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Single-atom catalysts (SACs) that can achieve maximum atom utilization and provide well-defined active
sites in energy conversion reactions have attracted much attention in the past decade. In general, the
local structures of active sites in SACs largely determine their catalytic activity and selectivity. Therefore,
identifying the local environments of active sites in specific SACs is essential to understand their catalytic
functions in various reactions. Recent studies have demonstrated that synchrotron-radiation
spectroscopic characterization methods possess unparalleled capacity in the identification of local
environments of SACs due to their wide energy regulation window and high resolution. In this review,
we aim to discuss the practical applications of some ex/in situ synchrotron-radiation spectroscopic

techniques in recently reported advanced SACs. The experimental analyses from various techniques,
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Accepted 27th November 2021 such as X-ray absorption spectroscopy (XAS), photoemission spectroscopy (PES) and Fourier-transform

infrared spectroscopy (FTIR), are highlighted. The built structure—activity relationships towards identified
active sites are also discussed. Finally, a summary of spectral imputs and related significance is made and
the research perspectives are suggested.
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greenhouse effect, etc., have happened.*”> To mitigate these
problems, many scientists call to increase the proportions of

1. Introduction
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With the rapid development of world-wide industrialization and
frequent human activity, the global consumption of fossil fuels
is ever-increasing; inevitably, the shortage of natural resources
and environmental problems, such as ocean acidification,
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clean and sustainable solar, hydrogen, wind and other energy
sources in modern energy supply systems.>> However, these
energy sources are intermittent, largely hampering their prac-
tical applications. To address this issue, many researchers have
proposed to develop efficient energy conversion and storage
devices based on electrochemistry, photochemistry or thermo-
chemistry in the past decades.®” Generally, the design and
operation of these energy devices involve some typical catalytic
reactions, i.e., hydrogen evolution reaction (HER), hydrogen

Qun He received his PhD degree
from University of Science and
Technology of China in 2020. He
is currently a postdoctoral
researcher at University of
Science and Technology of
China. His current research
interests include the control-
lable synthesis of nanomaterials
for energy conversion and cata-
lytic mechanism studies using in
situ characterization techniques.

J. Mater. Chem. A, 2022, 10, 5771-5791 | 5771


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ta08254j&domain=pdf&date_stamp=2022-03-10
http://orcid.org/0000-0001-8359-4438
http://orcid.org/0000-0001-7567-1552
http://orcid.org/0000-0003-0585-8519
http://orcid.org/0000-0002-2052-1132
https://doi.org/10.1039/d1ta08254j
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA010011

Published on 08 1400. Downloaded on 10/03/1403 08:44:33 ..

Journal of Materials Chemistry A

oxidation reaction (HOR), oxygen evolution reaction (OER),
oxygen reduction reaction (ORR), carbon dioxide reduction
reaction (CO,RR), Fischer-Tropsch synthesis (FTS), etc.®**
These reactions with complicated and sluggish reaction path-
ways are hard to achieve superior performances to meet the
demands of energy devices. For example, the four concerted
proton-electron transfer process involved anodic OER just
possesses low capacity for oxygen formation, thereby limiting
the rate of cathodic hydrogen production in water splitting.****
In addition, FTS for industrial coal-to-liquid and gas-to-liquid
processes has huge challenges in product selectivity control.*®
Therefore, exploiting high-activity catalysts is essential to
promote the applications of energy devices."*™*

Traditional heterogeneous solid catalysts feature metal
nanoparticles (NPs) and clusters that are composed of distinct
amounts of metal atoms, and only a small fraction of sites
located at surface, edge, step and corner are exposed to the
reactants for catalysis."®*® Therefore, the atomic efficiency of
traditional solid catalysts is very low, causing huge waste of
metals, especially some noble metals.”* Meanwhile, traditional
catalysts endow the mechanism study with great challenges due
to the presence of complex sites in them. Hence, the atomiza-
tion strategy to decrease the size of metal particles/clusters into
single atom to build single-atom catalysts (SACs) should be
a promising way to inherit the advantages from both homoge-
neous and heterogeneous catalysts, such as maximum atomic
utilization, high activity and stability.*>** However, significantly
increased surface free energy with downsizing particles leads to
the severe segregation of metal atoms in fabrication and
employment processes, which is the culprit of low loading and
instability of SACs.?®?® Regarding this issue, some researchers
found that appropriate supports with diverse anchoring and
adsorption sites can prevent the sintering of single atoms (SAs)
efficiently (Fig. 1).” It is also found that supports can work as
the modifiers to influence the electronic configurations of
foreign atoms through the strong metal-support interaction
(SMSI).*®* Among different support materials, defect-rich
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nanocarbons, such as carbon nanotubes, graphene and
carbon nitride, have been widely discussed.**=** Intrinsic edges
and holes, doped heteroatoms and surface function groups in/
on nanocarbons strengthen the binding of metal atoms via
chemical coordination.**** Metal compounds including oxides,
nitrides, sulfides, phosphides, hydroxides, etc., are also prom-
ising supports for SACs.*” The existing cation/anion vacancies
and large lattice voids in them can stabilize foreign atoms
effectively, rendering obtained catalysts with excellent perfor-
mances in various reactions.’®*® In addition, atomic replace-
ment between host and foreign atoms can also achieve the
incorporation of single atoms.*® Analogously, introducing iso-
lated atoms into traditional metallic catalysts is also feasible,
and these catalysts are generally known as single atom alloys
(SAAs).*»** SACs can also be derived from some porous mate-
rials including metal-organic frameworks (MOFs), covalent
organic frameworks (COFs) and zeolitic imidazole frameworks
(Z1Fs).*** The ordered atomic arrangements, large atomic
distance, and rich coordination atoms in them ensure the
monodispersion of metal atoms after thermal pyrolysis.***
Based on the above analyses, it is easily found that the flex-
ible collocation between active metal atoms and supports
results in the formation of SACs with diverse local environ-
ments. Different environments endow SACs with distinct
properties, thus meeting a series of reactions.* It is proved that
the local cooperation between atomic Sn sites and adjacent
oxygen vacancies in CuO contributes to higher CO,-to-methanol
selectivity and activity owing to more stable configuration of
adsorbed COOH.** Moreover, some works demonstrated that
the adjustment of ligand elementary species and coordination
number can not only regulate the properties of metal sites, but
also change the active centers. Tang et al. clarified that elements
(N or O) in the first and second coordination spheres have
a deep impact on the performance of Co SACs in acidic ORR.>
Changing Co-N tetra-coordination of prevalent CoN, moieties
to both Co-O and Co-N di-coordination for CONOC moieties,
the acidic ORR selectivity is tailored from 4e™ to 2e~ pathway
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Fig.1 Comprehensive description of typical supports and applications of SACs.

while catalytic sites from isolated Co to C adjacent to the
coordinated O. Li et al. reported a mixed catalyst containing
both tetra-coordinate Zn-N, and unsaturated Zn-Nj sites.”> And
these unsaturated atoms result in the lower oxidation state of
Zn and more stable COOH* adsorption, contributing to the
robust CO,RR activity. On the other hand, high-loading SACs
attract much attention and need to be explored to meet the
demands of practical applications.”*** Benefiting from the
strong chelation and self-assemble effect of
functionalized graphene quantum dots (GQDs-NH,),

concentrations of isolated Ir and Ni sites can reach 41.6 wt%
and 15.3 wt%, respectively.”® Meanwhile, unveiling the unique
coordinate configurations influenced by the increasing metal
coverage is fundamental for tracking the activity origin and
optimizing design strategies of SACs. For instance, Xiong et al.
demonstrated achieving a remarkable Fe loading ratio value of
30 wt% in single-atomic-site (SAS) catalysts would decrease the
coordinate number of Fe with appropriate ~2, which takes
charge of the effective epoxidation of styrene.”” These results
elucidate that unveiling the atomic-level structures has great
significance in cognizing the catalytic behaviors of SACs.

