending on both the relative



Agi4l
Pd Cut Aut4l Fe,0,1el ALO, 47
Ce0,51 Al,0,48l
A—A N5
Cutés Fe,0405 FeQ,l5
i cls2l cis3l CeO,*1 Ni(OH),!"
C54  N-CI55IN(O)-Cl54 PMA-CI56l
mgows,  APd®Y
TiO,58 ALO,BEITIO B8 TiO,90 Ce0, 81
Au HfO,601 ZrO,i0 Ce0,% FeO, FeO,5!
B—m—@ o O
B-Cl62 B-Cl62] Cl62] N-Cl621 N-Cl62I
T T T T T T T T
-0.5 0.0 0.5 1.0 1.5

Bader charge / e~

Figure 3. Predicted Bader charges of Pd, Pt, or Au atoms on various metal
(green triangles), metal oxide (red circles), or carbon-based (blue squares)
hosts. Multiple values for the same host correspond to distinct coordination
sites.

metal concentration and the size and morphology of the NPs.(9
Furthermore, it is known that the active metal can go into sites
beneath the top-most layer (subsurface),*® becoming similarly
inaccessible as bulk atoms in NPs. In carbon-based hosts and
related materials, the most favorable coordination sites are
usually heteroatoms (N, O, S, or P).?%32 The high level of
control over the heteroatom content (e.g., nitrogen can be varied
from 0-60 wt%) originates immense scope for tuning the density
and structure of the coordination sites within functionalized
carbons.*! There is some indication that metals can become
encapsulated in the bulk of carbon-based supports, which may
also lead to reduced specific activity.[*?

The choice of host can be expected to have a major impact
on the electronic characteristics of the metal. Quantum size
effects, due to electron confinement in the absence of
neighboring atoms with similar energy orbitals (most non-metals),
will be accompanied by a shift from continuous energy bands to
discrete atomic orbitals.*¥ In addition, the strong interaction with
the host required for stabilization of SAs often results in bond
polarization, which can lead to extensive charge transfer from or
to the metal, originating cationic or anionic species. A survey of
the predicted electronic state of Au, Pt, and Pd atoms on distinct
hosts,#*4-62 quantified based on the robust method for charge
analysis introduced by Bader,®® emphasizes the significant
potential changes in the degree of electron transfer (Fig. 3). As
expected, a much narrower range of charge states is anticipated
for SAAs than for SACs based on oxide- or carbon-based
materials. In the latter hosts, noteworthy differences are also
observed for inequivalent sites on the same materials. For
example, the calculated values for gold atoms bonded to axial or
pyridine sites in N-doped single wall carbon nanotubes were 0.9
and 0.41 e, respectively.®?

Another consideration is that SACs by definition do not
contain adjacent metal centers. Thus, ensemble effects can be
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foreseen in reactions requiring close proximity between active
sites. Indeed, the activity of isolated metal ions has been
confirmed in several applications in gas-phase catalysis,® but
they are not always effective. Similarly, SACs may be inactive in
certain applications unless the reaction proceeds via a distinct
mechanism and/or the matrix can fulfill the required catalytic role.
For example, pyridinic N sites in carbon nitride have been shown
to adsorb hydrogen atoms in the selective hydrogenation of
alkynes leaving the metal center free to coordinate the organic
substrate.® The integration of polydentate coordination sites
may enable highly flexible bonding of the metal to the host. In
this respect, carbon-based hosts appear to offer huge potential
as the precision synthesis becomes more advanced.
Understanding the complex interplay between the structural
and electronic effects described in this section and the catalytic
performance will be essential to develop design principles for
SACs. Surprisingly, most studies to date have examined
different types of host independently. As recently stressed in a
first theoretical attempt to provide a common framework for
evaluation, efforts to compare the properties of SACs based on
different materials will undoubtedly be of great value.5%
Improving knowledge of how SACs evolve under reaction
conditions and how this affects the properties is also crucial to
develop representative correlations with the performance. The
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Figure 4. Trends in relative tof (based on the total metal content and normalized to the maximum value) upon reducing the atomic population of metal NPs (solid
squares) to SAs (open triangles). The range of average nanoparticle diameter is indicated. Adapted with permission of references [69], [71], and [73], respectively.

major potential influence of dynamic effects such as the
generation® or aggregation®®’ of single-atom active centers
during catalysis, as well changes in their coordination during the
catalytic cyclel® is increasingly recognized.

