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Atomically imaging single atom catalysts and their
behaviors by scanning tunneling microscopy

Hongli Sun,+?® Like Sun,*° Yanglong Liao,*° Zirui Zhou,*® Jie Ding,®
Shaotang Song, (2 *9 Bin Liu (2 * and Chenliang Su {2 *3°

Understanding the mechanism of single-atom catalysis is essential to design and refine systems for
improved catalytic performance. However, given the complex structure and large variety of single-atom
catalysts (SACs), characterizing the single-atom catalytically active sites is extremely tricky and
challenging. Over the past decade, although still far from satisfactory, scanning tunneling microscopy
(STM) has helped provide numerous fundamental insights to understand single-atom catalysis. In this
review, we summarize how STM enables atomically precise imaging of SACs including their geometric
and electronic structures and their behaviors in the activation of absorbed small molecules, and how the
combination of STM and other techniques helps to reveal charge states, charge transfers, dynamic
reaction processes, and reaction mechanisms in single-atom catalysis. Finally, the future expectations on
STM in three-dimensional, spatial and temporal imaging, and operando characterization are proposed.
We believe that the combination of STM and single-atom catalysis is attractive and will further flourish
heterogeneous catalysis research.

Single atom catalyst (SAC) is an emerging star in the field of energy and environmental catalysis. However, given the complex structure and large variety of SACs,
precisely identifying the single-atom catalytically active sites as well as understanding their catalytic origins have been very challenging. This review emphasizes

the recent studies on atomically imaging the geometric and electronic structures of SACs by scanning tunneling microscopy (STM), and how STM combined
with other techniques helps to recognize their charge states, charge transfers, and catalytic behaviors in the activation of absorbed small molecules, which

could contribute to well-establish the structure-performance relationship of SACs. Finally, a perspective on STM in three-dimensional, spatial and temporal
imaging, and operando characterization of SACs is presented.

Introduction

spectroscopy (XAS, since 1947), infrared spectroscopy (IR, since
1957), etc. Based on the insights gained into the catalysts’

The desire for precise understanding of heterogeneous catalytic
mechanisms has stimulated the invention and continuous
development of many special characterization techniques,
including X-ray photoelectron spectroscopy (XPS, since 1907),
transmission electron microscopy (TEM, since 1931), scanning
electron microscopy (SEM, since 1937), X-ray absorption

“ State Key Laboratory of Radio Frequency Heterogeneous Integration, Shenzhen
University, Shenzhen 518060, China. E-mail: chmsuc@szu.edu.cn

b International Collaboration Laboratory of 2D Materials for Optoelectronics Science
and Technology of Ministry of Education, Institute of Microscale Optoelectronics,
Shenzhen University, Shenzhen 518060, China

¢ Department of Materials Science and Engineering, City University of Hong Kong,
Hong Kong SAR 999077, China. E-mail: bliud8@cityu.edu.hk

4 Department of Chemistry, National University of Singapore, 3 Science Drive 3,
Singapore 117543, Singapore

+ These authors contributed equally.

794 | EES Catal.,, 2023,1, 794-809

geometric and electronic structures by the aforementioned
techniques, the understanding of reaction mechanisms (active
sites, reaction pathways, adsorption/desorption modes, etc.)
has gradually improved and deepened. However, most of the
above-mentioned characterization techniques are still far from
atomic resolution, and the spectroscopic techniques generally
only offer averaged information, resulting in unsatisfactory
identification of the catalyst’s structure and the underlying
catalytic behavior. In 1981, Rohrer, Binnig and Gerber at IBM
Zirich invented scanning tunneling microscopy (STM), realiz-
ing the dream of visualizing a single atom." STM applies an
atomically sharp metal tip as a sensitive probe to collect a tiny
current between the metal tip and the sample surface, based on
the quantum mechanical effect termed tunneling. For the tip-
sample junction, when the tip-sample distance is less than
1 nm, the tunneling current decreases by a factor of ten as the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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distance increases by 0.1 nm. By keeping the tunneling current
constant via the feedback loop, the height of each atom over the
sample surface can be raster-scanned, which gives the atom-
ically resolved surface morphology. Thus, STM can enable real-
space imaging at an atomic scale. With tunneling electrons,
STM imaging can be regarded as a non-destructive imaging
technique, offering a powerful supplement to the destructive
TEM imaging based on high-energy electron beams.

Recently, single-atom catalysts (SACs), referred to as the cata-
lysts with atomically dispersed catalytic sites on support, have
emerged as a new class of state-of-the-art catalysts with high atom
utilization efficiency. As compared to nanoparticle-based catalysts,
SACs possess much simplified and close to homogeneous struc-
tures of catalytically active sites, not only facilitating a comprehen-
sive understanding of the catalyst’s structure and catalytic
performance relationship, but also assisting in unravelling the
underlying catalytic mechanism. However, the local coordination
environment of single atomic sites in SACs is complex and
vulnerable, making it challenging to obtain a precise structure of
the catalyst. STM offers a promising technique to characterize the
precise structural information of SACs at the atomic scale. Thus,
the combination of STM and single-atom catalysis can help to
tackle the bottleneck problem of unclear catalysts’ structures in
SACs, which is the current cornerstone in understanding the
catalyst’s structure and catalytic performance relationship as well
as the reaction mechanism. Besides, the ability of STM to image
and manipulate individual atoms® offers another means to
construct well-defined SACs. Although there have already been
some excellent reviews that explain the power of STM as a tool to
characterize SACs, a comprehensive summary of the functions
of STM in the structural probing of SACs and mechanistic
understanding of single-atom catalysis is still highly desirable.
In this review, we first explain how STM can enable atomically
precise imaging of SACs including their geometric and electro-
nic structures and their behavior in the activation of small
molecules, and then present how the combination of STM
and other complementary techniques help to reveal charge
states, charge transfers, dynamic reaction processes, and reac-
tion mechanisms in single-atom catalysis. Finally, we close the
review with future expectations of STM in three-dimensional,
spatial and temporal imaging, operando characterization, etc.
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The core of STM imaging is electron tunneling. Different from
classical mechanics, an electron has a nonzero probability of
tunneling through a potential barrier in quantum mechanics.
Therefore, even though a barrier exists between two conducting
electrodes, if the separation distance is small enough to overlap
their wave functions, with applying a small bias voltage, elec-
trons are capable of overcoming the barrier via the tunneling
process to form a tunneling current. Based on this quantum
mechanical effect, as shown in Fig. 1A, a set-up composed of an
atomically sharp biased metal tip and a conducting surface was
built as the heart of STM, which can be used to record a tiny
tunneling current.’ The tunneling current is highly localized and
exponentially dependent on the tip-surface distance, ensuring
atomic-scale vertical and lateral spatial resolution. According to
quantum mechanics, the tunneling current between the tip and
the substrate sample can be conveniently written in terms of the
local density of states (LDOS) of the sample.*