To unveil the local structures of SACs, traditional light
source-based spectral characterization methods, such as X-ray
photoelectron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy (UPS), Raman, Fourier-transform infrared spec-
troscopy (FTIR), etc., are adopted in most works.”® Although
many valuable results have been obtained based on these
methods, it is still desired to use higher resolution methods to
uncover the unknown or uncertain.”® In addition, traditional
characterization methods in analyzing SACs face huge chal-
lenges. One challenge is that SACs generally have much less

amine-
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atomic concentrations than their nanoparticles and clusters.
Another challenge is the smallest size disables some traditional
structure characterization methods including X-ray diffraction
(XRD), angle-resolved photoemission spectroscopy (ARPES), etc.
As known, high-quality light source is one of the most impor-
tant parts to determine the spectral signal-to-noise ratio (SNR)
and resolution. In this regard, synchrotron-radiation light with
high collimation, high resolution and continuously adjustable
energy, performs huge advantages relative to traditional light
sources in multiply conditions.®® The coupled X-ray absorption
spectroscopy (XAS), including X-ray adsorption near-edge
structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS), can be obtained in one test to analyze both elec-
tronic and coordinate structures of SACs. This advantage has
been proved by many reported SACs-related works.®~*> More-
over, it is worth noting that XANES and EXAFS measurements
can be applied under working conditions to provide reality-
close information for the in-depth cognition of activity origins
and catalytic mechanisms of SACs. Besides XANES and EXAFS,
soft XAS is also efficient in the detection of chemical states,
orbital hybridization and atom-specific local environments of
SACs.%°

It is also demonstrated that establishing traditional charac-
terization methods based on synchrotron-radiation light can
improve their data quality and reliability to a large extent. For
instance, synchrotron radiation XPS, one of the most important
surface-sensitive characterization methods, can obtain the
surface information of catalysts with high energy resolution.®
Moreover, synchrotron-radiation near-ambient pressure X-ray
photoelectron spectroscopy (NAP-XPS) or ambient pressure
XPS (AP-XPS) is available for monitoring superficial valence

J. Mater. Chem. A, 2022, 10, 5771-5791 | 5773
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Fig. 2 Schematic illustration of characterization results obtained by
typical synchrotron-radiation techniques for SACs. Reprinted with
permission from ref. 73. Copyright 2021, Springer Nature. Reprinted
with permission from ref. 138. Copyright 2021, Springer Nature.

states excluding the influence of ultrahigh vacuum (UHV).*
Analogous to XPS, UPS is another surface-sensitive method
which can probe the electronic levels and valence bands of
materials near Fermi level (Eg).*** The work functions detected
by UPS represent the energetic barrier for donating electrons
from the Er of catalysts to the vacuum level or adsorbed mole-
cules.” Generally, synchrotron-radiation XPS and UPS are
collectively denoted as synchrotron radiation photoemission
spectroscopy (SRPES) because of their identical principles with
photoelectric  effect.”%”> In addition, in situ/operando
synchrotron-radiation Fourier-transform infrared spectroscopy
(SR-FTIR) is performed to certify the phase transition and
identify the active intermediates.” Experimental reports have
demonstrated that SR-FTIR can show exponential signal
intensification with respect to traditional FTIR.” In conclusion,
it is certain that synchrotron-radiation spectral methods are
powerful in the identification of local environments of SACs.
Hence in this review, we aim to summarize the advancements of
multifarious synchrotron-radiation methods in parsing the
local environments of SACs. These methods include XAS, SRPES
and SR-FTIR (Fig. 2). The usage of in situ/operando synchrotron-
radiation methods is expected to track the dynamic evolution of
catalytically active sites at the beginning, proceeding and
ending of reactions, understand the structure-property rela-
tionships, and provide the guideline for SACs designs. Finally,
the capabilities and limitations of these methods are discussed
for the demands of further development.

2. Synchrotron-radiation
spectroscopies towards SACs
2.1 XAS

XAS is a synchrotron-radiation element-specific technique
based on motivating electrons from the core to unoccupied

5774 | J Mater. Chem. A, 2022, 10, 5771-5791
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energy levels by X-ray, thus offering help for unveiling electronic
and coordinate structures of catalysts.”” When the X-ray passes
through materials, the attenuated intensity is quantified by the
absorption coefficient according to Beer's law.” The relation
between absorption coefficient and incident X-ray energy is
influenced by elementary chemical states and local environ-
ments, which can be divided into pre-edge, near-edge and
extended-edge regions.”” Pre-edge and near-edge regions are
sensitive to oxidation states and electronic levels of detected
elements, hence together referred to XANES.”®”® With further
increasing X-ray energy, electrons will be excited to continuum
states in vacuum.®® Ejected and back-scattered photoelectrons
surrounding the absorbing atom lead to oscillation reflecting
the coordination number and bond length in extended-edge
region, which is denoted as EXAFS.*“* Wavelet transform
EXAFS (WT-EXAFS) spectra, which has high resolution for both
k and R spaces, provide more intuitive comparison in bond
length to identify distinct coordinated configurations.**** And
through the least-squares fitting of Fourier transform EXAFS
(FT-EXAFS), accurate values about coordinate number and bond
length can be obtained.**®* Besides, soft XAS has unique
advantages in investigating orbital hybridization between metal
and light ligand elements by employing soft X-ray as the excited
light source.®”

Different from techniques focusing on superficial chemical
environments like XPS, XAS implies total statistical results of
catalyst bulks owing to superior penetration depth of X-ray,
which makes visualizing operando and in situ variation of
serving SACs possible (Fig. 3a and b).?®*° Tracking the evolution
of local environments including optimization of chemical states
and bonding forms has attracted broad attention by in situ XAS
under applied outfields. In this part, we are going to present
more detailed discussions on identifying SACs with diverse
local environments by XAS.