3. Reactivity of SACs

SACs are now known to be active in multiple thermo,
electro, and photocatalytic applications. However, the vast
majority of studies have focused on reactions that are
traditionally heterogeneously-catalyzed, with the ~goal of
enhancing the atom efficiency. Comparatively, few studies have
faced SACs with homogeneous systems in fine-chemical
syntheses. In this section, we examine how and why the
reactivity of SACs differs from metal nanoparticles and soluble
metal complexes, when this enhances or depresses the
performance, and what options have been studied to control
these effects.

3.1. SACs versus Nanoparticles

Verification of the improved metal utilization upon reducing
the atomic population from thousands in a typical nanoparticle to
one in an SAC is nontrivial. Most commonly this is approached
by comparing the turnover frequency (tof) per mole of metal in
the catalyst. Although this has well-known limitations for
evaluating relative activity because only a fraction of the metal
atoms in NPs and even in SACs may be contributing to this, the
quantification of the actual number of active atoms is beyond
current experimental capabilities. Variation of the metal
speciation is widely approached by reducing the amount of
metal in the catalyst and may be reported in terms of the loading,
size of the species deposited, or surface coverage. Analysis of
the reported trends reveals that they be well-described by three
characteristic scenarios (Fig. 4). If SAs exhibit a much higher
activity than NPs (SAs>>NPs) such that the contribution of the
latter becomes insignificant a sharp increase in catalytic turnover
will be observed at low metal content, when the majority of metal

centers become spatially isolated.®®"" On the other hand, if NPs
can also catalyze the reaction (SAs>NPs) then the activity will
rise more gradually with increasing dispersion until it reaches a
plateau as the metal species tend toward single atoms.”'72 In
contrast, if SAs are ineffective (SA<<NPs) then the activity may
initially increase as the metal content is reduced due to higher
dispersion, before falling sharply to close to zero when metal
clusters are no longer present in the sample.”®! A fourth scenario
can be envisaged in which the activity of SAs is non negligible,
but small NPs are optimal in which case the activity would not
drop to zero at low contents, but no such result was identified in
our literature analysis.

A lack of activity may not always signify that the efficiency
cannot be improved over SACs. For a given metal, drastic
distinctions in the performance can be observed depending on
the host. However, there is also no fundamental reason why
SAs should also be most active. In this regard, controlled
experimental studies have established the superior performance
of metal clusters supported on a given support for different
applications, for example Pd4/TiO, was found to be inactive for
CO oxidation, while size-selected clusters demonstrated a non-
linear activity dependence (Fig. 5)."4l Calculations have similarly
predicted lower barriers over multiatom ensembles in some
reactions.”>781 On the other hand, SACs may offer other benefits
such as higher resistance to coking or improved stability to
sintering. To further explore the potential, here we examine the
performance in selected applications with respect to their
predecessors.

Water-gas shift (WGS). The WGS reaction has been widely
studied over SACs. Highly dispersed nonmetallic Au or Pt
species were anticipated to catalyze this reaction long before the
presence of isolated centers was directly evidenced since the
removal of metallic NPs by leaching did not impact the
activity.’” Detailed studies by Flytzani-Stephanopoulos et al.
have demonstrated synthetic approaches to obtain Au-O(OH),"®!
or Pt-O(OH),*! as the primary active species on both reducible
and irreducible hosts, which was supported by the comparatively
low activity over analogous NP-based catalysts. For both metals,
Arrhenius plots of tof evidenced unified trends (exemplified for
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Figure 5. a) CO oxidation activity of Pda/TiO2 catalysts and correlation with the
shift in the Pd 3d band determined by XPS. b) Performance of Ir1/Fe203 and
Ir2/Fe203 in the photooxidation of water and c) predicted O dissociation
barriers over various metal atoms and dimers supported on C2N. Adapted with
permission of references [74], [75], and [76], respectively.