I oc Vpy(0,Ep)e >4 (1)

Kk =0.51/¢ (2)

where « is the decay constant, with a typical value of ~1 A™*
when the work function ¢ is ~4 eV; V is the bias voltage; p5(0,
oEg) is the local density of states of the sample at the Fermi
level; AZ is the tip-sample distance.

Further simplifying the equation, it can be found that the
tunneling current is proportional to e >4, Thus, the tunneling
current is extremely sensitive to a minute variance of the tip-
sample distance. The current decay is approximately ¢ x 7.4
times per A, ensuring atomic-level vertical spatial resolution.
Besides, the simplified spherical-tip model in Fig. 1B explains
how atomic-scale lateral spatial resolution can be realized by
tuning of the atomically sharp metal tip. To be specific, when
the distance (less than 1 nm) between the tip and surface is
much smaller than the tip radius (R), the current lines are
almost perpendicular to the surface, and the lateral current
distribution can be evaluated according to eqn (1).

I(Ax) = I exp (—ZKAZ—);:) (3)

2 AX

Fig. 1 (A) Simplified basic set-up for STM. Reproduced with permission.®> Copyright © 2021, Springer Nature Limited. (B) Estimation of the lateral
resolution in STM. Reproduced with permission.* Copyright © 1993, Oxford University Press.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where r is typically ~1 A™*, and Ax is the region deviated from
the origin. Thus, for each tip radius (R), the current distribution
and the boundary (Ax) at which the current drops by an order of
magnitude (¢”2) can be estimated. e.g:, for R is approx. 100 A,
Ax is approx. 14 A, meaning that the majority of the tunneling
currents are concentrated within a distance of 14 A from the
origin. This is why STM can provide atomic-scale lateral spatial
resolution. The actual achievements of STM have greatly
exceeded the above expectations, and a spatial resolution of
2 A has been routinely obtained after years of development.

Single atom catalyst imaging

STM invention allowed scientists to directly perceive individual
atoms and molecules. The first demonstration of the atomic
resolution capabilities of STM was realized on a Si (111)-7 x 7
surface by the team of inventors two years (in 1983) after the
invention of STM.™ Since then, imaging of individual atoms
and molecules in real space has become a tangible reality. With
the subsequent rapid development, today’s STM can easily
achieve a lateral resolution of 200 pm and a vertical resolution
of 1 pm, causing single-atom-based research to flourish. The
important roles of single-site heterogeneous catalysts have been
recognized in the field of heterogeneous catalysis for decades."”
In 2011, Zhang and co-workers proposed the concept of ““single-
atom catalysts (SACs)”, and realized 100% atomic dispersion of
Pt on FeO,, which displayed outstanding stability and activity for
the oxidation of CO." Inspired by this work, various types of
SACs were developed and researched in the field of heterogenous
catalysis."*° These pioneering landmark works not only draw
attention to SACs, but also further highlight the importance of
identifying individual metal atoms in SACs.

