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Operando XAS/SAXS: Guiding Design of Single-Atom

and Subnanocluster Catalysts

Lingzhe Fang, Soenke Seifert, Randall E. Winans, and Tao Li*

Single-atom and subnanocluster catalysts (SSCs) represent a highly prom-
ising class of low-cost materials with high catalytic activity and high atom-
utilization efficiency. However, SSCs are susceptible to undergo restructuring
during the reactions. Exploring the active sites of catalysts through in situ
characterization techniques plays a critical role in studying reaction mecha-
nism and guiding the design of optimum catalysts. In situ X-ray absorption
spectroscopy/small-angle X-ray scattering (XAS/SAXS) is promising and
widely used for monitoring electronic structure, atomic configuration, and

site consisting of the single metal atom
and coordinated atoms in SACs, thereby
improving the selectivity of products
for catalytic reactions. Moreover, atomi-
cally dispersed metal catalysts exist in
cations, which exhibit better stability than
traditional nanosized counterparts.ll Sub-
nanocluster catalysts, which are between
SACs and nanocatalysts, preserve suffi-
cient reaction active sites and, at the same

size changes of SSCs during real-time working conditions. Unfortunately,
there is no detailed summary of XAS/SAXS characterization results of SSCs.
The recent advances in applying in situ XAS/SAXS to SSCs are thoroughly
summarized in this review, including the atomic structure and oxidation state
variations under open circuit and realistic reaction conditions. Furthermore,
the reversible transformation of single-atom catalysts (SACs) to subnano-
clusters/nanoparticles and the application of in situ XAS/SAXS in subna-
noclusters are discussed. Finally, the outlooks in modulating the SSCs and

developing operando XAS/SAXS for SSCs are highlighted.

1. Introduction

With the development of synthesis technologies and char-
acterization methods, single-atom and subnanocluster
catalysts (SSCs) have attracted much attention. Due to the
size-dependent catalytic performance, SSCs exhibit higher cata-
lytic activities than the corresponding nanosized catalysts.!3!
Benefit from the maximum atom-utilization efficiency and
tunable coordination environment, the uniformly dispersed
single-atom catalysts (SACs) on diverse supports have been
widely applied in the field of energy conversion and storage.[**!
More importantly, different from the multiple crystal facets of
nanomaterials can serve as active sites, there is only one active
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time, lowered oxidation state of constit-
uent atoms. In the energy conversion area,
the metallic/low valence state of catalysts
are beneficial for some catalytic reduction
reactions.M

However, SSCs face characterization
difficulties, especially under working
conditions. X-ray diffraction is unable
to detect atomic-scale catalysts formed
by the aggregation of only a few atoms,
not to mention SACs. Even though aber-
ration-corrected  transmission electron
microscopy (TEM) with atomic resolution
can observe geometric configurations of SSCs. It is still difficult
to monitor the changes of catalysts during the reaction condi-
tions directly in most cases. Besides, in situ Fourier-transform
infrared spectroscopy (FTIR) has been employed to distinguish
between single atoms (SAs) and dimer/clusters/nanoparticles
by study the vibration mode of the adsorbed CO molecule on
catalyst.'213] But exploring the evolution of the electronic and
atomic structure of SACs by in situ FTIR under real-time
working conditions is still underdeveloped. Additionally, when
the SACs loading is very low, the catalysts’ oxidation state,
which is highly correlated with the catalytic activity, cannot be
accurately detected by X-ray photoelectron spectroscopy (XPS).
In contrast, as a synchrotron-based element-specific technique,
X-ray absorption spectroscopy (XAS) is influential in studying
the probed element’s structural information.'*"] By exciting
an electron from the core to an unoccupied band, the obtained
XAS spectrum can be divided into X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) (Figure 1a). XANES spectra reflect electronic
structure while EXAFS spectra provide local atomic struc-
tural information, such as coordination number, bond length,
and structural disorder. Besides, sometimes the aggregation
of SSCs into larger sized catalysts will occur during the syn-
thesis or reaction process. Compared with X-ray diffraction that
is applied to study lattice information of crystal matter, small-
angle X-ray scattering (SAXS) is used to collect the variation of
X-ray scattering intensity with a small q value.’®! According
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Figure 1. a) Schematic of XAS spectra. Reproduced with permission.[¥l Copyright 2019, Springer Nature. b) Calculated form factor scatterings of objects
with various dimensions and sharp interfaces. Reproduced with permission.'”] Copyright 2016, American Chemical Society. c) Schematics of in situ
XAS experimental set-up at the advanced photon source. Reproduced with permission.?2l Copyright 2020, Springer Nature. d) Schematics of setup for
the in situ SAXS. Reproduced with permission.[l Copyright 2018, American Chemical Society.