2.1.1 XANES. XANES can be used to evaluate elementary
electronic structures directly and charge transfer indirectly,
both of which are deeply connected with local environments of
SAs.*® Typically, the electronic transition peaks of metals in pre-
edge region can provide fingerprint identification of coordinate
information. For instance, He et al. synthesized a dual-site SAC
(denoted as CoNi-NC) for electrochemical conversion of CO, to
syngas.” Obtained from Co and Ni K-edge XANES profiles, the
valence states of Co and Ni are between 0 and +2, excluding the
existence of metallic Co and Ni (Fig. 3c and d). It is worth noting
that weak signals in pre-edge region are corresponding to the 1s
— 4p, transition of Co and Ni, which are fingerprint descriptors
for square-planar M-N, moieties. Meanwhile, the reduced
intensities compared to Co- and Ni-phthalocyanine suggest the
distorted D4, symmetry in CoNi-NC. Then coupling XPS and
EXAFS spectra, the single-atom configuration with dominant
tetra-pyridinic-N coordination is confirmed. The Co-N, and Ni-
N, act as HER and CO,RR sites respectively, which opens up the
possibility of efficient production of syngas (Fig. 3e). Moreover,
the electronic interaction regulated by metal compound
supports through metal-nonmetal-metal bonds can be investi-
gated by XANES. Shan et al paid attention to short-range
ordered Ir SAs integrated into cobalt oxide spinel (marked as

This journal is © The Royal Society of Chemistry 2022
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Ir9.06C0,.040,) synthesized by ion exchange-pyrolysis procedure
(Fig. 4a).” XANES spectra show that Ir in Iry(6C0,.940, has
a high valence state of about 4+, which acts as superior acidic
OER sites (Fig. 4b and c). An increasing oxidation state of Co
induced by electronic transfer after Ir substituting is proved
through Co K-edge XANES (Fig. 4d).

In situ and operando XANES methods play a vital role in
connecting local electronic environments of the target elements
with reactivity and stability of SACs to conduct mechanism
analysis.”® In the above-mentioned Shan's work, in situ Co K-
edge XANES spectra were recorded to observe Co oxidation
states under OER condition.®” Similar shape and intensities of
white line suggest no obvious phase transformation under
different applied potentials (Fig. 4e), in accordance with the
results of in situ Raman spectra. These conclusions confirm Ir
species can restrain the oxidation from Coz;0, to high-valence
and easy-leaching CoO,(OH),, which renders slighter dissolu-
tion of surface Co species than Co;0, support and the long-term
stability for over 200 h (Fig. 4f).”* Otherwise, the reactive
evolution of local environments, such as reversible clustering of
SAs, has a strong impact on catalytic performances, which can
be specialized by the linear combination fitting (LCF) of in situ
and operando XANES spectra. Maurer et al. fabricated Pt single-
site catalyst (Pt-SS) through the redispersion of a traditional Pt/
CeO, catalyst in the hydrothermal oxidizing treatment.®® Using
original Pt-SS and Pt nanoparticles (Pt-NP) as references for

View Article Online
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reduction in Pt-SS is observed when CO conversion set in, while
absence in Pt-NP (Fig. 5a). Complementary to in situ infrared
(IR) spectroscopy and DFT calculations, operando and in situ
high-energy-resolution fluorescence detected XANES (HERFD-
XANES) spectra were performed to track the formation, fate
and consequence of Pt-SS. A dramatic decrease in intensity up
to 150 °C arises followed by a shift of the white line towards
lower adsorption energy (Fig. 5b), which certifies the valence of
Pt changes accompanied by CO adsorption. To interpret the
intermediate structural states, LCF was performed for operando
spectra using the references obtained from the multivariate
curve resolution alternating least squares algorithm (MCR-ALS)
of in situ spectra.®®” Four reference compounds containing
Pt*', Pt*", more reduced Pt°*-CO and Pt cluster-like Pty*'-CO
are proposed and quantificationally assigned to HERFD-XANES
experimental spectra verified by ab initio calculations using
FDMNES code (Fig. 5d-f).°**° Ultimately, the relationship
between fractions of references and applied temperatures
indicates that formed tiny Pt,’* entities from the breaking of Pt-
O-Ce bonds work as real active sites for CO conversion (Fig. 5c).

Thus, positive oxide states of metal atoms confirmed by
XANES are indirect proofs to exclude the presence of metallic
phase.'® The contrast of elementary electronic structures before
and after introducing SAs is proceeded to specialize electron
transfer and SMSI by ex situ XANES spectra.’*>'*> On the other
hand, visualizing the dynamic changes of oxidation states is

transiently recorded operando XANES spectra, obvious crucial to investigating the evolution of single-atom
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environments and impact of relevant adsorbed molecules
under serving conditions, which can be achieved by in situ and
operando XANES spectra cooperating with IR, Raman, theoret-
ical calculation, etc.'® In general, synchrotron-radiation XANES
takes momentous effect in unveiling redox-involved reaction
mechanisms.

2.1.2 EXAFS. EXAFS studies contribute to analyzing local
coordinate configurations including bond length and ligancy of
elements, thus giving detailed descriptions of structural models
for SACs. It is reported that the catalyst with Ni SAs immobilized
on N-doped hollow carbon spheres (Ni SACs/N-C) acts as an
electrochemical sensor providing the real-time monitoring for
cellular NO with a nanomolar detection limit (Fig. 6a)."* Least-
squares fitting of FT-EXAFS spectrum exhibits only one domi-
nant Ni-N peak with tetra coordination (Fig. 6b), suggesting
a highly dispersed Ni-N, architecture. Theoretically calculated
spectrum employing the model of Ni-N, immobilized on gra-
phene is most consistent with the experimental one (Fig. 6c),
which further manifests the geometrical aspects of Ni SACs/N-
C. Moreover, it is well known that the performances of SACs can
be rationally optimized by tailoring the metal atoms,'*>*¢
adjacent coordinative dopants,'*”'*® and metal loading.*****°
Thus the impacts of unique coordinate structures and
increasing metal loading on structure-property relation have
been discussed extensively. Tang et al. prepared a new kind of
Mo SAC (Mo,/0OSG-H) with the loading ratio reaching 13.47 wt%
by MgO-templated pyrolysis combined with glucose-chelating
and defect-trapping effects."™ Owing to the heterogeneity

5776 | J Mater. Chem. A, 2022, 10, 5771-5791

induced by such a high Mo loading amount, EXAFS fitting with
both Mo0-05;5-C and mixture (Mo-O,-C and MoS,) models
disables to give reasonable results. However, comparing to
Na,MoO, and MoS, references, the features of Mo-O and Mo-S
bonds can be identified unambiguously from FT-EXAFS and
WT-EXAFS, which suggests a mixed coordination of Mo-O and
Mo-S moieties in isolated Mo atoms anchored on oxygen, sulfur
co-doped graphene (Fig. 6d and e). Benefiting from this novel
structure and impressive metal concentration, Mo;/OSG-H
exhibits the remarkable activity and selectivity over 95%
towards 2e~ ORR pathway (Fig. 6f). Besides classical coordina-
tion with heteroatoms like N, O, S, etc., metal-metal bonds can
also take effect in trapping and immobilizing isolated atoms.
For instance, Liu et al. achieved the transformation from RuO,
aggregates to Ru SAs (Ru;/MAFO) arising from anti-Ostwald
ripening promoted by a strong covalent metal-support inter-
action (CMSI)."*> EXAFS spectrum of Ru;/MAFO-900 reveals Ru-
O and Ru-Fe scattering contributions (Fig. 7a), and the absence
of Ru-Ru and Ru-O-Ru unambiguously evidences high
dispersion of Ru atoms. Then combining multiply character-
ization methods, it is proved that the presence of Ru-Fe indi-
cates CMSI between Ru SAs and FeO, can trap and stabilize Ru
atoms after high-temperature calcination at 900 °C, which also
contributes to the excellent performances for N,O decomposi-
tion (Fig. 7b and c).