Being one of the techniques capable of realizing atomic-
resolution imaging in real space, STM offers various advantages
for the research on SACs. For single-atom catalysis, the unambig-
uous identification of individual catalytic sites in real catalysts is
the first prerequisite for understanding the catalytic mechanism.
STM was used to image individual metal atoms and study their
impacts on catalytic behaviors long before the concept of single-
atom catalysis was formed.>?' For example, early in 2001, by
means of STM, Besenbacher and coworkers observed the
morphology change of MoS, from triangular to hexagonally
truncated, due to the preference of Co atoms at the S-edge, which
provided insights into understanding the catalytically important
edge structures of hydrodesulfurization catalysts.”> The clear
formation of the concept of single-atom catalysis and their
extensive follow-up research further made the combination of
STM and single-atom catalysis science more fascinating. Various
model SACs, such as Au-MgO, Pd-Fe;0,, Pt-CuO, Au-Fe;O,,
Pt-CeO,, and Ir-Fe;0,, etc., were synthesized in an ultrahigh
vacuum chamber and in situ observed via STM. The single metal
atoms can be clearly distinguished from the support and gen-
erally observed as bright protrusions in STM. This is mainly
because, under certain tip conditions, different metals exhibit
different corrugations due to topographical and electronic
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differences, which can be discerned by STM, allowing them to
be successfully distinguished.>** For example, when Au and CO
were co-deposited on the surface of MgO under low temperatures
in an ultrahigh vacuum chamber, as shown in Fig. 2A, the single
Au®~ atoms were identified as isolated protrusions on the surface
of MgO, obviously different from the surface and the dark
depressions of CO. The commonly observed negative contrast
of CO was ascribed to the absence of molecular orbitals that
support electron transport around the Fermi level.” Fig. 2B pre-
sents the atomic-resolution image of Au-deposited Fe;04(001),
where the Au atoms are atomically dispersed and located exclu-
sively at the narrow hollow sites between the Fe rows.® Following
a similar approach, Parkinson et al. successfully photographed
via STM the atomically dispersed Pd and Ir atoms on Fe;0,(001),
providing good platforms to investigate sintering induced by CO
(Fig. 2C),” and to figure out how the local coordination environ-
ment could affect CO adsorption.>® Apart from metal oxide
supported SACs, Sykes’s group conducted a large number of
research studies on bimetallic alloy systems based on STM, where
one type of metal was atomically dispersed on another metal
single crystal, denoted as single-atom alloys (SAAs).®™'%>>73>
Benefitting from STM, various model SAAs, including Pd-Cu,
Pd-Au, Pt-Cu, Ni-Cu, Rh-Cu, etc., were constructed, character-
ized and investigated. For example, Pd-Cu SAAs were fabricated
by evaporating trace amount of Pd adatoms (~0.01 monolayer)
onto the substrate Cu(111) by controlling the temperature of the
substrate at 380 K. As shown in the STM image (Fig. 2D), the dopant
Pd atoms display significantly brighter chemical contrasts than the
host Cu metal atoms, indicating the successful alloying of the Pd
atoms into the Cu lattice in an atomic manner.® Similarly, isolated
Pd atoms substituted into the Au(111) surface were also evidently
revealed by STM (Fig. 2E), where Pd atoms possessed a slightly
topographically higher appearance than the Au host. In combination
with TPD and DFT calculation, this alloy provided an atomically
precise platform to study differences in the energy landscapes of H,
adsorption, activation, and desorption on Au(111), Pd(111), and
Pd-Au(111).° Likewise, STM enabled the characterization of the
atomic scale surface structure of Pt-Cu(111) alloys, and dis-
closed that the Pt atoms could be alloyed not only into the
terraces of the surface but also the step edges (Fig. 2F)."° The
construction of atomically resolved Pt-Cu(111) alloys guaran-
teed the follow-up research on their potential as the coke-
resistant catalysts for efficient C-H activation.””

Although the STM single-atom imaging technique is attractive,
it remains challenging for a long time to distinguish different
metal single atoms if more than one type of metal single atom is
present in the system. Recently, Ajayi et al. reported that, the
combination of STM and synchrotron X-rays, known as synchro-
tron X-ray scanning tunnelling microscopy (SX-STM), can help
to differentiate different metal single atoms, disclosing their
elemental type and chemical state simultaneously.>® There are
two measurement regimes in SX-STM: tunnelling regime and
far-field regime. For the far-field regime (Fig. 3A), the tip is
positioned out of tunnelling range, at about 5 nm from the
sample, and only X-ray-ejected electrons contribute to the
measurements. For the tunnelling regime (Fig. 3D), the tip is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) STM image of Au atoms and CO molecules on the MgO surface. Reproduced with permission.> Copyright © 2010, American Chemical Society. (B)
Atomic-resolution STM image of Au-deposited Fes04(001). Reproduced with permission.® Copyright © 2012 American Physical Society. (C) STM image acquired
after deposition of 0.2 monolayer Pd on the Fez04(001) surface at room temperature. Reproduced with permission.” Copyright © 2013, Spnnger Nature Limited.
(D) High-resolution STM image of a region above a step edge where individual Pd surface atoms reside. Reproduced with permission.® Copyright © 2012,
American Association for the Advancement of Science. (E) Isolated Pd atoms (highlighted by arrows) substituted into the Au(111) surface that appear slightly

topographically higher than the Au host. Reproduced with permission.® Copyright © 2016, American Chemical Society. (F)
revealing Pt alloys in the surface at the ascending step edges. Reproduced with permission.'® Copyright

positioned about 0.5 nm above the sample, where the tip-sample
distance is within the tunnelling range (less than 1 nm). During
the SX-STM measurement, both the sample and tip currents are
simultaneously recorded as the X-ray absorption spectroscopy
(STM-XAS) data. Taking Fe as an example, in the far-field regime
test mode, both the sample current (Fig. 3B) and tip current
(Fig. 3C) revealed the L; and L, absorption edges of Fe at
708.9 eV and 722.1 eV, which were produced by the 2p;, and
2p1, transitions of Fe to the unoccupied d orbitals, respectively.
The sample current was about two orders of magnitude higher
than that of the tip current; this was mainly because the sample
current was generated by the entire X-ray-illuminated area,
whereas the tip captured <1% of the ejected electrons in the far
field. Thus, the far-field regime test mode establishes the general
detection of the element type. As for the detection of single Fe
atoms, it could be achieved via the tunneling regime test mode.
When the tip was not located above Fe, such as position A in
Fig. 3E, only the sample channel (Fig. 3F) exhibited Fe L, ; edge
signals similar to those in the farfield test mode, because the
sample current in the tunneling regime was still mainly contrib-
uted by the entire X-ray-illuminated area. However, the tip channel
did not show any Fe edge signals (Fig. 3G), which was because at a
very close tip-sample distance, the solid angle for photo-ejected
electrons being captured by the tip was greatly reduced and the Fe
edge signal from the entire X-ray-illuminated sample area was no
longer detectable. Only when the tip was positioned directly above

© 2023 The Author(s). Published by the Royal Society of Chemistry

Atomic resolution STM image
© 2014, American Chemical Society.

the Fe atom (position B in Fig. 3E), the tip current displayed cogent
L; and L, absorption edge signals of Fe (Fig. 3I). Thus, the X-ray-
excited tunneling process was dominant in the tunneling regime
in the tip channel (Fig. 3]J). Because the quantum tunneling
process is extremely sensitive to the atomic positions, the Fe signal
in the tip channel is observed only when the tip is located directly
above Fe in the tunneling distance. Besides, the chemical states of
single metal atoms can be determined by using the near-edge X-ray
absorption fine structure (NEXAFS) method. With STM-NEXAFS,
both the sample channel and tip channel will show fine details of
the satellite peaks that can be utilized to determine the valence
state. Thus, with the combination of the far-field test mode and
tunneling test mode, the characterization of a single metal atom
and its chemical state can be realized.