to the Bragg’s law, SAXS is useful to study large distance struc-
tures information (including size and shape) of the matter at
the nanoscale (Figure 1b). Unlike the analysis area limitation
of TEM, SAXS provides structural information averaged over a
macroscopic range. Even though SAXS is widely used in nano-
particle research,'2% it is able to probe clusters of dozens or
even several atoms.

Mostly, the physicochemical properties of catalysts will not
remain unchanged during the reaction. SACs would self-adjust
to promote the catalytic reaction.™ Thus, the identification of
active sites is essential for studying the catalytic mechanism.
However, oxygen in the air, electrolyte environment under open-
circuit voltage (OCV), and applied potential conditions signifi-
cantly impact the environmentally sensitive SSCs. This leads to
the ex situ characterizations of post-reaction SSCs are almost
meaningless. For example, the observation results of SACs by
in situ and ex situ XAS are usually different.?'2°] Agglomerated
SACs can be oxidized into the initial high-valence SACs at post-
catalysis conditions.[?223] Compared to ex situ XAS, in situ XAS
unfolds incomparable merits of identifying catalytic sites via
capturing oxidation state and local geometric configuration vari-
ations under real-time working conditions, which provides clues
on how SSCs work at the atomic level (Figure 1c). With the aid
of density functional theory (DFT) calculations, the hypothesized
reaction mechanism can be put forward. Moreover, in situ SAXS
provides an ideal avenue to observe subnanoclusters” morpholo-
gical intuitively (Figure 1d). Especially for catalytic reaction under
high temperature, size changes of SSCs is more concerned.

To date, most of the reviews about SSCs have focused on
syntheses and applications.®”26-28] Although several articles
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elaborate on the in situ techniques, authors are either con-
cerned with multiple characterization methods other than XAS/
SAXSI729-32 or the focus is not on SSCs.283334 Thus, in this
article, we review the recent work on applying in situ XAS/
SAXS to SSCs. We begin this review by describing the atomic
structure variations of SACs obtained by Fourier transformed
operando EXAFS spectra. The oxidation state of SACs under
OCV and subsequent changes during the reaction process
observed via in situ XAS are introduced. Meanwhile, the revers-
ible transformation of SACs to subnanoclusters/nanoparticles
is also be elaborated and discussed. We then extend the discus-
sion to subnanoclusters, showing the combing use of in situ
SAXS and in situ XAS to capture the size and valence changes
simultaneously. Finally, the conclusions and outlook of modu-
lating the SSCs and applying in situ XAS/SAXS in SSCs are
highlighted.