In situ and operando EXAFS spectra also pave a way for
observing the dynamic reconstruction of local structures and
formation of real catalytic active sites of SACs, which helpfully

This journal is © The Royal Society of Chemistry 2022
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Nature.

operates mechanism analysis. Xu et al. synthesized a carbon-
supported atomically dispersed Cu catalyst by amalgamated
Cu-Li and subsequent leaching away Li."** Ex situ EXAFS spectra
demonstrate single Cu is coordinated with four oxygen atoms
and no Cu-Cu bond appears while the loading ratio is inferior
to 0.4 wt% (Fig. 7e), agreeing well with the LCF of XANES. It's
also found that Cu keeps atomically dispersed after a 16 h
chronoamperometric run at —0.7 V for Cu/C-0.4. Then operando
EXAFS spectra of Cu/C-0.4 were collected. Once the cell voltage
was applied at —0.7 V, Cu first shell coordination switched from
Cu-O to mainly Cu-Cu, indicating the formation of clustering
Cu entities (marked as Cu,, where n = 3 or 4) that act as cata-
lytically active sites for CO,RR (Fig. 7f and g). Meanwhile, the re-
oxidation of Cu,, clusters to Cu®>" SAs occurs in the CO,-satu-
rated electrolyte as soon as the voltage shuts down according to
ex situ EXAFS. Incorporating DFT calculations, the CO,-to-
ethanol paths including a reversible transformation between
Cu clusters and SAs was proposed in Fig. 7c. Moreover, some
comparatively slighter changes in local environments are also
associated with catalytic activities, such as shrinking or
stretching of chemical bonds. Shang et al. designed a single-
atom In’*-N, catalyst (In-SAs/NC) through wet-impregnation
and pyrolytic processes, the structure of which is confirmed
by ex situ quantitative EXAFS (Fig. 8a).""* WT-EXAFS spectrum

This journal is © The Royal Society of Chemistry 2022

shows strong signal for In-N instead of In-In (Fig. 8d). Then
potential-dependent in situ XAFS was conducted to observe the
change of In-N bonds (Fig. 8b). It is analyzed that In-N bond
length becomes shorter at —0.65 V than without potential,
taking charge for high catalytic activity and selectivity of CO,RR
(Fig. 8c).

Therefore, EXAFS analysis is a mighty method to estimate
dispersion degrees and distinguish the local environments of
object elements by quantitative fit, especially for SACs.'**
However, ex situ EXAFS isn't sensitive to some reversible or
surrounding-involved processes. In this case, in situ and oper-
ando EXAFS spectra are essential for conducting studies of
catalytic mechanisms because of convenience to tracking the
changes of bond length and coordinate features of metal SAs,
which is closely connected with the self-optimization of cata-
lysts. Combining in situ or operando XANES and EXAFS,
a detailed reaction mechanism can be postulated.™*®

2.1.3 Soft XAS. The feature of relatively lower energy makes
soft XAS sensitive to investigating the bond types and orbital
hybridization of light elements.''” Especially for some classical
SACs with nanocarbon supports, ligand elements like C, N, O, S
play a vital role in catalytic reactivity."*® Zhang et al. obtained
a HP-FeN, catalyst with high-purity pyrrole-type FeN, sites
synthesized by pyrolysis under NH; atmosphere." Traditional
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WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

FeN, sites were also fabricated analogically except under Ar
atmosphere. Two typical features in C K-edge soft XAS of HP-
FeN, and FeN, are assigned to the 1s core electrons of C into the
To—c* and oc.c* respectively, which is similar to highly
graphitized carbon (Fig. 9a left). Spontaneously, N K-edge soft
XAS can also be divided into two regions containing 1s electrons
into the w* and o* (Fig. 9a right). The transition from 1s to 7*
presents obvious resonances ascribed to C-N-C portion of
pyridinic N (peak a) and pyrrolic/graphitic type N-groups (peak
b). To distinguish the coordinated N entities, peak a and b are
fitted and the results confirm the existence of high-purity Fe-
pyrrolic N sites in HP-FeN,, which is entirely different from Fe-
pyridinic N sites in FeN, (Fig. 9b and c). It means that
neighboring N configuration around Fe changes from pyridinic
to pyrrolic N with the assistance of NH3, inducing preferable O,
adsorption energy and superior activity for four-electron ORR
(Fig. 9d). Besides aiming at ligand elements, soft XAS also
contributes to analyzing species and distribution of transition
elements through their L and M edges. It is reported that the
Mn-O;N; configuration anchored on porous carbon (Mn-O;N;/
PC) was designed through a dissolution-and-carbonization
method.**® Mo L; soft XAS of Mn-O;N,/PC is similar to MnO
reference in both total electron yield (TEY) and partial fluores-
cence yield (PFY) modes (Fig. 9¢). This suggests the oxidation
state of +2 and uniform dispersion of Mn, because TEY detects
signals within 5-10 nm thickness of the surface while PFY
within up to 100 nm thickness of the bulk.

It's worth noting that there are some researches concentrating
on the influence of valence and spin states on -catalytic

5778 | J Mater. Chem. A, 2022, 10, 5771-5791

performance by in situ and operando soft XAS spectra. For
example, Zhou et al. tracked the voltage- and time-proportional
valence state transition of Co accompanied by spontaneous
delithiation in Li,Co,0, under OER conditions by operando O K-
edge soft XAS and ICP-OES.” Zheng et al confirmed the
formation of high-valence Ni*" under low overpotential condi-
tions during pH-neutral OER using in situ Ni L-edge soft XAS
spectra."” However, the studies about in situ and operando soft
XAS investigating on SACs are still lacking to the best of our
knowledge, especially for light ligand elements. One possible
reason is that soft XAS can only reflect the collective effect of C, N,
O, etc., while only a small portion of them are coordinated with
center atoms, which makes the vibration too weak to detect.'*?
In summary, XAS spectra have powerful ability in discussing
local characters including oxidation states, bonding forms and
orbital hybridization. For SACs, the cationic feature and
absence of metal-metal bonds deduced by XANES and EXAFS
respectively are essential to confirm atomic dispersion. The
puzzle about the metal-ligand interaction can be answered
partially by soft XAS. Meanwhile, tracking outfield- and time-
dependent vibration of SACs becomes possible owing to the
development of in situ and operando XAS spectra. The identifi-
cation towards local environments of catalysts is not restricted
to the initial and final states any more, thereby contributing to
understanding the evolution of active sites and conducting
mechanism studies. However, some specific challenges still
need to be overcome to get much more novel phenomena. For
example, the sensitivity and detection limit should be opti-
mized for the sake of receiving subtle responses, such as the

This journal is © The Royal Society of Chemistry 2022
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change of ligand elements and low-loading model SACs. The
differential spectral method is another practical way to visualize
these variations.'**'*

This journal is © The Royal Society of Chemistry 2022

2.2 SRPES

PES is a conventional, convenient and widely used method to
evaluate the valence and species of target elements. Different
from XAS detecting transmission light or fluorescence, PES
receives signals from outgoing electrons that have shorter the
mean free path due to inelastic collision.”® Thus PES is sensi-
tive to surface-involved systems, such as SAs immobilized on
the surface of supports. Although most traditional XPS and UPS
measurements are finished on lab-based devices, synchrotron-
radiation light source can obtain more high-quality data at
the same beamline due to the adjustable incident energy, high
brightness, etc.'””