To sum up, after decades of development, STM has been well-
established and proven to be a powerful tool for characterizing
SACs, as mentioned in numerous excellent reviews related to
SACs®”™” and will definitely further evolve into a more intelligent
platform for mechanistic studies with atomic-level precision.

Imaging to resolve the geometric and
coordination structures of SACs

In SACs, atomically dispersed metal atoms are chemically
coordinated onto the catalyst’s support in the form of M-A,

EES Catal., 2023,1,794-809 | 797
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(A) Schematic of SX-STM in the far-field regime. (B) STM-XAS spectra of the sample current. (C) STM-XAS spectra of the tip current. (D) Schematic

of SX-STM in the tunnelling regime. (E) STM image of a single supramolecular ring measured with the SX-STM setup. (F-I1) Simultaneously recorded STM-
XAS spectra of the sample and tip channels in the tunnelling regime when the tip is on position A (F) and (G) and when the tip is on position B (H,1). (J) X-
Ray-excited electron tunnelling process. Reproduced with permission.*® Copyright © 2023, Springer Nature.

(M, A, and x refer to the single metal center, the surrounding
coordination element, and coordination number, respectively).
The mutual interactions between the isolated metal and the host
support are highly related to the coordination structures, where
the electronic states can be tailored by changing M, A, x, etc.

In 2010, Zheng et al. theoretically proved that STM could
image the changes of localized electronic states in both gra-
phene and single-walled carbon nanotubes induced by heteroa-
tom doping. Based on simulation, the substitutional single
atomic nitrogen doping would induce a triangular bright-spot
cluster pattern, and this distinct STM fingerprint was highly
ascribed to the charge transfer from doping defects to the
neighboring carbon atoms.>® In the same year, Bao et al. first
experimentally resolved the electronic structure of N-doped
graphene at the sub-nm scale by adopting low-temperature
STM. The N doping caused an apparent perturbance on the
electronic structure of graphene, as revealed by the increased
brightness around the substitution site. STM simulation
suggested that the bright spots were C atoms adjacent to N
atoms rather than the heteroatoms themselves and were due to
the increase in electron density of states (DOS) near the Fermi

798 | EES Catal, 2023, 1, 794-809

level.>® Shortly thereafter, Pasupathy et al. succeeded in visua-
lizing individual graphitic N dopants in monolayer graphene by
measuring the DOS in its vicinity. As seen in the nondestructive
STM images at the nanoscale (Fig. 4A), the N atom confined in
the graphene lattice resulted in the formation of three bright
spots connected in a triangle. In combination with DFT simula-
tion (Fig. 4B), each spot of this triangle could be determined to
situate exactly at the nearest neighbor C atoms. This was
because a friction of electron on the N dopant was delocalized
to the neighboring C atoms, causing brighter contrasts on these
C atoms. And this electronic perturbance was only constrained
within a few lattice spacings from the dopant site. Besides, an
out-of-plane height of ~0.6 A was revealed by the line scan
through the dopant (Fig. 44, inset), which was also consistent
with the N atom substituting for a C atom in the plane of the
graphene.®® Deng et al. further resolved the atomic and electronic
structure of the Fe-N, center embedded in an organic graphene
matrix by low-temperature STM, where the single iron site was
imaged as a bright spot, and the surrounding atoms were
observed brighter than those C atoms far away from Fe (Fig. 4C
and D).*! This strikingly different contrast from the pristine

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) STM image of the most common doping form observed on N-doped graphene on copper foil, corresponding to a single graphitic N dopant.

(Inset) Line profile across the dopant shows atomic corrugation and apparent height of the dopant. (B) Simulated STM image of graphitic N dopant based
on DFT calculation. Reproduced with permission.®® Copyright © 2011, American Association for the Advancement of Science. (C) Low-temperature STM
image of the Fe—N, center embedded in an organic graphene matrix. (D) Simulated STM image. (E) d//dV spectra acquired along the white line in the inset

image. Reproduced with permission.®* Copyright © 2015, The Authors.

graphene lattice originated from the fact that the introduction of a
single Fe atom significantly modified the DOS of adjacent C or N
atoms. The modification by Fe was further confirmed by the
appearance of a new electronic state near the Fermi level; a sharp
resonance state at —0.63 €V in the scanning tunneling spectroscopy
(STS, Fig. 4E) measurement indicated the strong mutual interaction
between Fe and graphene lattice. Such observation provided direct
visual proof that, in SACs, the incorporation of single metal atoms
into the catalyst support would definitely cause a non-negligible
modification to the DOS and form a promising active center.***
STM can help to resolve differences in the coordination
structure of individual metal atoms in SACs. For example, in
2019, Parkinson et al. thermally evaporated 0.13 monolayers Ir
onto Fe;0,4(001) at room temperature, forming a model Ir-Fe;0,
single-atom catalyst.>* Based on this model catalyst, how the
atomic and coordination structures of individual Ir sites affected
CO adsorption was investigated. As shown in Fig. 5A and B, at
300 K, Ir adatoms located between the five-fold coordinated Fe
rows possessed a two-fold-coordinated structure. In contrast,
when heated at 623 K, the Ir atoms appeared as bright protru-
sions within Fe rows and possessed a five-fold-coordinated

© 2023 The Author(s). Published by the Royal Society of Chemistry

structure (Fig. 5C and D). And at 723 K, the bright protrusions
turned a little bit hazy, as the Ir atoms were incorporated into the
subsurface layer and possessed a six-fold-coordinated structure
(Fig. 5E and F). The construction of Ir SACs with different coordina-
tion structures made it possible to distinguish the adsorption modes
of CO, where CO binds more strongly with two- and five-fold-
coordinated Ir atoms than metallic Ir, and the incorporation of Ir
atoms in the subsurface would deactivate Ir for CO adsorption.

