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Single-atom catalysis has triggered an enormous research-boom. Nevertheless,
inconsistent terminology is widely encountered in the literature, particularly for single-
atom versus single-site catalysts. Clarification is thus highly desirable. This Comment
returns to their origins, distinguishes their criteria and structural boundaries, before
proposing standardized characterization benchmarks and writing norms to unify

terminology.
Definition of SAC versus SSC

The concept of active sites was first introduced by Taylor in 1925," and it has remained one of
the most fundamental theories in heterogeneous catalysis over the past century. For most
supported metal catalysts, however, the structural inhomogeneity in particle size, morphology,
and surface microstructure, together with the diverse and dynamic reaction pathways under
working conditions, severely hinders the fundamental understanding of surface active sites and
catalytic mechanisms. The development of heterogeneous catalysts with well-defined,

structurally uniform active sites has become a persistent research goal in the field.

In this context, Thomas et al.? proposed the concept of ‘single-site heterogeneous catalysts
(SSHC, hereafter briefed as single-site catalysts, SSC)’ in their landmark review in 2005.
Based on the elaboration therein, they say that the active sites in SSC may consist of one or
more atoms, but they are spatially isolated from one another, and there is no spectroscopic or
other cross-talk between such sites. Each site has the same energy of interaction between it and
a reactant as every other single site, and each such site is structurally well-characterized, just as
the single sites in homogeneous molecular catalysts are. This concept is derived from
molecular homogeneous catalysts, with an original intention of constructing solid catalysts with

structurally uniform, discrete active sites that resemble the well-defined coordination centers



of molecular homogeneous catalysts and enzymes, so as to achieve comparable high chemo-,

regio-, and stereoselectivity on heterogeneous counterparts.®

In total contrast, the concept of single-atom catalysts (SACs) is rooted in the evolutionary
trajectory of nanocatalysts in an attempt to maximize precious metal atom utilization and
understand catalytic chemistry on an atomic scale when the metal entity is ultimately reduced
to isolated single atoms; the extreme limit of downsizing nanocatalysts. SAC was first proposed
and coined by Zhang et al. in their seminal research work on single-atom catalysis of CO
oxidation using Pti/FeOx in which SAC is defined as a catalyst that consists of only isolated
single metal atoms anchored to the surface of a support.* SAC is denoted as M/support and
represents a class of supported metal catalysts with isolated single-metal-atom sites. The core
metal atoms in the active sites are not connected to each other and lack Metal-Metal bonds;
instead, they interact with and are stabilized by the support. The divergent propositions result

in the conceptual distinction between SAC and SSC.
Similarities and differences

Based on the above definitions, SAC is fundamentally distinct from SSC. SSC is defined
exclusively by full structural and energetic equivalence of all active sites: every catalytic center
share identical geometric configuration, electronic distribution and substrate adsorption
enthalpy, with no inter-site spectroscopic cross-talk. This definition imposes no restriction on
the nuclearity of metal active units; active sites can be isolated metal ions, single atoms,
monodisperse metal clusters or ordered intermetallic ensembles bearing fixed Metal-Metal
bonds. In sharp contrast, SAC only enforces geometric isolation of individual metal atoms,
requiring the complete absence of Metal-Metal bonds, while imposing no mandatory constraint
on coordination uniformity of anchoring microenvironments. Disordered oxide and carbon
supports inherently generate multiple inequivalent Metal-X (where X refers to N, O, S, and
others) coordination moieties, rendering most reported SACs multi-site mixtures that do not
conform to the definition of SSCs. Their conceptual intersection corresponds to ideal
mononuclear SSCs anchored on defect-free crystalline supports, where every isolated metal
atom shares an identical inner and outer coordination shell, satisfying the criteria of both SAC
and SSC in these specific circumstances. The relationship between SAC and SSC is