Recently, quasi in situ synchrotron-radiation high-resolution
XPS spectra referring to treating samples with distinct atmo-
sphere and temperature in a reaction cell firstly, then trans-
ferring to the analysis chamber under UHV without exposure to
air, is proposed for catalytic studies.’***** Although some valu-
able results have been obtained through quasi in situ XPS, it is
worth noticing that this cannot avoid the influence of UHV on
materials while testing. On the other hand, SACs-participating
heterogeneous catalysis usually occurs on the solid-gas or
solid-liquid interfaces. Authentic surface chemistry is a key
descriptor for understanding catalytic performance."** Hence,
synchrotron-radiation NAP-XPS attracts much attention in
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investigating gas-involved processes and achieving in situ and
operando tests, which are indispensable to understand paths of
specially requested reactions (Fig. 10a).***'** Herein,
synchrotron-radiation NAP-XPS and UPS were summarized to
highlight the value for applying to SACs. Other issues solved by
SRPES such as describing longitudinal distribution of elements
are also noteworthy.***

2.2.1 NAP-XPS. As mentioned above, NAP-XPS builds the
relation between local environments of SACs and interfaces
surrounded by reactants. Liu et al. linked Ni** compound to
carbon nanotubes (Ni-CNT-CC) as a well-defined single-atom
Ni-N, model catalyst for efficient CO,RR (Fig. 10b and c).**®
Almost the same intensity and shape in Ni 2p, O 1s, N 1sand C
1s NAP-XPS before and after exposing to 1 mbar CO, elucidates
that CO, did not chemically interact with Ni*" sites of Ni-CNT-
CC (Fig. 10d-g). Combining operando Ni K-edge XANES, oper-
ando Raman spectra and electrochemical kinetics studies,
reversible formed Ni' is certified as catalytically active centers
for CO, activation.

Moreover, NAP-XPS is naturally appropriate for in situ and
operando thermocatalytic conditions owing to the convertible
atmosphere and temperature, so that tracking the dynamic
evolution of local environments of active center atoms induced
by gas reactants.”® And unveiling these changes of coordinate
types usually contributes to identifying real catalytic active
species. For example, Wu et al. put forward a frustrated Lewis
pair (FLP) mechanism of Ru anchored on stable MgO (111) facet
for reversible hydrogen spillover based on operando AP-XPS
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(a) A schematic representation for NAP-XPS setup. Reprinted with permission from ref. 133. Copyright 2018, WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim. (b) The TOF of Ni-CNT-CC compared with those of other state-of-the-art CO,-to-CO reduction catalysts; (c) CO FE
(symbol) and total current density (line + symbol); (d—g) high-resolution Ni 2p (d), N 1s (e), C 1s (f) and O 1s (g) spectra of Ni-CNT-CC before and

after exposing to 1 mbar CO,. Reprinted with permission from ref. 135.

Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (h)

Operando Ru 3d (left) and O 1s (right) spectra of Ru/MgO (1 1 1) at 350 °C under switching between 1 mbar Ar and 1 mbar H,. Reprinted with

permission from ref. 137. Copyright 2021, American Chemical Society.
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combining in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) and in situ XANES spectra.’®” According
to Ru 3d and O 1s XPS, after removing RuO, under H,, Ru
valence is +2 under Ar (Fig. 10h). Then switching to H, atmo-
sphere, Ru is reduced to Ru(0) accompanied by a significant
increase of OH in O 1s spectrum. The increase can be totally
counteracted once the flowing gas is switched to Ar again,
suggesting a reversible H, storage-release process. Under the
circumstances, it is envisaged that half the reversible process is
that Ru®" acting as a Lewis acid leads to the cleavage of H, and
formation of Ru-H hydride that is converted to a proton
progressively along with the reduction of Ru, while 0>~ near Ru
sites as a Lewis base receives migrant proton to form OH .
Muravev et al. compared the interface dynamics of two single-
atom Pd/CeO, catalysts fabricated by conventional impregna-
tion marked as 1PdRods and one-step flame spray pyrolysis
(FSP) as 1PdFSP respectively for low-temperature CO oxida-
tion.™® In situ NAP-XPS demonstrates the appearance of small
PdO, clusters at 336.1 eV and even metallic Pd at 335.4 eV in
1PdRods while absence in 1PdFSP under 2 mbar pressure
conditions including CO and O,, showing the structural
stability owing to stronger metal-support interactions (MSIs) by
FSP (Fig. 11a and b). As a contrast, 5PdFSP and 5PdRods with
higher Pd surface density are obtained to exclude the effect of
Pd loading. Lower emerging temperature and content of
metallic Pd in 5PdFSP are accord with mentioned conclusions,
corroborated by in situ DRIFTS simultaneously. To understand
MSIs and reducibility of the Pd-CeO, interfaces, in situ

View Article Online
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synchrotron-radiation resonant photoelectron spectroscopy
(RPES), with low excitation energies allowing visualizing
elementary electronic states in the outermost layers at a depth
less than ~10 A, was performed to track the variation of Ce®*
concentration by analyzing the Ce 4d-4f transition.”>*° As
shown in Fig. 11c and d, slightly higher Ce®" ratio in 1PdFSP
than 1PdRods and the bare FSP support suggests higher
concentration of oxygen vacancies and surface reducibility
induced by Pd doping. The high oxygen mobility at the Pd-CeO,
interface supplies sufficient oxygen to stable cationic Pd.

In a word, ex/in situ and operando NAP-XPS for SACs are
promising in conducting analysis of components with diverse
local environments and mechanism studies of gas-involved
interfacial processes. Meanwhile, NAP-XPS has developed a lot
in gas pressure region and equipment design. Laboratory-based
NAP-XPS systems have been used."*' However, it should be
highlighted that entropy of the gas phase of even 0.1-1.0 Torr
can give rise to massive reconstruction of some catalysts, the
influence of which cannot be estimated.*** To reveal authentic
surface chemistry of atmospheric processes, measurements in
higher pressure even near 1 atm have to be exploited. On the
other hand, current NAP-XPS characterizations mainly focus on
pressure and temperature fields in gas phase catalysis. The
applications of other outfields including electricity, magnetism
and illumination need to be exploited for SACs-involved
reactions.

2.2.2 UPS. UPS aims at evaluating electronic binding
strength and flowing direction of catalysts. Although most UPS
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experiments apply ultraviolet light source generated by the de-
excitation of excited atoms or ions (mostly helium I and
helium II), synchrotron radiation light with broad wave band
also covers the ultraviolet energy region.****** The work function
(@), which represents the energy difference between Fermi and
vacuum level, can be calculated according to the formula ¢ = Av

Eg), while hv, Ecuwofr, Er refers to incident light
145

- (Ecutoff -
energy, secondary electron cutoff energy and Fermi energy.
Gao et al. demonstrated Co SAs immobilized on the partially
oxidized graphene nanosheets (Co,-G) with [Ru(bpy);]Cl, as
a visible-light absorber for photocatalytic CO, conversion.'*
According to UPS with the excitation photon energy of 168.5 eV,
the work function of Co;-G is 4.9 eV referenced to the Ep =
0 determined from Au (Fig. 12a). And it is reported that the
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) energy levels of [Ru(bpy);]Cl,
are 5.68 and 3.19 eV respectively with respect to the vacuum
level.**” Thus electrons transfer from LUMO of [Ru(bpy);]Cl, to
the Fermi level of Co;-G for the subsequent reduction of CO,
(Fig. 12c). Meanwhile, the energy gap near 0 eV between the Eg
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and VB edge exhibited by the valence-band (VB) spectrum
signifies the zero-bandgap feature of Co,-G (Fig. 12b). Wang
et al. claimed Pt SACs (PtSACs/C) synthesized by the electro-
plating strategy with the assistance of graphene oxide
membrane (GOM) blocking the diffuse and aggregation of Pt
ions in a H-cell.**® The work function and energy gap between
the Er and VB edge of PtSACs/C are 4.2 eV and ~0 eV respectively
with the incident photon energy of 40.0 eV (Fig. 12d and e), also
suggesting the zero-bandgap trait. Combining UV-vis diffuse
reflectance spectrum, the photocatalytic HER process is illus-
trated in Fig. 12f.