Compared to other surface characterization techniques, the
most prominent feature of STM is that it not only can help to
determine the binding and coordination information of adatoms,
but also provide information on electronic states with atomic
precision. Therefore, STM will play a pivotal role in constructing
the structure-activity relationship in single atom catalysis.

Imaging to resolve the charge states of
SACs

The charge state (CS) of the single metal atom center and the
charge transfer (CT) across the metal-support interface

EES Catal., 2023,1,794-809 | 799
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U=1.9V, I=0.3 nA

Fig. 5 (A) Ir; atoms evaporated directly onto the FesO4(001) surface at 300 K, which are imaged as bright protrusions between the Fe rows of the
support (red circle in STM image). (B) DFT-derived minimum-energy structure of the two-fold-coordinated Ir adatom on Fez04(001). (C) After annealing
at 623 K, Ir atoms appear as bright protrusions within the Fe row in the STM image (green circle). (D) DFT-derived minimum-energy structure of the five-
fold-coordinated Ir atom incorporated within the FezO4(001) surface. (E) At 723 K, some of the bright protrusions within the row are replaced by
extended bright protrusions in STM (yellow circle). (F) DFT-derived minimum-energy structure of the six-fold-coordinated Ir adatom incorporated in the
subsurface layer of Fez0,4(001). Reproduced with permission.2* Copyright © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.

significantly influence the catalytic performance of SACs. How
to accurately ascertain CS and determine the amount of CT in
SACs is still challenging. The advanced X-ray absorption
spectroscopy (XAS) technique can be informative, but it is an
area-averaging method. With atomically precise structural data
provided by STM, in combination with other characterization
data, analyzing the CT and CS of SACs at the atomic level could
be possible, and would further shed light on single-atom
catalysis.

In fact, the exploration on CS and CT of single metal atoms
can be dated back to the early stage of the 21st century, but they
were rarely linked to catalytic performance at that time. For
example, in around 2010, Nilius et al. revealed that alumina
thin film-supported Au adatoms were negatively charged and
the Au chains contained three to seven Au atoms host up to
three excess electrons.®>®* Based on STM/STS, Flynn and cow-
orkers found that the Fe;O4(111) supported Au atoms were
positively charged, while Au nanopatrticles were metallic.>’ In
2016, Libuda et al systematically studied the CT process
between Pt nanoparticles and the CeO, support, and counted
out that the charge per Pt atom showed a maximum of about
0.11 electrons at particle sizes between 30 and 70 Pt atoms.
Firstly, the researchers investigated the particle density, size,
and shape of Pt via STM, determining that the Pt particle size
could be varied from 20 to 800 atoms per particle, corres-
ponding to particle diameters between ~1 and 3.5 nm, which
are frequently observed dimensions in heterogeneous catalysis.
Then using sensitive resonant photoemission spectroscopy, the

800 | E£ES Catal, 2023, 1, 794-809

researchers derived the surface concentration of Ce*", thereby
succeeding in counting the number of electrons that were
transferred between the interfaces. As shown in Fig. 6, the
number of electrons transferred per Pt particle, per Pt atom,
and per surface area can be calculated, where the maximum CT
per Pt atom is ~0.11 electrons, and the counterpart per surface
aera is 1.2 x 10'® electrons m™ 2% Although this work mainly
dealt with nanoparticles, the same strategy can be applied to
the supported SACs for counting CT and determining CS.

In recent years, relying on STM, more and more studies
linked the charge state of supported single metal atoms with
the catalytic performance. For example, Wu et al. found that the
CT from the CuO support to single Au atoms played a signifi-
cant role in tailoring the CO oxidation activity. Benefitting from
the presence of suitable potential wells, Au atoms were success-
fully trapped in an isolated form on the monolayered CuO film
on Cu(110), as indicated by the isolated orange protrusions
with uniform shape and size as displayed in Fig. 7A. It can be
seen from the XPS data (Fig. 7B) that, as compared to the Au
layers with neutral chemical state, the Au 4f of single Au atoms
presented a downward shift in binding energy. In combination
with the upward shift of O 1s, it can be concluded that, due to
the charge transfer from the O of CuO to Au, the single
Au atoms were negatively charged. Exposing CO at room
temperature to this model SAC would induce the appearance
of large amounts of dark vacancy features with about 0.3 A in
depth in the vicinity of Au atoms. The zoomed-in STM image
(Fig. 7C and D) shows that these dark vacancy features are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Counting the electrons transferred due to the electronic metal-support interaction (EMSI). (A) The number of electrons transferred per Pt particle
to the ceria support increases with increasing particle size (green squares). The partial charge per Pt atom reaches a maximum for particles with 30 to 70
atoms (yellow circles). (B) At higher Pt coverage, the total amount of transferred charge approaches a limit, which we denote as the ‘charge transfer limit’
(red squares). The atomic models show schematically the average particle sizes in different regions. Nanoparticle, NP. Reproduced with permission.®®

Copyright © 2015, Springer Nature Limited.

located exactly at the position of the lattice O, so these vacancy
sites were ascribed to O vacancies, which were highly possibly
created by the reaction between CO and the adjacent lattice O
anions. Interestingly, exposure to O, at 400 K would heal most
of these oxygen vacancy sites (Fig. 7E), and the accompanying
changes in Au 4f and O 1s during CO and O, exposure further

© 2023 The Author(s). Published by the Royal Society of Chemistry

supported these hypotheses. Finally, the researchers proposed
that the CO oxidation at Au single-atoms on CuO followed a
typical Mars-van Krevelen mechanism (Fig. 7F), where the
negatively charged Au single-atoms would be beneficial for
the formation of CO, by reacting CO with neighboring lattice
O anions, accompanied by the generation of O vacancy and the

EES Catal., 2023,1,794-809 | 801
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(A) Au single-atoms on the CuO monolayer by depositing 0.05 monolayer Au at room temperature. Inset: Enlarged image of the Au single atoms.