Au-SACs in Fig. 6a), the equivalent estimated activation energy
supporting the similar active-site structure. The apparent
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secondary role of the host was linked to the ability to form
regenerable OH groups proximal to CO molecules adsorbed on
the M-Ox species. For reducible oxides this occurs readily
through the catalytic dissociation of H,O, but for inert supports
promotors such as hydrophilic alkali metals are typically required
to supply -OH. Consistently, linear trends were observed
between the reaction rate and the concentration of surface
hydroxyls in promoted and unmodified SACs based on
irreducible supports (Fig. 6b).*¢! Density functional theory (DFT)
calculations performed to gain insight into the role of sodium
ions identified an Au/Na ratio of 9 to be most stable, which was
close to the optimum value observed experimentally. The
introduction of electron withdrawing (O/OH) groups led to an
increase in the Bader charge (illustrated for the four structure
identified to be most probably in Fig. 6¢) confirming the creation
of cationic gold species with charges close to those expected for
bulk AuzO or AuzOs.

A lack of appropriate tailoring of the surface composition
could explain why other groups have reported contradictory
trends. For example, significantly reduced (by up to 90%) metal
specific activity was observed upon the selective leaching of
NPs from an Au/Mo-C catalyst leaving predominantly SAs.["
Monitoring the evolution of Pt,Com/Co30, catalysts by in situ
X-ray absorption spectroscopy, Zhang et al. also reported that
while singly dispersed PtiCon nanoclusters catalyzed the
reaction at temperatures <473 K, at higher temperatures PtnCon
(m>1) nanoclusters formed that when re-evaluated in the
low-temperature regime were up to 3 times more active than the
initial SAC.B% In an extreme case, Stair et al. reported that only
NPs were active in a study of Pt catalysts based on various
supports.Bl IR evidence showed that bands related to CO
adsorption on SAs remained unchanged during the
low-temperature WGS reaction, while those associated with NPs
quickly reacted with water.

A combined DFT and microkinetic assessment shed some
light on the apparently disparate experimental observations.[?
Comparing the behavior of Pt on a reducible TiO,(110) surface,
the authors found that both isolated Pt?* sites and Pt interface
edge sites on NPs exhibit low-temperature WGS activity, while
corner interface sites become most active at higher
temperatures. Thus, depending on the reaction conditions, SAs
may display similar activities to clusters (T<573 K), or NPs may
be most active (T>573 K). A redox pathway involving the oxygen
of the support was reported to operate in both cases. Two CO
molecules were claimed to adsorb on the Pt atom, one weakly
that readily reacts and one more strongly, acting as a ligand that
remains attached to the Pt atom throughout the catalytic cycle,
accounting for the reported nondisappearance of the CO IR
band. Nevertheless, a subsequent experimental comparison of
Pti/FeOx and Pt/FeOy catalysts by Chen et al. further supported
increased specific rates with decreasing atomic population.[3!
Through in-depth characterization the authors suggest an
associative mechanism, in which CO reacts with OH species
generated by the activation of H,O on the support to form
intermediate formates, plays a crucial role over NPs, while a
redox mechanism occurs over the SAC.

Moderately enhanced tof compared to supported NPs has
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Figure 6. Performance of Au-SACs based on various hosts in the WGS reaction. a) Reaction scheme and Arrhenius plot of the tof. Correlation between b) the
reaction rate and surface concentration of hydroxyls and c) the calculated Bader charge and the amount of hydroxyls in an AuOs(OH)xNas cluster. In c), the
shaded area corresponds to values between bulk Au20 and Au20s. Adapted with permission of reference [36].

also been evidenced over SACs of other metals including
Ir1/FeOx (2.6 times)® and Rh4/TiO, (4 times).® The continued
debate over the most effective species likely reflects the need
for improved control in the synthesis of supported subnanometer
metal structures. Unfortunately, most comparisons have been
made over catalysts with significantly different metal contents,
which could also impact the specific interaction with the host and
hence the generality of the conclusions derived. Although
strategies to promote the metal specific activity are known,
practically the choice of host is expected to be critical since it will
influence the maximum loading capacity of an SAC. To date,
limited understanding of the distribution and stability of
atomically-dispersed species. In the case of inert supports, little
is known about the scope of the stabilization with alkali/alkaline
earth metal additives. Synergies between the host and the active
metal, as predicted for Pt;/Mo,C, could also be exploited. !