So benefit from getting information of total catalysts rather
than individual elements, the ability of getting and losing
electrons of SACs can be evaluated by UPS straightly, which is
closely connected with local environments and plays a signifi-
cant role in unravelling the reactive mechanisms. Otherwise
like XPS, the impact of UHV on the interface of catalysts cannot
be ignored.

2.2.3 Depth detection of elementary distribution by SRPES.
It is comprehensible that X-ray with different wavenumbers has
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element-specific detection sensitivity and depth of penetration.
It means the difference of elementary distribution between
surface and sub-surface can be described by SRPES, in which
there is hidden information about local coordinate environ-
ments."* For instance, Li et al. achieved atomically dispersed Pt
anchored on face-centered cubic(fcc)-structured MoN by the
wet-impregnation and NHj-activation method."*® SRPES was
employed to understand the difference between bulk and
surface of MoN with photon energies of 1253 and 600 eV.
Although Mo 3d spectrum keeps invariable at both conditions
(Fig. 12g), the shoulder peak representing Mo 3p almost
disappears in the N 1s and Mo 3p spectra at 600 eV (Fig. 12h),
indicating N atoms are enriched on the surface. Hence Pt SAs
tend to be coordinated with surficial N rather than Mo, agreeing
well with EXAFS results (Fig. 12i). But the studies about the
depth detection model for SACs are still scarce as far as we
know. The fact is that statistical signals coming from both bulk
and surface are obtained while employing high-energy X-ray as
incident light, which hinders the extraction of valuable
responses.

In brief, SRPES points at electronic states of target elements
as a surface-sensitive technique, which is complementary to
XAS for SACs. On account of the bother of UHV, synchrotron-
radiation NAP-XAP or AP-XPS with the controllable atmo-
sphere and temperature develops flourishingly, especially in the
thermocatalytic field. In situ and operando NAP-XPS are
employed to track the pressure- and temperature-dependent
relationships between local environments of SACs and gas
reactants in real time, disclosing the reactive steps farther. On
the other hand, synchrotron-radiation UPS incorporating UV-vis
diffuse reflectance spectra and DFT calculations gives detailed
information of the electronic flowing direction. And the
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adjustable energy feature of synchrotron radiation light makes
depth detection of elementary distribution possible. However, it
should not be ignored that rigorous service conditions of PES
confine the applications of other outfields, which need to be
optimized.

2.3 SR-FTIR

SR-FTIR is a significant part of synchrotron-radiation method-
ologies on account of the convenience for observing interme-
diates and adsorbates in catalytic processes.'” Compared with
conventional light sources, the focused beam of infrared light
generated by synchrotron radiation is smaller in size and
brighter, significantly optimizing the SNR." Moreover, the
superior expansibility of SR-FTIR renders it meeting various
demands involving in situ, operando, low-temperature, etc.
(Fig. 132)"

Generally, local environments of catalysts have a deep
influence on probing molecular bonding types and vibration
modes. So the structural features of SACs can be deduced from
adsorption behaviours. For instance, synchrotron-radiation CO-
probing DRIFTS results of Pd SAs, H,-treated Pd SAs and Pd NPs
denoted as Pd-SAs/3DOM-CeQO,, Pd-SAs/3DOM-CeO,-H, and Pd-
NPs/3DOM-CeO, respectively, were contrasted by Tao and
coworkers.'> The sharp peak at 2153 cm™ " belongs to strhing
variation of linear-adsorbed CO on Pd SAs, indicating atomic
dispersion in Pd-SAs/3DOMCeO, (Fig. 13b). An obvious shift of
this sharp peak and another broad peak assigned to the linear-
adsorbed CO on Pd clusters are observed, suggesting the clus-
tering and reduction of Pd after H, treatment. Distinctly, two
broad bands located at 1890 and 2090 cm ™" are accord with the
threefold-hollow-adsorbed CO and minor linear-adsorbed CO
on Pd NPs of Pd-NPs/3DOM-CeO, respectively. Then to insight
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into the positive role of Pd SAs, IR spectra were collected after
the chemical adsorption of phenylboronic acid. The B-C
stretching vibration peak at ~1050 cm ™" exhibits more down-
shifts in Pd-SAs/3DOM-CeO, than other two references, indi-
cating that high-valence isolated Pd sites are more competent to
activate phenylboronic acid in transmetalation step of Suzuki
coupling reactions (Fig. 13c-e). Pd-SAs/3DOM-CeO, exhibits
superior conversion efficiency and selectivity towards Suzuki
reactions, surpassing Pd NPs (Fig. 13f).

Moreover, SR-FTIR method can approach the requirements
of in situ and operando methods.'”>'*® They are able to provide
fingerprint identification of real-time active groups, which is of
great concern in the hypothesis of reactive pathways for SACs. It
is reported that the adsorbed OOH, O and OH intermediates
detected by in situ SR-FTIR spectra present in the Cu-catalytic
ORR reaction, which agreed well with the proposed

~
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mechanism.” On the other hand, central metal atoms and
neighbouring ligand atoms usually take synergetic effect in
catalytic reactions. This effect can be distinguished by in situ
and operando SR-FTIR, helpfully understanding the relation
between local environments and catalytic performances. For
instance, Su et al. reported isolated single-atom Ni supported on
MOFs-derived carbon nitride (Ni;—-NC) through ion-exchange
and node-confined procedures.”® Two new absorption bands
at 908 and 3465 cm ™ in operando SR-FTIR spectra are assigned
to surface adsorbed O intermediate species and O-H from
adsorbed water molecules respectively at the applied potentials
(Fig. 14a and b). The relation between intensity and voltages was
plotted in Fig. 14c. The rising part represents the evident
accumulation of adsorbed O intermediates and adsorbed H,O
species at the solid-liquid interfaces (SLEIs) under the prelim-
inary voltages, promoting the rate-determining step of O-O

~
()
~

o} ——Ni-NC

4 | 1600 rpm
O,-saturated

T 908
908

o Ni-'®'0 =

H &
894 <
~ 055V ~| ®o, 0.80V £
- ' 5 <
& 070V : S| g £
5 : < Z 0.95V >
2 | osov /;\/”\\ S~ £
o —— = e o g
§ [085V : o \ WD Y] ©
Ee] : 2 —— =
< | 090V . < | 1o .y )
Ex situ (‘:,-;

g pEsse N

1400 1200 1000 800 600 400 1200 1000

Wavenumber (cm™)

-

(b)

~
(¢
~

Wavenumber (cm™)

800 600 04 0.6 08 1.0
Potential (V vs RHE)

~
=
~

Wavenumber (cm™)

~
(]
~
~
N

y 055V 5 "°0-H —— Ni-NC
= ‘——\,./\/—/‘“’—”" -~ ,.\OZ,\/\_,\,QE’L m 1or 67 mVdec! ——NC
L Ay g f : e
@ 8 180, H »

s A 2 ; 095V | @
S w‘\h’/‘ 080V .S : =09
[ —M\L 8| "o, ; 0ssv| ® 86 mV dec”
S S b—— S =
< H 2| "o ' 3
2 ' 095V | ©
0.95V e a.08 131 mV dec”

3465 ”

3900 3600 3300 3000 3900 3600 3300 3000 08 04 0.0 04

Wavenumber (cm™)

log [J(mA cm™)]

16

12F

Absorption difference (a.u.)