White and blue cycles represent the Cu and O ions, respectively. (B) XPS spectra of Au 4f and O 1s. (C) STM image of Au single atoms exposed to 18 L CO.
(D) Enlarged STM image of the square area marked in panel C. (E) STM image of the sample re-exposed to 60 L O, at 400 K. (F) Schematic illustration of
the CO oxidation process activated by Au single-atoms on a CuO monolayer. Reproduced with permission.®® Copyright © 2018, American Chemical

Society.

neutralization of Au, and the O vacancy sites could be healed by
oxygen exposure at high temperature, reactivating the activity of
the Au-based SACs.*®

Imaging to resolve the dynamic
reaction process in single atom
catalysis

One of the most essential requirements for comprehensive
understanding of single atom catalysis is the precise understand-
ing of the catalytic process. However, chemical reactions are
dynamic, meaning that resolving such a dynamic process
requires the ability of characterization tools to achieve spatial
and temporal resolution simultaneously. Besides, the single-
atom catalytic process is a complex multifactorial process, where
minor changes in the factors would possibly change the reaction
pathway, which further challenges the related research. Although
real-time imaging can be hardly achieved by standard STM with a
typical image acquisition rate of ~0.02 frames s, joyfully, it can
be achieved by time-lapse STM or high-speed STM, guaranteeing
direct observation of the dynamic reaction process at the atomic
scale. Moreover, the atomically resolved images of SACs provided
by STM can ensure the site-specific investigation. For example,
the CO-induced movement of Pd adatom was clearly traced via
STM imaging, explaining how single Pd atoms sintered into Pd
nanoparticles and how surface hydroxy protected Pd atoms from
sintering.” By comparing the differences (Fig. 8A-D), it could be
found that Pd(1) disappeared and Pd(2) increased brightness

802 | EES Catal, 2023, 1, 794-809

with an apparent higher height, while other Pd adatoms remained
unchanged. Given this was the only change, the newly observed
bright protrusion was considered to contain both Pd(1) and Pd(2).
And the fuzzy appearance was a result of the adsorption of a CO
molecule on Pd(1), forming a mobile Pd carbonyl complex (Pd;—
CO). Later, the fuzzy feature jumped to Pd(3) and further hopped
from Pd(3) to Pd(4), finally leaving Pd(2) and Pd(3) behind. This
mobile feature of Pd adatoms was initiated by the adsorption of
CO, which was in contrast to the stability of the Pd adatom on a
surface hydroxyl. So, when Pd adatoms were exposed to CO (5 x
10~'° mbar) for a long time (15 min), sintering of Pd adatoms into
large Pd nanoparticles could be observed, due to the formation of
mobile Pd carbonyl species (Fig. 8E-H). Via time-lapse STM,
Parkinson et al. also observed CO-induced sintering of Pt adatoms
through the formation of Pt carbonyls (Pt;—-CO), leading to their
agglomeration into clusters. Besides, they also found that the
presence of CO could also stabilize the smallest clusters against
decay at room temperature.®” These visualizations of the coarsen-
ing process ascertained the acceleration effect by CO on the
coarsening of catalytically active metal clusters. In 2018, Patera
et al. realized real-time imaging of the growth process of a
graphene flake on a single Ni atom by high-speed STM with frame
rates of tens of hertz (Fig. 9), revealing the catalytic roles of single
Ni atoms on the edge growth of graphene.®® The dynamic changes
in the two kinds of edges of epitaxial graphene, zigzag (z) and Klein
(k) edges, were acquired through a series of consecutive images, of
which the bright features at the edges were attributed to mobile Ni
adatoms. The Ni adatoms moved randomly until they reached the
graphene edge, where they diffused parallel to the graphene edge

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Single Pd atoms OH 5x107'% mbar CO

Large Pd cluster

Fig. 8 CO-induced mobility of one Pd adatom. The four images (A)-(D) are selected from a longer STM movie acquired over the same sample area. The
schematic model below each image shows the motion of the atom. (A) Initially, only isolated Pd adatoms and OH groups are observed. Between (A) and
(B) adatom 1 adsorbs a CO molecule, forming a Pd carbonyl. The Pd carbonyl can diffuse easily on the bare surface, but is immobilized at Pd(2), forming a
bright fuzzy feature. (B)-(D) The Pd carbonyl hops to atom 3 and then to 4, leaving behind its host Pd adatom in each case. (E)-(H) The CO-induced
formation of a large Pd cluster. Four STM images were selected from a 36-frame STM movie following the deposition of the 0.2 monolayer Pd at room
temperature. (E) Initially, isolated Pd atoms are present, together with hydroxyl groups and one OH-Pd (red cross). (F) After the background pressure of
CO is raised to 5 x 107 mbar for thirty minutes, several mobile ‘fuzzy' Pd carbonyl species, trapped at other Pd atoms, have formed. (G) Shortly
afterwards, three Pd carbonyls and four adatoms have formed a large cluster. (H) Twenty-five minutes later, the cluster has captured another Pd carbonyl,

and diffused to merge with an OH-Pd species. Reproduced with permission.” Copyright © 2013, Springer Nature Limited.

with considerably longer residence time in the kink sites. More-
over, the Ni adatoms were imaged almost exclusively at the kinks,
and the attached C dimers could be observed nearby in most
cases, suggesting a catalytic role for individual Ni atoms.