CO oxidation. CO oxidation is a prototypical reaction for both
applied and fundamental studies over SACs. As for the WGS
reaction, high activity is often reported, but the impact of the
SAC design appears more influential. Due to the known activity
in this reaction, Au-based systems have attracted significant
attention. However, most experimental evidence points towards
the lower activity of SAs than metal clusters.®-°% On the other
hand, Qiao et al. highlighted a potential advantage of SAs,
demonstrating the increased resistance to sintering of Aus/FeOy
compared to larger Au nanostructures.®! Au,/CeO, was later
shown to be stable for the preferential oxidation of CO in H-rich
streams.[°"]

The challenge of developing an active SAC has inspired
various ab initio studies, which aim to elucidate the optimal
charge state and geometry of Au species.[%86292 Maximizing the
degree of oxidation by doping with a second transition metal was
predicted to yield the highest activity for Au4/TiO; systems.8 In
contrast, a study of B- and N-doped carbons indicated that
anionic Au species formed in the presence of boron were more
active since otherwise CO was too strongly adsorbed on Au
cations.’®? This resembles the mechanistic path proposed for
Au/CeOg, in which the oxidation state of Au is initially negative
and becomes positively charged upon O, dissociation and thus
CO can adsorb and readily reacts with a surface oxygen to form

CO,.¥ . The main kinetic pathway and catalytically active sites
on Au/TiO; are anticipated to be highly dependent on the
temperature and oxygen partial pressure, the activity dominated
by a transient Au-CO species under oxidizing conditions and
T <400 K.®4 “The dynamic formation of SAs from small
nanostructures under reaction conditions was also proposed to
account for the distinctive size effect evidenced over Au/Ce0,.1"]

In the case of Pt, the superiority of SAs is also unclear. A
stable Pt;/FeOx was shown to display around double the tof of a
NP-based analogue.l'"! However, the Pt content was limited
(0.17 wt%) and although a high initial dispersion (dpartice <2 NM)
was confirmed in the reference catalyst, its stability was not
demonstrated. Early studies on 64-Al,O3 observed activity over
SAs, but the light-off temperature decreased with increasing
metal content (from 0.18-2 wt%) indicating clusters or NPs to be
the more active species.'? Polyhedral ceria nanorods were
shown to effectively stabilize SAs with higher metal contents
than 8-Al,03,° but the low-temperature activity was also limited,
which was attributed to inactive lattice oxygen and the strong
binding of CO molecules to Pt ions. The performance could be
drastically improved by steam treatment at 1023 K, reducing the
temperature required to reach 100% conversion by >150 K.l
This was attributed to the activation of surface oxygen
generating hydroxyls, which differed from those formed upon co-
feeding water during the reaction. While the latter can also
significantly increase the activity of Pt/CeO,, the effect
disappears as soon as HyO is removed from the feed.®! The
possibility of accessibility constraints due to diffusion of the Pt
species into the CeO;, lattice was excluded by the similar activity
to Pt1/Al,O3. Nonetheless, embedding in the support has been
identified as the main mechanism of activity losses in other
systems.®"1 Unlike the WGS reaction, widely different intrinsic tof
have been evidenced over Pt atoms on different supports,
indicating that the interaction controls the catalytic behavior of
SACs in CO oxidation. !

Differently from Au and Pt, atomic dispersion appears crucial
for low-temperature CO oxidation over Pd.*¥ Pd atoms on
La,Os-modified Al,O; were found to show exceptional activity
where metallic Pd surface sites are inactive due to poisoning by
strongly adsorbed CO.#"1 |n operando X-ray absorption
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spectroscopy evidenced cationic Pd intermingled with La as the
active site. Although deactivation due to sintering became more
significant with increasing metal loading, the activity losses could
be reversed by redispersing the Pd via high-temperature
treatment in air. Pd/CeO, stands out as a stable
alternative.['%%10" Still, the nature of the active site between Pd
ions doped in the surface of the host or PdOx species has been
actively debated. This partly arose from the lack of a suitable
surface model to describe CO adsorption of doped Pd atoms,['02
but a square-planar configuration was also recently put forward
that overcame this issue.l'%