2. In Situ XAS

2.1. Probing Atomic Structure

Single metal atom and coordinated atoms constitute the active
site, determining the catalytic activity. Electronic structures of
SACs and adsorption of intermediates are depended on the local
geometric configuration of SACs.*! DFT calculations indicate
that the electronic density of Co SACs can be tailored through
regulating coordinated atoms.®) Chen et al. proposed that the
coordinated S and P atoms can donate electrons to single-atom
Fe centers, resulting in Fe is less positive, which helps weaken
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the binding of adsorbed OH species.’’ Han et al. prepared
diatomic Pd—Cu sites in the PAN,CuN, structure.l*® The intro-
duced Cu causes the shifting of partial density states of Pd and
enhanced coupling between Pd and adsorbed N,. The heter-
oatoms in the support that are not coordinated with single metal
atoms also affect the oxidation state of SACs. The existence of
S in the support results in the formation of Cu-N,~CgS, moie-
ties, leading to Cu less positive than Cu in Cu-N,~C;.) More
importantly, the adsorbed species (hydroxyl, reactant, reaction
intermediates, products, etc.) on SACs can change the chemical
bond length between the metal atom and coordinated atoms and
the corresponding coordination geometry. For instance, a new
Ni—C bond is originated from adsorbed reaction intermediates
on the nickel phthalocyanine under the CO, reduction reaction
(CO,RR) at —0.68 V.9 In some circumstances, the atomic con-
figuration of SACs would undergo reconstruction during the
catalytic reaction, rather than preserving static structure.

Fourier transform (FT) of EXAFS spectra is the most direct
observation method to monitor the expand or contract behav-
iors of chemical bond that caused by species adsorption. Cao
et al. proved the influence of hydroxyl adsorption on the local
coordination environment of SACs under alkaline hydrogen
evolution reaction (HER).[?! The corresponding FT k3-weighted
EXAFS spectra uncovered a shortening of Co—N bond upon
chemical adsorption of hydroxyl at open circuit state. It is
worth noting that the chemical bond length of Co—N remains
unchanged during working conditions. Meanwhile, the Co—N
bond intensity presents a tendency of decreases first and then
increases under the open-circuit conditions and applied poten-
tial, respectively, revealing the change of coordination number
of Co. Single Co atom experienced a local atomic structure
rearrangement, changing from an isolated Co;—N, site to a
HO—Co—N, structure. Then H,0— (HO—Co;—N,) moiety
formed after potential is applied. The HO—Co,—N, favors H,0
adsorption and dissociation with a low energy barrier. Oper-
ando XAS measurements captured atomic structure changes
of ruthenium (Ru) SACs during the electrochemical nitrogen
reduction reaction (NRR).*! The radial distance of the Ru—C(O)
peak shifted from 1.58 to 1.51 A in N,-saturated K,SO, solution
under OCV compared with that in Ar-saturated K,SO, solution,
which might result from the Ru—N coordination (Figure 2a).
After the potential is applied, the radial distance of the prin-
cipal peak shifted to longer lengths of 1.56 A, which suggests
the distortion of Ru atoms caused by the electron density
redistribution.

www.small-methods.com

Zhong et al. pointed out that the peaks at 1.55 and 1.54 A
in FT-EXAFS spectra that were assigned as Zn—O bond
and Cu—N bond, respectively, were not shifted during the
CO,RR.* The Zn—0 bond’s peak intensity presents a negli-
gible decrease, which is possibly due to the interaction of the
reaction intermediates (*H, *COOH, *CO) and the ZnO, sites
during the catalytic process. In contrast, Jiang et al. observed
the shrinking of Cu—N bond length from 1.44 to 1.35 A under
catalytic conditions (Figure 2b).3% Meanwhile, compared with
the ex situ sample, the coordination number changed from
4 to 5, attributing to the adsorption of oxygen ligand (OOH*,
O*, or OH* intermediates) during the oxygen reduction reac-
tion (ORR). Li et al. demonstrated that the non-planar ferrous
Fe—N, moiety switches to an in-plane ferric Fe—N, moiety after
axially bonded oxygen atom during the ORR (Figure 2c).1?!l The
additional axial ligand will alter the energy level of d orbitals
of SACs and the energy barrier for reactants binding. Besides,
Fang et al. ascribed the appearance of one additional P—O bond
under +0.15 V to adsorption of H,0 molecule on Pt.M The
XANES confirmed the increased structural disorder around
the Pt atom. The FT k*-weighted EXAFS spectra provide more
structure changes information. The Pt—C/N coordination
number is reduced from 4 at OCV to 2 at —0.07 V, indicating Pt
atoms are released from support. Pt SAC tends to be less coor-
dinated with the N—C substrate during the HER. Yang et al.
found the Ni—N bond in Ni—N, moiety slightly extended at
—0.7 V compared with the sample at OCV, because of Ni atoms
distorted out of the graphene plane after adsorption of CO,.[*!