Imaging to resolve the reaction
mechanism

From an academic and economical perspective, a constant
pursuit is to design high-performance catalysts to maximize
catalytic performance. The prerequisite for rational design of
catalysts is to precisely understand the reaction mechanism.
The same holds true for SACs. Understanding the fundamental
mechanism in single-atom catalysis is beneficial for the rule-
based design of SACs. Over the last decades, with superb spatial
resolution (x/y resolution: ~0.1 nm, z resolution: ~1 pm), STM

© 2023 The Author(s). Published by the Royal Society of Chemistry

has provided fundamental insights into CO oxidation, hydrogen
activation, oxygen activation, etc. based on many well-defined
SACs models. For example, Parkinson et al. investigated the
differences in the reaction pathways of CO, H,, and O, over a
model Pt; 4/Fe;0, catalyst, and found that CO could extract
lattice oxygen at the periphery of the Pt clusters to form CO,,
while H, and O, dissociated on the Pt clusters and spilled over
onto the Fe;0, support.®® As shown in Fig. 10, exposure of Pt; ¢/
Fe;0, to CO, O,, and H, at 550 K, respectively, resulted in
significantly different morphological changes of the support.
Exposure to CO (10”7 mbar, 60 min) induced the formation of
large holes, covering 3.7% of the Fe;0,(001) terrace. And each
hole was associated with (at least) one Pt cluster, which
was typically located at the step edge. When exposed to H,
(10”7 mbar, 20 min), a higher number of pores were generated,
covering 8.7% of the surface, but most Pt clusters appeared
inside the pores. Exposure to an oxidizing O, atmosphere

EES Catal, 2023,1,794-809 | 803
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Fig. 9

(A) Zigzag and Klein edges of a top-fcc epitaxial graphene layer on Ni (111). (B) High-speed STM sequence acquired at 710 K in quasi-constant

height mode at the z edge. White arrows indicate the position of C atoms in fcc-hollow sites near the kink. (C) Same as in (B) but for the k edge.

Reproduced with permission.®® Copyright © 2018, The Authors.

;Fe

Fig. 10 STM images acquired following exposure of the Pt/Fes04(001) model catalyst to 1 x 10~ mbar (A) CO, (B) H,, and (C) O, at 550 K. Reproduced
with permission.®® Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(1077 mbar, 20 min) caused the appearance of many small
islands. Apart from bright Pt clusters, the characteristic rows
of Fe;04(001) could be clearly observed on these islands, indi-
cating that the Pt clusters could catalyze the growth of a new
stoichiometric Fe;04(001) surface. Besides, the density of Pt
clusters decreased, suggesting the gas-assisted sintering pro-
cess. In the presence of CO, the Pt clusters could efficiently
adsorb CO and deliver it to the Pt-support interface where CO
extracted lattice O atoms to form CO, (Mars-van Krevelen
mechanism). The undercoordinated O atoms at step edges were
more easily removed by CO than the terrace oxygen atoms. The
left undercoordinated Fe atoms diffused into the bulk, forming
interstitials at elevated temperatures, and the Pt cluster most

804 | EES Catal., 2023,1, 794-809

likely diffused along the step once a hole was nucleated. These
were the reasons why the Pt clusters were located at the step edge.
In the case of H,, H, first dissociated on Pt clusters, followed by
spillover onto the support terrace, creating surface OH groups to
react with lattice O atoms. The diffusion over the terrace made O-
lattice extraction possible away from the Pt cluster. This way,
once the hole was nucleated, the step edge gradually receded
from the cluster over time, leaving the cluster at the bottom of the
hole. In an O, environment, the Pt clusters catalyzed the dis-
sociation of O,, and the formed highly reactive atomic O species
diffused onto the support to react with Fe supplied from the bulk
at 550 K, inducing growth of small Fe;0,(001) islands. Following
further research, multiple research groups directly observed the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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oxygen vacancies caused by the Mars-van Krevelen mechanism
through STM measurements.”***’® For example, the Sykes’s
group observed dynamic structural changes around the active
Pt sites during reaction via STM.?® As shown in Fig. 11, at 160 K,
the isolated Pt sites with CO adsorbed (Pt-CO) were imaged as
bright protrusions on vacancy-free surfaces. When the same surface
was annealed to 250 K, two newly emerged defects adjacent to Pt
atoms (labeled by white arrows) were observed. In the meantime,
TPD measurements indicated that CO, desorption started, and
these defects resulted from the removal of lattice oxygen. STM
measurements clearly revealed that the vacancy sites emerged at
the sites adjacent to the active Pt, of which the heights were ~20
pm lower than the initial Pt-CO species, indicating that these active
Pt sites were post-reaction Pt sites. Further heating the surface to
350 K induced the emergence of more vacancy sites, due to the
abstraction of more lattice oxygens by CO. Such direct observations
were further demonstrated by simulation via DFT. Therefore, with
the aid of STM measurements, a Mars-van Krevelen mechanism on
the reducible oxide surface, in which lattice oxygen in close vicinity
to the active Pt sites participated in the oxidation process, was
solidly confirmed.