In efforts to predict more efficient catalysts, various groups
have computed the performance of SACs based on different
hosts.[46.194-107] For instance, five SACs (Rh4, Pd4, Rus, Tis, and
Co1 supported on FeOx) were anticipated to be more active than
Pt;/FeOx.l"® An independent study later also found that
Pd+/FeOx should be more active.*® Cu;/C-doped hexagonal
boron nitride,['% Ags/MgO,['%! and Pd:/Mo,CO,["%1 have also
been reported as potentially active. Ir/FeOx was predicted to be
less active than Pti/FeOx and this was confirmed
experimentally.['®® The performance of many of the systems
identified has yet to be confirmed experimentally, and in some
cases the synthesis has still not been reported.

Hydrogenations  and  related = reactions.  Selective
hydrogenations are key catalytic transformations with industrial
applications ranging from the multi-ton purification of refinery
products to the kilo scale preparation of fine chemicals. SACs
have ‘demonstrated activity in the hydrogenation of different
functional groups, 266571108110 gnd the performance compared to

NPs depends on the application. In the semi-hydrogenation of
alkynes, a recent comparison of state-of-the-art Pd catalysts
highlighted that although very selective Pd atoms supported on
carbon nitride are not very active and thus the overall rate of
product formation per mole of metal was similar to that of a
catalyst containing much larger NPs (Fig. 7a).['""l Comparatively,
other selective systems such as ligand-modified Pd NPs or
supported PdxS systems displayed significantly increased
efficiency. Analysis of key theoretical parameters suggests that
this could be linked with the relatively strong adsorption strength
of the alkene on the Pd atoms (Fig. 7b). Although the H,
dissociation energy was slightly higher than the bare metal, this
was not thought to be the main cause of the limited activity since
other efficient catalysts exhibited higher values.

In related work,“2'2 g strong inverse correlation was
demonstrated between the degree of oxidation of Pd species
and the performance (Fig. 8a). As expected due to the differing
mechanisms, distinct behavior was observed for Pd NPs
supported on the same host. A similar trend with the metal
oxidation state was seen for Au-SACs in acetylene
hydrochlorination, a reaction with a closely related mechanism of
hydrogen addition (Fig. 8b).l'"'d The findings suggests that by
tuning the strength of the metal-host interaction to preserve the
metallic nature it may be possible to develop more efficient
SACs that achieve the goal of improved metal utilization. In
other applications, cationic metal centers appear favorable. For
example, in the chemoselective hydrogenation of nitroarenes
increasing the dispersion to SAs correlated to both increased tof
and higher oxidation state, judged by the increased white-line
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intensity derived from EXAFS data.’ However, similar
performance was identified over ensembles consisting of several
to tens of atoms and thus the benefits of active site isolation
atoms remain unclear. The choice of the support was identified
to have a dramatic effect. In particular, systems based on SiO,
and Al,O; were unable to achieve a similar selectivity to
Pti/FeO, which was attributed to the preferential adsorption of
the nitro group on basic or reducible oxides.

Electrocatalysis. The electrochemical application of SACs
has also generated significant attention.! These have mainly
focused on Pt-based catalysts,®>'"4171 due to their established
practical relevance, or alternatives based on earth-abundant
metals (primarily Co or Fe).[''®120 Two additional considerations
in electro- compared to thermal catalysis are the host
conductivity and the pH of the reaction media. In the majority of
cases, the performance of SACs has been evaluated with
respect to the commercial Pt/C NP-based catalyst. The
observations depend strongly on the application. Significantly
enhanced activity has been reported in the hydrogen evolution
reaction (HER) over pseudo-SACs based on N-doped graphene
nanosheets (37 times)® or single-walled carbon nanotubes (up
to 333 times)!''¥ in acidic media. Moderately enhanced mass
activity (4 times) and improved stability were also demonstrated
in neutral media over an SAC based on CoP nanotubes
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supported on a Ni foam.[''® However, in all cases it was not
possible to exclude the potential role of clusters based on the
reported data. The comparative study of Pt SAs and multiatom
ensembles on a bismuth electrode, later found that the HER rate
in acidic media increased with the number of atoms (up to 9).['¢!
While strong correlations were evidenced, no complementary
characterization data was provided to confirm the speciation or
stability. In the case of other metals, despite promising
observations, the comparative performance of NPs has not been
explored.