Feng et al.™ and Jiang et al.*! observed Mn—N bond and
Sb—N bond lengthened from 1.7 to 1.76 A and 1.32 to 1.42 A
during the CO,RR, respectively. However, Shang et al. found
slightly shortened In—N bond (from1.95 to 1.93 A) at —0.65 V
compared to that without applied potential.*®! Chemical bond
length changes during reaction become more complicated in
two kinds of coordinated atoms for SACs. Shang et al. found
the nearly unchanged Cu—S bond length and shortened Cu—N
bond length in Cu—S;N3; moiety during the ORR compared
with the ex situ sample.]

2.2. Electronic Structure Evolution
The catalytic effect of SSCs is positively related to the oxida-

tion state. Most SACs exist in cationic states, owing to the
charge transfer from metal sites to support. Typically, the
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Figure 2. a) FT-EXAFS spectra of Ru under various conditions. Reproduced with permission.“l Copyright 2020, Wiley-VCH. b) k*-weighted FT-EXAFS
spectra of Cu at ex situ, 1.0, 0.893, and 0.7 V. Reproduced with permission.3* Copyright 2019, Royal Society of Chemistry. c) The derived Fe—N switching
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redox potential. Reproduced with permission.l?!l Copyright 2016, Royal Society of Chemistry.
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low-valence/metallic state SSCs are advantageous to electrore-
duction reactions, because more d-band electrons participate
in the reaction, and catalysts bond more strongly with the
reactants.'"*8] The charge density and distribution of SACs
dependent on the local coordination environment will affect
the reactant adsorption and product desorption. Gu et al. dem-
onstrated that faster CO, adsorption on Fe3*—N—C would lead
to a lower onset overpotential than that on Fe?*—N—C moi-
eties.[¥) Jiao et al. prepared Cu;,—Cu;x* atom-pair catalyst.l>"!
H,0 adsorbed on Cu;x", and CO, adsorbed on the neigh-
boring Cu;° during the CO,RR, promoting CO, activation.
Note that the valence of SACs is usually not constant during
catalytic reactions. Monitoring the oxidation state changes
under realistic working conditions through in situ XAS is fun-
damental for revealing the actual active sites, understanding
the reaction mechanism further, and offering guidance on
catalysts design.

2.2.1. Open-Circuit Conditions

SACs are susceptible to the surrounding environments, espe-
cially when there is a lack of robust interaction between SACs
and substrate. The local environment of SACs is probably
affected by oxygen-containing groups or dissolved reactants in
the electrolyte at OCV. Thus the influence of electrolyte on the
charge state of SACs should be regarded.