Combining STM with other techniques (e.g., TPD), the same
group also conducted extensive research on SAA-catalyzed

250 K anneal

A 160 K anneal

View Article Online
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hydrogen activation, spillover, desorption, and hydrogenation.
Based on the revealed mechanism, novel strategies could be
explored to design efficient catalysts to address the existing
problems in organic hydrogenation reactions, such as product
selectivity, CO poisoning, coke formation, etc. According to the
Sabatier’s principle, it is difficult for a metal to have both a low
reaction energy barrier and weak binding at the same time.
Sykes and coworkers solved this problem by dispersing active
metal atoms into a more inert host metal to form bifunctional
catalysts. They confirmed that the linear scaling relationship
between the binding energy of the reaction intermediates and
the activation barrier could be broken by forming SAAs. For
example, as shown in Fig. 12, even though Cu had weak
binding to H atoms (Hggs), the whole reaction on Cu was
hampered by a rather large activation barrier of 0.4 eV for H,
dissociative adsorption. In the case of Pd, with a strong binding
energy of H,qs), the barrierless activation of Pd seemed helpless
for tuning the desorption temperature. In contrast, for Pd-Cu
SAAs, H, would first dissociate on Pd to form H atoms, which
would diffuse onto Cu with a weaker binding energy that
required a lower desorption temperature.® These optimized
energy diagrams were also achieved for Pd-Cu, Pd-Au, Pt-Cu
SAAs, etc., for efficient hydrogenation reactions®?>>>7>%3!

350 K anneal
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Fig. 11 Visualization of the CO oxidation mechanism by STM and rationalization by DFT. High-resolution STM image of CO-exposed Pt atoms
supported on the oxide surface after annealing at (A) 160 K, (B) 250 K and (C) 350 K. White arrows highlight defects arising from the removal of lattice
oxygen in the reaction. (D) High-resolution STM image of CO—-Pt annealed at 250 K. The blue circle highlights the preferred CO-Pt site. The black outline
shows the unit cell of the support. (E) DFT-calculated minimum energy pathway for the oxidation of CO, where ‘(g)' indicates that the molecule is in the
gas phase and ‘(ad)’ indicates that it is adsorbed. Reproduced with permission.2® Copyright © 2018, The Authors.
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Fig. 12 Potential energy diagram depicting the mode of action of a Pd SAA surface compared with those of pure Cu(111) and Pd(111). Dissociative
adsorption of H, on Cu(111) (orange) is a highly activated process. On Pd(111) (gray), H, dissociation is practically barrierless, but the adsorbed atoms are
bound strongly. In the case of an isolated Pd atom, the dissociation barrier is low, hydrogen is weakly bound, and it can spill over onto the Cu(111) surface.
Reproduced with permission.2 Copyright © 2012, American Association for the Advancement of Science.

The same research group also tackled CO poisoning using this
strategy.**® To be specific, the researchers successively depos-
ited H and CO onto Pt-Cu(111) SAA to figure out their interaction
with the Pt catalytic sites at the atomic scale. Both stationary dark
spots and streaky features could be observed (Fig. 13A), where the
former were the CO on the Pt sites, and the latter were mobile H
atoms on the Cu surface.®® The scanning at 200 mV could sweep
away the mobile H, leaving behind the CO molecules (Fig. 13B),
which could also be removed via 5 V pulses (Fig. 13C). Then, the
isolated Pt atoms beneath every CO adsorption site were revealed.
In such bifunctional system, H,q atoms could diffuse onto other

Fig. 13

active sites away from the dissociation sites. With this knowledge,
for the hydrogenation reaction of butadiene, the same product
distribution revealed by TPD spectra (Fig. 13D and E) could be
understood for gases with or without CO, as H, would preferen-
tially bind and dissociate on Pt, and then overflow to the Cu(111)
surface for hydrogenation.> It should be noted that if the Pt sites
have been blocked by CO prior to the addition of H,, no reactivity
will be observed.

To sum up, STM could help to resolve the catalytic mecha-
nism at the atomic scale, which would provide valuable gui-
dance for designing advanced SACs.
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(A) STM image of H atoms and CO molecules on Pt/Cu(111) SAA. (B) Same area after H removal. (C) Same area after CO removal. Reproduced

with permission.** Copyright © 2016, American Chemical Society. TPD traces for the co-adsorption of H, and butadiene (D) without and (E) with CO on
0.02 ML Pt/Cu(111). H, was adsorbed on the surface before adsorption of CO. Reproduced with permission.?> Copyright © 2015, The Authors.
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Perspectives

STM has been very useful in imaging the geometric and electro-
nic structures of SACs and resolving the catalytic mechanisms in
single atom catalysis. Numerous insights have been obtained for
better perception of single atom catalysis. However, given the
complex structures of SACs, possible dynamic structure changes
during the catalytic process, the gap between characterization
and real-time reaction, etc., there is still a long way to go.

1. One of the stringent requirements for successful STM
measurements is that the sample surface needs to be atom-
ically flat to ensure high resolution and stable imaging. The
imaging resolution and quality are limited by the atomic-level
flatness of the catalyst. However, for some SACs, the single
metal atoms are confined in 3D frameworks. Visualization of
the geometric and electronic structures of such 3D SACs is
imperative yet challenging.

2. The ultimate goal of imaging is to simultaneously achieve
high spatial and temporal resolution. High spatial resolution is the
most notable feature of STM imaging, with a spatial resolution of
2 A being routinely obtained. But STM imaging with high temporal
resolution is still in infant development, although there have been
some successful trials, there are many challenges to overcome. As
the bandwidth of the preamplifier and other electronics of STM is
limited to megahertz, ultra-fast dynamics within picoseconds and
femtoseconds should be captured by incorporating pump-probe
techniques into STM, leading to femtosecond laser STM and
terahertz STM.>

3. To date, the combination of STM and single-atom cata-
lysis mainly concentrated on simple reaction models, for
example, CO oxidation, hydrogen desorption, oxygen oxidation,
etc. Compared with the great progress in the catalytic field
where the SACs have been widely used in various catalytic
reactions, STM’s research on single-atom catalysis lags some-
what behind. Characterization of more complex reaction
models with the aid of STM measurements is highly desired.
Besides, the huge temperature and pressure gap between STM
characterization and practical reactions also presents key chal-
lenges. Operando STM characterization is an important techni-
cal challenge to overcome.
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