Improved Pt utilization is a key target for the cathode of the
oxygen reduction reaction (ORR), which is required at the proton
exchange membrane fuel cells. SACs based on N or S
containing carbons are among the most active to date.[?854121]
However, surpassing the efficiency of Pt/C is challenging since
the reaction has been found to proceed by a 2e~ pathway,
producing less electricity than the alternative 4e~ pathway. On
the other hand, this presents an efficient route for the HyO-
synthesis, in which case higher selectivity is expected upon
complete elimination of NPs and clusters. The improved
performance of a Pt,/TiC catalyst than Pt4/TiN indicated that the
support can strongly influence the performance.®* Apart from Pt,
Co, and Fe are the most widely studied metals, the study of
which has been stimulated by highly promising experimental and
theoretical evidence.[12%127]

Interesting prospects to tune the mechanism have been
reported in the oxidations of methanol (MOR), ethanol (EOR),
and formic acid (FAOR). The lack of activity of SACs in MOR
has been considered as a diagnostic test to confirm the isolation
of metal centers.['?l A significant nuclearity effect was evidenced
through the controlled deposition of Pt clusters of different size.
While some activity has been reported, SACs do not appear to
be the most active for EOR.! Opposite behavior was reported in
FAOR, with SACs promoting a direct pathway that avoids
surface poisoning by CO leading to high mass activity.['?8

3.2. SACs versus Metal Complexes

Studies applying SACs in challenging processes that remain
reliant on homogeneous catalysts, like C-C bond forming,68.69.129-
132] selective hydrocarbon oxidations,[133-144] and
hydroformylation['4>1471 point toward highly interesting potential
to implement efficient recoverable alternatives. To exemplify this
we will focus on Suzuki coupling, which has become an
essential tool for the development of agrochemical,
pharmaceutical, and other fine chemical products. Despite its
success, Suzuki coupling still poses many challenges, not least
related to steep catalyst costs. Recently, Pd atoms immobilized
on graphitic carbon nitride were shown to surpass state-of-the-
art homogeneous and heterogeneous systems in this reaction
(Fig. 9a) with a broad substrate scope, becoming one of the first
SACs to clearly demonstrate tangible prospects for the
heterogenization of an important industrial process.® In
particular, Pd4{/C3Ns demonstrated a remarkable 16-fold
increased tof and similar or increased purified yields of the
desired coupling product compared to
tetrakis(triphenylphosphine)palladium, the best homogeneous
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C-C coupling catalyst identified under the continuous flow
conditions studied. Comparatively, supported nanoparticles were
found to be inactive, while a grafted form of palladium acetate
attained limited yields and experienced substantial metal
leaching after reuse in multiple tests, which was not observed for
the SAC. In contrast to the homogeneous catalyst, for which
rapid activity losses were observed after just 2 h, Pd{/C3N4
displayed constant performance for 12 h on stream (Fig. 9b).
The superior catalytic properties of Pd{/C3N4 could be fully
explained at the molecular level by the specific structure of the
catalyst (Fig. 9c). The metal binding site features six nitrogen
groups that enable an almost continuously variable coordination
pattern that adapts to the charge on Pd along the reaction

coordinate, which minimizes the energy requirement for each
reaction step and gives rise to the high stability. In contrast, the
lability of ligands in the homogeneous systems is essential, but
also increases the propensity of metal aggregation, consistent
with the rapid catalyst degradation observed for Pd(PPhs)s.
Alternatively, if the ligand-metal interaction is too strong then the
organometallic catalyst is poorly active as activation requires
ligand removal. Considering that the homogeneous catalyst
would require periodic replacement and that the Pd4/C3N,4 can be
economically produced, the application of this catalyst can be
envisaged to have a major cost benefit.