Absorption difference (a.u.)

Wavenumber shift (cm™)
©

Ni,-NC
8 o pyC

e

-6 P S R e T K e
[ CH,OH addition
(e}
4t T
2l E=05V %

1600 r.p.m

o
T

10 09 08 07 06
Potential (V vs. RHE)

©
3}

Fig. 14 (a, b) Operando IR measurements of Ni;—NC during the ORR

0 20 40 60 80 100
Time (h)

process; (c) signals at 3465 and 908 cm™* versus the potential; (d, €)

isotope-labeling operando spectroscopy for Ni;—NC under various potentials; (f) the corresponding wavenumber shift; (g) linear sweep vol-
tammograms (LSVs) at 1600 rpm; (h) Tafel plots; (i) methanol tolerance tests at 0.5 V versus RHE. Reprinted with permission from ref. 158.

Copyright 2020, American Chemical Society.

5784 | J Mater. Chem. A, 2022,10, 5771-5791

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1ta08254j

Published on 08 1400. Downloaded on 10/03/1403 08:44:33 ..

Review

dissociation in ORR to some extent. Keeping decreasing
potentials versus RHE, the intensity at 908 cm™" reaches an
approximate saturation plateau while ~3465 cm ™' presents
a decline, elucidating the synergistic effect between hydroxyl on
N/C sites adjacent to the Ni active centers and crucial adsorbed
O intermediates promoted by Ni;N, active sites. In isotope-
labeling operando SR-FTIR with '®0, and H,'°0, the shift of
O-Ni and unchanged O-H confirm they originate from O,
reactants and H,O in electrolyte respectively (Fig. 14d-f). Oper-
ando XAFS and SR-FTIR analyses confirmed the formation of
near-free isolated-zigzag Ni,*~?'N, active sites, which provide
excellent ORR activity and durability by facilitating the
adsorption and dissociation of O, into crucial *O intermediates
(Fig. 14g-i).

Besides, SR-FTIR spectra fit other peculiar testing demands
including low-temperature reflection and variable angle reflec-
tion.” For instance, Ye et al. precisely tuned the number of Fe
atoms to fabricate Fe SAs, Fe, and Fe; clusters anchored on N-
doped carbon marked as Fe,~N-C by pre-encapsulation and
pyrolysis schedules.® In low-temperature FTIR spectroscopies
(LT-FTIR) after exposing catalysts to O, for 10 min to ensure
complete O, adsorption, broad peaks located at 1200-
1350 cm ™ * for Fe;-N-C and 800-1000 cm ! for Fe, and Fe;—-N-C
are attributed to the vibrations of adsorbed superoxo-like (akin
to Fe-O-0) and peroxo-like (akin to Fe-O-O-Fe) O, species
respectively. This indicates that the number of Fe atoms in
clusters can really alter O, adsorption configurations, in
consistence with theoretical calculation results.

Conclusively, the adsorption-dissociation behaviors are
regulated extensively by well-defined isolated metal sites with
diverse local environments. In situ and operando identification
of reactive configurations is vital to put forward accurate
elementary reaction pathways of SACs. Specific requirements
like low temperature and molecular probing are also able to be
approached by SR-FTIR. However, the semi-quantitative char-
acter of IR blocks the progressive utilization in plotting the
formula between the accumulation of intermediates and cata-
lytic performance. Meanwhile, the peak intensity and width are
related to not only the concentrations but also the vibration type
of the bonds. The overlaps in wavenumbers of some bonds are
also inseparable and inevitable.

3. Summary and perspective

Coupled microscopy and spectroscopy methods, a thorough
characterization system for SACs has been built in the past
decade. The combination of synchrotron radiation-based mul-
titechniques (SRMS) has proved to be powerful in identifying
the diverse local environments of isolated sites.'®® This work
summarized the advantages and limitations of existing
synchrotron-radiation measurements including XAS, SRPES
and SR-FTIR. It is worth noting that aforesaid methods cannot
replace each other. The reasonable reaction mechanisms are
only proposed by the comprehensive knowledge and analysis of
all experimental and theoretical results. Based on this, respec-
tive roles of synchrotron-radiation tests acting in the studies of
SACs and relevant outlooks are described as following.

This journal is © The Royal Society of Chemistry 2022
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3.1 Oxidation states

Although the dispersion degree of confined metal atoms should
be evaluated straightly by the high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM),
the elementary electropositivity confirmed by bulk-sensitive
XANES and surface-sensitive XPS is also efficient. Meanwhile,
ex situ XANES spectra detecting beginning and ending states of
center and assistant atoms have the ability in deciphering
partial mechanisms concerned with irreversible redox activa-
tion, electronic interaction and corrosion resistance, etc.°> On
the other hand, the valence change of center atoms is strongly
related to the redox-involved reaction performance of SACs.
Some reversible or instantaneous intermediate states can only
be investigated by in situ/operando XANES and NAP-XPS. The
flourishing development of computational analysis of in situ
XAS results offers the elaborate explanation of the evolution of
isolated sites influenced by various outfields.”> Operando NAP-
XPS is naturally suitable to deal with gas-involved courses
through building the relationship between gas molecules and
active sites, for thermocatalysis in particularly.

3.2 Coordinate configurations

There is no doubt that the coordinated atoms and bonding
types have a deep impact on catalytic activity when SAs are
acknowledged as the reactive origin. EXAFS has unique advan-
tages in recognizing the local coordinate environments. The
coordinate number and bond length are obtained by EXAFS
fitting to distinguish diverse local environments. Moreover,
EXAFS satisfies the demands of in situ and operando measure-
ments that are performed to unravel the evolution of chemical
environments and structure-property relationship of SACs.
Besides, depth detection of elementary distribution by SRPES
can give a longitudinal distribution of atomic concentrations in
a certain depth range, hinting the bonding modes between
metal and ligand atoms.*

3.3 Support coupling effect

The electronic structures and stability of catalytically active sites
are regulated by miscellaneous well-defined supports. Under-
standing the electronic metal-support interaction is of great
concern in conducting mechanism researches. For classical
structure of that transition metal is bonded with C, N, O, S, etc.,
soft XAS takes effect in the investigation of orbital hybridization
and support coupling effect. Kinds of ligands such as
pyridinic N, pyrrolic N and graphitic N, can be distinguished by
the peak fitting of soft XAS, which is deeply connected with the
adsorption energy of specific intermediates."*®

3.4 Intermediates and adsorption behaviors

The interaction between reagents and adsorbed sites was
deduced indirectly from the change of oxidation states by XANES
and NAP-XPS before. However, the direct observation of adsorp-
tion kinds on SACs can only be achieved by in situ and operando
SR-FTIR in the family of synchrotron-radiation techniques. The
evolution of intermediate states is illustrated by their unique
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stretching or bending vibration. In addition, UPS explains the
interactions between reagents and catalysts through the gaining/
losing-electron ability evaluated by the work function.