schematically illustrated in Fig. 1a.
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Fig.1 | Comparing Single-Atom Catalysts (SACs) and Single-Site Catalysts (SSCs). (a)
Illustration of the relationship between SACs and SSCs, and (b) number of publications and
citations of SAC and SSC by topic keywords (single-atom catal* and single-site catal*

respectively) in web of science.
Discriminating criteria

The long-standing community confusion mainly arises from the misuse of the concept of SSC,
ignoring the clear and rigorous definition of SSC. SSC is a perfect but overly idealized concept,
such catalysts are very difficult to obtain and realise in practice and therefore the concept lacks
experimental criteria. Here we propose that a set of complementary experimental criteria must
be fulfilled to verify whether a catalyst can be termed as an SSC. First, turnover frequency
(TOF) should remain constant across a series of catalysts with varying metal loadings. If TOF
rises or falls as metal content changes, multiple inequivalent active sites coexist within the
material, whereas loading-independent intrinsic activity strongly indicates uniform active
centers.’ Second, selective poisoning titration with probe molecules serves as another critical
test: a perfectly linear correlation between catalytic activity loss and the amount of added poison
confirms a single type of active sites.® Third, Fourier-transform infrared (FTIR) spectroscopy
(using CO or other probe adsorbates) provides spectroscopic evidence: a narrow full width at
half-maximum (FWHM, typically <10 ¢cm™) of the characteristic adsorption peak signifies
homogeneous coordination environments around metal atoms; broad, overlapping peaks
correspond to a mixture of distinct single-atom species with various surrounding ligands.”
Additional supporting characterizations including operando X-ray absorption spectra and
temperature-programmed desorption can further validate site uniformity. Crucially, the mere
observation of atomically dispersed metal species via high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) is insufficient to claim a single-site nature.
Without the above comprehensive experimental evidence, it is inappropriate to label a catalyst
as an SSC.

In contrast to SSC whose identification remains elusive and challenging, SAC is far easier to



authenticate. Typically, aberration-corrected scanning transmission electron microscopy (AC-
STEM) coupled with X-ray absorption spectroscopy and IR spectroscopy can provide solid
evidence to verify whether a catalyst is indeed an SAC. Since each active site in SACs consists
of the central metal atom together with surrounding atoms from the support forming an
ensemble, the homogeneity of such surrounding microenvironments ultimately determines
whether the catalyst belongs to the SSC family.®* Owing to this feature, SACs have attracted
substantially greater research attention than SSCs (Fig. 1b).The carbon-supported gold catalyst
used for industrial acetylene hydrochlorination represents a typical and commercially
successful SAC.! In situ X-ray absorption fine structure (XAFS) and AC-STEM
characterizations confirm that Au species are atomically dispersed on carbon without Au-Au
bonding, which meets the basic definition of SACs. However, this catalyst cannot be classified
as a SSC because the coexistence of Au(l) and Au(III) species during the reaction does not meet

the rigorous SSC criterion requiring structurally and electronically uniform active sites.
Outlook

Looking ahead, distinct development trajectories are anticipated for SACs and SSCs.
Benefiting from straightforward definition criteria and mature characterization methodologies,
SACs will continue to attract extensive research interest from both academia and industry.
Future efforts should focus on regulating the local coordination environment of isolated metal
atoms, improving metal loading and operational stability, and promoting scalable synthesis

towards practical industrial applications.

In contrast, SSCs overlap with aspects of the fundamental research on SACs that demands
identical active centers, which represents an ultimate pursuit for catalytic science. Well-defined
SSCs serve as ideal platforms to unravel intrinsic catalytic mechanisms of various reactions,
bridging homogeneous and heterogeneous catalysis. However, stringent synthetic requirements
and formidable characterization barriers remain major bottlenecks. A long-term goal is to
transform heterogeneous SACs into genuine SSCs via precise atomic engineering. Beyond the
independent advancement of these two categories, the catalysis community should further
standardize relevant terminology to eliminate conceptual confusion, avoiding indiscriminate

interchange of the two definitions in publications.
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