The question of whether supported metal clusters are
superior candidates to SACs remains important in this arena.



For example, Rujs clusters stabilized in a MOF-derived N-doped
carbon were reported to be more efficient than Ru, species for
the oxidation of 2-amino-benzaldehyde.['3"1 This was linked to
distinct adsorption configurations, where the trimeric site could
bond to both the hydroxyl and amino groups of the substrate,
thereby facilitating the reaction. Au-SACs based on
functionalized carbon nanotubes were also shown to be inactive
in the oxidation of thiophenol, but gold clusters formed during
the reaction exhibited comparable activity to that of sulfhydryl
oxidase enzymes.['*8 On the other hand, a comparative study of
Pdn/CeO, (n=1 or 6) catalysts evidenced the remarkably
enhanced activity of SAs in the oxidation of benzyl alcohols,
which was attributed to the more intimate interaction with the
host compared to the clusters.l'* Moving away from precious
metals, exciting selective oxidation activity has also been
reported for transition metals supported on N-doped
carbons.['3%-143 variation of the average coordination number of
FeNx (x = 4-6) species in N-doped graphene was shown to yield
up to an order of magnitude difference in tof for the selective
oxidation of hydrocarbons.['42]

4. Conclusions and Outlook

Based on the analysis presented in this review, several

important points for reflection emerge. Crucially, it has
highlighted that the superior metal specific activity of SACs is
still under debate in most applications. This could be due to a
number of reasons. Firstly, SACs have predominantly been
studied in reactions that are already run over heterogeneous
catalysts. However, compared to supported NPs, SACs lack
metal ensembles and usually nonmetallic in nature, and thus it is
not directly obvious that they will display enhanced catalytic
performance with respect to the former. This calls for analysis
that is more critical and the application-oriented design of SACs.
In this regard, there is growing awareness of the fundamental
influence of the choice of host. Preliminary efforts to modify the
type and strength of metal-host interaction have highlighted
attractive possibilities to change performance rankings, opening
new prospects through smart engineering of the architecture, for
example to harness the potential of earth-abundant metals.
A grand challenge lies in improving the molecular-level
understanding of the active-site structure, including how this
evolves under reaction conditions, and the associated reaction
paths. To date, knowledge on this aspect primarily has been
derived from theoretical analyses. Perhaps unsurprisingly given
the different structural features, these have shown that SACs
display almost universally distinct catalytic cycles with respect to
traditional catalysts. Powerful approaches combining advanced
surface science techniques with relevant model samples and in
operando studies,["*" together with improvements in spatial
resolution will be invaluable both to bring revolutionary insights
and to corroborate the first principles predictions. Further
targeted . efforts to stabilize multiatom clusters will also be
beneficial to help confirm the effects of nuclearity on reactivity
patterns of atomically-dispersed metals.

Despite the often closer similarity in electronic structure and
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Figure 10. Multiple considerations for the design of a new SAC.

site homogeneity, comparatively few studies have evaluated the
relative performance of SACs and homogeneous catalysts.
Among those that have addressed this, strong potential to
replace soluble metal complexes has been demonstrated,
offering possibilities for the implementation of more sustainable
catalytic processes. By optimally tailoring the host a similarly
high degree of control over the electronic structure and steric
environment can be envisaged to that which is now possible
through ligand design. The isolation of a metal in an extended
matrix has the further advantage that the coordination site
remains in close proximity to the active center throughout the
catalytic cycle. This offers enhanced stability since it avoids the
need to remove ligands, which is also the first step towards
deactivation in metal complexes. The use of a host that could
adaptively coordinate to the metal was key to surpassing
homogeneous catalysts, minimizing the energy requirement in
each step.

Sharing some similarities with their heterogeneous and
homogeneous ancestors, but also displaying many individual
characteristics SACs undoubtedly offer great prospects to
explore reactivity in catalysis and reach a similar level of
molecular understanding as has been gathered over metal
complexes. This review has highlighted multiple design criteria
that need to be harmonized to develop an effective SAC
(Fig. 10). At this time, few reported systems have been
manufactured in large amounts and increased efforts towards
scale up will be critical to further demonstrate the technical
potential of these pioneering materials.
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