For the HER, acidic electrolyte and acidic electrolyte exhibit
different influence on the oxidation state of SACs. Pattengale
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et al. found the reduction of 1T MoS, supported single-atom
Ni?* upon immersing in the acidic electrolyte at OCV.?4 In
contrast, compared with the dry sample, the change of oxida-
tion state of Ni* SACs under acidic electrolyte condition is not
apparent. In addition, the hydroxyl species or CO, molecules
in the electrolyte are chemically adsorbed on the single-atom
center, which will affect the valence of SACs. For instance,
compared with the ex situ sample, the average valence of Co
under the open-circuit conditions increases from +2.02 to
+2.20, resulting from the adsorption of the hydroxyl group
at the Co site.””! Yang et al. found that the oxidation state of
Ni SACs in the KHCOj; solution saturated with CO, is higher
compared to the oxidation state of Ni in the KHCOj; solution
saturated with Ar under OCV.*}l The increase in the oxidation
state is attributed to the unpaired electron’s delocalization, and
the charge transfer from Ni to dissolved CO,. Feng et al.ll and
Shang et al.*% also proposed the charge transfer from low-
valent SACs to the carbon 2p orbital of CO, with the forma-
tion of CO,% species, inducing the increased oxidation state of
SACs (Figure 3a). Similarly, Liu et al. observed that the in situ
formed low-valence Ni* in Ar-saturated KHCOj3 solution would
be oxidized back to Ni?* by donating a lone pair electron in the
3d orbital after purging CO, molecules into the electrolyte.>]
The Ru K-edge shifts to higher energy in N,-saturated K,SO,
solution under OCV compared with that in Ar-saturated K,SO4
solution, resulting from the charge transfer from Ru SAs to the
N 2p orbital of dissolved N,.*l Besides, the oxygen dissolved
in the electrolyte can oxidize the valence state of Mn SACs
from +2 to +3.52
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Figure 3. a) XANES spectra at the Mn K-edge of Mn—C;N,/CNT under various conditions. Reproduced with permission.[*l Copyright 2020, Springer
Nature. b) Ex situ and in situ XANES spectra of Fe SACs. Reproduced with permission.l?'l Copyright 2016, Royal Society of Chemistry. c) XANES spectra
at different applied voltages from the open-circuit conditions to —0.07 V during the HER. The inset shows the enlarged white-line peak, and postedge
XANES region. Reproduced with permission.[l Copyright 2020, Springer Nature.
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In other studies, compared with ex situ samples, the oxida-
tion state of SACs did not undergo any changes after being
immersed in electrolyte where no voltage was applied. For
example, Gu et al. proved the unchanged valence of Fe SACs
at OCV.¥I 1 et al. obtained Fe K-edge XANES spectra of in situ
electrode at open circuit conditions, which are similar to that
of the ex situ electrode, indicating the unvaried oxidation state
of Fe (Figure 3b).2Y Besides, Fang et al. highlighted that the
prepared Pt SAC is structurally stable, and no chemical reac-
tants are adsorbed in the electrolyte at OCV (Figure 3c).'! The
Pt SAC maintains its original valence state until the voltage is
applied.

2.2.2. Working Conditions

Identifying active centers by in situ XAS during realistic reac-
tion process is advantageous to reveal the reaction mecha-
nism. The as-prepared SACs usually do not act as active sites.
When voltage is applied, the SACs-support interaction will be
weakened or strengthened, along with charge transfer behav-
iors between SACs and coordinated atoms. The XANES of Ru
SACs™I and Fe SACsP’ moved toward lower energy during
the NRR process, suggesting N, molecules donate electrons to
unoccupied d orbitals of metal atoms. Li et al. noticed that the
average oxidation number of iridium (Ir) SACs manifested a
conspicuous potential-depended variation.® From 0 to 0.64 V,
5d band occupancy of Ir became higher, because of electron
transfer from formic acid to Ir during the formic acid oxidation
reaction. Malta et al. found that the gold (Au) L;-edge XANES
spectrum’s white line intensity decreased steadily to a stable
value after an initial increase under acetylene hydrochlorination
reaction.’> As Au(I) was oxidized to predominantly Au(IIl) and
then moved back to Au(I), the catalytic performance has shown
a decrease first and then increase, indicating the presence of
Au(l) is beneficial for the reaction.