Despite the unprecedented progress has been achieved in
synchrotron-radiation ex/in situ and operando studies, there are
multiple factors hindering more comprehensive acknowledge-
ment of SACs-catalytic processes. The aspects that need to be
further modified for synchrotron-radiation techniques are listed
as following to expect to gain a coherent picture of the structure—
property relationship for SACs in the not-too-distant future.

(1) The equipment covering detector, in situ cell, etc. and
their relevant installation interval should be standardized and
optimized to decrease the time of collecting spectra and
increase SNR. For example, low background of XAS provides
more possibility to identify slight changes in oxidation states
and coordinate environments, or increase the sensitivity for
some single-atom model catalysts with trace metal. Especially
for soft XAS, the lack of in situ and operando measurements in
SACs makes it imperative to design reasonable metrical proce-
dures. For NAP-XPS, the applied atmosphere pressure region
should be extended to weaken the near-ambient influence on
catalytic structures.

(2) The more convincing data processing methods should be
proposed combing theoretical calculation. As shown in chapter
two, the XAS analysis is not limited to the contrast of the white
line in XANES and least-square fitting in EXAFS any more. The
more reasonable structural models are built by coupling of
experimental and theoretical spectra. Linear combination
fitting (LCF) results using advisable reference spectra can match
well with the experimental results, which gives an interpretation
of the evolution of probed catalytically active atoms.* And the
species of ligands can be elucidated by resolving adsorption
bands in soft XAS spectra. Thus it can be realized that there is
considerable progress in handling methods of XAS. And we have
reasons to believe that well-disposed XAS will play a more
crucial role in the characterization of SACs.

(3) Extending the kind of outfields that can be performed
under work conditions is impending. Restricted by the features
of diverse techniques, synchrotron-radiation methods usually
have their own comfort zones for outfields applying to in situ
and operando measurements. For example, NAP-XPS is naturally
suitable for thermocatalytic reactions while the employment in
electrocatalysis and photocatalysis is relatively fewer for SACs.
In situ soft XAS has already been performed for bulk catalysts in
electrocatalytic processes, but not for SACs.

(4) The characterization of SACs usually needs a compre-
hensive system encompassing multiple unique techniques.
Thus, more powerful synchrotron-radiation methods need to be
exploited for SACs to enrich this characterization family.
Synchrotron-radiation X-ray emission spectroscopy (XES)
relying on the ionization of electrons and detecting the intensity
of the fluorescence at the maintained incident X-ray photon
energy, is potential in this case. Valence-to-core XES (VIC-XES)
of 3d transition metals can be used to distinguish neighboring
ligand atoms of SACs such as C, N, O, S, etc.161 For example, it
is reported that the transitions of local environments from
isolated Mo-O species to partially carburized MoC,O, and
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totally carburized MoC, occur during methane dehydroaroma-
tization (MDA), confirmed by characteristic Kz peak of Mo
oxide (Fig. 15a)."> On the other hand, the typical long-range
disorder property disables XRD and small-angle X-ray scat-
tering (SAXS) for investigating the SACs under the static state.
But in situ/operando XRD and SAXS take effect in tracking the
dynamic evolution of isolated sites and supports, which is
efficient for evaluating catalytic stability and unveiling clus-
tering processes. For instance, Liu et al. chose single-site Co in
awell-defined brookite TiO, (210) nanorod (Co-TiO,) as a model
catalyst for OER. In situ synchrotron-radiation XRD (SRXRD)
shows no phase transition for TiO, support and metal segre-
gation for Co (Fig. 15d), suggesting the good stability.'** And it is
reported that obvious agglomeration can be observed through
a signal enhancement in the q range around 0.1 A~ in operando
grazing-incidence SAXS (GISAXS) while calcinating Pt clusters
(Pt,4/Si0,/Si) from 50 to 200 °C in H, (Fig. 15b and c)."** Thus it
is convincing that SAXS can play a vital part in identifying real
sites in the processes of reduction and clustering of SACs.'>%¢
However, the applications of XES, XRD and SAXS are still scarce
in SACs to the best of our knowledge.
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Fig. 15 (a) Bottom: Ky emission bands recorded before and after
calcination, and after quenching of the MDA reaction at 4 min and
25 min; the Inset is background-removed VTC-XES; top: spectra of
MoO3, Mo,C, and MoO, references. Reprinted with permission from
ref. 162. Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA. (b)
GISAXS intensity change of Pt,4/SiO,/Si during the heating cycle from
50 to 200 °C in Hy; (c) fitted particle size distributions. Reprinted with
permission from ref. 164. Copyright 2017, American Chemical Society.
(d) In situ SRXRD patterns of Co-TiO, nanorod catalysts under the
OER conditions. Reprinted with permission from ref. 163. Copyright
2021, Springer Nature. (e) The stability curve of ZABs. Reprinted with
permission from ref. 170. Copyright 2021, National Academy of
Sciences. (f) Schematic illustrations of electrode reaction mechanism.
Reprinted with permission from ref. 171. Copyright 2018, Springer
Nature.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1ta08254j

Published on 08 1400. Downloaded on 10/03/1403 08:44:33 ..

Review

It is worth noting that the applications of SACs have been
extended to the whole courses of energy-storage and conversion.
Recently, SACs in metal-air and lithium/sodium-sulfur batteries,
proton exchange membrane full cells (PEMFC), etc., have
attracted great attention.'”'* And synchrotron-radiation spec-
troscopies also take effect in these conditions. Yan et al put
forward a facile strategy for crafting wrinkled MoS,/N-doped
carbon core/shell nanospheres interfaced with single Fe atoms
for wearable, high-capacity, and cycling-stability aqueous zinc-air
battery (ZABs) (Fig. 15¢)."”® The Fe-N, configuration is confirmed
by the fitting of FT-EXAFS. Zhang et al. employed sulfur encap-
sulated Co SAs and clusters anchored on hollow carbon nano-
spheres (S@Co,-HC) as the cathode of room-temperature
sodium-sulfur battery (RT-Na/S).””* The transition among S,
Na,Sy, Na,S;, Na,S, and Na,S is observed by in situ SRXRD,
suggesting the electrocatalytic effects of atomic cobalt (Fig. 15f).

In summary, the development of SACs is tightly connected
with progressive synchrotron-radiation ex/in situ and operando
spectroscopies. Particularly, an unambiguous picture of the
structure-activity relationship of SACs will be built by tighter
combination of multiple in situ and operando synchrotron-
radiation technologies. And the further developments of them
have to reconcile the depth and breadth. That is, it is paratactic
for optimizing data quality of one method and extending the
characterization families of SACs. Furthermore, the catalytic
performances are usually tailored by electronic interactions,
geometric effects, local coordinate configurations, etc. The
comprehensive cognitions from synchrotron-radiation spec-
troscopies, electron microscopies and other important methods
are instructive for SACs in either tracking the origin of activities
or providing guidelines for optimization designs.
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