The evolution of the oxidation state of SACs during the HER
and the CO,RR has been explored. The absorption edge posi-
tion of Co shifts toward higher energy during the HER in 1.0 m
KOH, implying an increase of the Co oxidation state.”! Jiang
et al. observed an increase of white line’s peak intensity of anti-
mony (Sb) K-edge XANES and the absorption edge shifts to
higher energy during the CO,RR, which attribute to the charge
transfer from low-valent Sb% to CO, molecule.*”! Differenti-
ating from the oxidized SACs during the working conditions
mentioned above, Gu et al. demonstrated the Fe** transformed
into Fe?" after -0.5 V during the CO,RR.*! The decreased
catalytic activity for generating CO after —0.5 V indicates Fe3*
is the catalytic site. However, Shang et al. considered the
reduced indium (In) SACs at —0.65 V as catalytic center for the
CO,RR with high selectivity of formate.[*l When a potential of
—0.65 V was applied, the In K-edge shifted to lower energy, sug-
gesting that In SACs return to a low valence state. Feng et al.
observed the same valence evolution of manganese (Mn) SACs
during the CO,RR.[*I The reduced Mn SACs as active site show
the high CO Faradaic efficiency. Fang et al. revealed that the
white-line intensity of Pt L;-edge XANES decreased during the
HER in 1.0 m KOH electrolyte, implying the average oxidation
state of cationic Pt is close to zero valence (Figure 3c).!!!
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Several works have disclosed the valence variations of SACs
through in situ XAS during the ORR. Jia et al.’® and Li et al.l!
found the Fe?*/Fe’* redox transition in 0.1 m HCIO, electrolyte.
When the applied potential is increased from 0.1 to 1.0 V, the
Fe K-edge shifts toward the higher energy (Figure 3b). The low
valent Fe?*—N, moieties transformed into oxidized Fe**—N,
moieties with the adsorption of *OH during the water activa-
tion process. Similarly, Xiao et al. reported the in situ reduced
non-planar HO—*Fe(*Y)—N, moieties as ORR’s active site,
which is then oxidized to a pentacoordinate O,—Fe**—N, at
potentials that above the Fe’"/Fe** redox potential.””l In situ
XAS collects a positive shift in Fe K-edge XANES. Compared
with the increased oxidation state of Fe SACs during the ORR
in acid electrolyte, the decreased valence of SACs was observed
in the alkaline electrolyte. Cheng et al. uncovered that the
valence of single-atom Fe gradually decreased as the applied
potential was from 1.0 to 0.3 V during the ORR.?] Similarly,
with the potential, scanned from 1.05 to 0.75 V, the peak posi-
tion of Cu K-edge absorption spectra shifted toward the low
energy side, along with intensity reduction of white line peak,
which means that the oxidation state of Cu SACs has been
decreased (Figure 4a,b).’] Jiang et al. also demonstrated that
the average valence state of Cu dropped from 1.59 to 1.09 as the
potential decreased from 1.00 to 0.70 V.B% In these two studies,
low-valence Cu (+1) in the asymmetric Cu—S;N; moiety”l and
Cu (+1)—N,—CgS, atomic interface moietyl*’l worked as active
sites for the ORR. The operando Mn K-edge XAS experiment
shows the same trend. The valence state of Mn SACs decreased
from +3 to a lower value as the applied potential decreased from
0.9 to 0.3 V, corresponding to increased ORR overpotential.>?!

Unlike the increased oxidation state of Fe SACs, the oper-
ando XANES of Co SACs were maintained throughout the
ORR in an acid medium (Figure 4c,d).¥ The authors believe
that binding between Co—N—C moieties and O, is too weak to
reduce O, effectively. Liu et al.” and Jiang et al.>! discovered
that during electrolysis CO, reduction, the Ni K-edge XANES
spectra are generally similar in CO,-saturated KHCO; solution
under different applied potentials. Sun et al. put forward that
single-atomic cobalt catalyst retains a stable charge state during
the catalytic hydrogen evolution process.®¥l Yao et al. demon-
strated that the oxidation state of Ru SAC was almost unchanged
upon changing the applied potential during oxygen evolution
reaction (OER).®Y Zhong et al. considered that the unvaried oxi-
dation state of single-atom dispersed zinc (Zn) under the CO,RR
can be attributed to a full 3d electron shell of Zn (I1).14]

Even under the same catalytic reaction, the valence changes
of SACs during the reaction vary with the different SACs
reported. The synthesis strategy determines the degree of
interaction between the SAC and the carrier, which will affect
the oxidation state changes of the SAC under open circuit
and working conditions. Moreover, researchers should collect
as many XAS at different potentials as possible to convey the
results intuitively and accurately.

2.3. SACs to Clusters/Nanoparticles Transformation
Catalysts experience irreversible nanoclustering, % morphology

variation,l®®  phase/structural  transformationl®~%  during
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Figure 4. a) In situ Cu K-edge XANES spectra at various potentials during the ORR catalysis and b) differential Au XANES spectra obtained by sub-
tracting the normalized spectrum at every potential to the spectrum recorded at 1.05 V. Reproduced with permission.”’l Copyright 2020, Springer
Nature. Operando XANES spectra in 0.5 m H,SO, of ¢) Cog s and d) Feg s. Insets are differential Au XANES spectra obtained by subtracting the normal-
ized spectrum at every potential to the spectrum recorded at 0.2 V. Reproduced with permission.®8 Copyright 2020, Springer Nature.

working conditions. SACs typically remain the initial atomic
dispersed sate after catalysis. Remarkably, in some cases, single
atoms to clusters/nanoparticles transformation during the elec-
trocatalytic reaction is observed by in situ synchrotron XAS.
Karapinar et al. revealed a reversible transformation between
ionic Cu SACs and metallic Cu nanoparticles during the CO,
reduction process.?l The oxidation state of Cu decreased from
+2 to 0, which demonstrates the metallic Cu nanoparticle as the
catalytically active site for CO, electroreduction (Figure 5a). FT-
EXAFS spectra recorded the decreased intensity of Cu—N bond
as the potential applied from OCV to —1.2 V (Figure 5b). Mean-
while, the presence of Cu—Cu bond illustrates the aggregation
of Cu SACs. It should be noted that the post-electrolysis Cu
nanoparticles were converted back to single atoms after expo-
sure to air for 10 h. This reversible conversion stands out the
necessity of the application of in situ characterization technolo-
gies to study active sites. Subsequently, Xu et al. also demon-
strated this reversible transition.?2l As shown in Figure 5c,d,
the Cu K-edge XANES spectra shifts to the lower energy side
with the presence of Cu—Cu bond at —0.7 V, denoting the
existence of metallic Cu, (n = 3 and 4) clusters. The electron
transferred from carbon substrate to isolated Cu?" under the
potential operating results in the formation of metallic Cu,
which serves as the active site to adsorb dissolved CO,. By the
way, the unstable Cu,, can be oxidized into atomically dispersed
cations under postreaction conditions (Figure 5d). Based on the
operando measurements, the authors proposed a hypothesized
reaction mechanism (Figure 5e). Maurer et al. further clarified
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the single-atoms to clusters reversible transformation of Pt
single sites (Pt-SS) supported on cerium oxide (CeO,) during
the CO oxidation reaction via operando high-energy-resolution
fluorescence detected XAS.] Oxygen is desorbed from Pt*
sites below 150 °C, resulting in the formation of Pt*. Up to
150 °C, Pt species undergo further reduction and restructure to
Pt%—CO. With the breaking of Pt—O—Ce bonds at the higher
reaction temperature, Pty® clusters as active sites appeared,
consistent with the increased CO conversion. The in situ
formed Pty® clusters experience reoxidizing and redispersing
during cooling, generating the initial Pt-SS state.

The stability of SACs also depends on the electrolyte in elec-
trocatalytic reactions. Pattengale et al. reported distinct transfor-
mation behaviors of Ni SACs in acidic electrolyte and alkaline
electrolyte during the HER.?Yl Atomically dispersed Ni is pre-
dominantly coordinated to S with a smaller contribution of O in
the as-prepared dry sample. Under acidic conditions, a shifting
of Ni K-edge in XANES toward lower energy is observed at pre-
catalytic (0 V) and catalytic (-0.76 V) potentials. The valence of
Ni changes from 2+ to 1+ without a change of atomic structure
(Figure 6a). In alkaline media, upon immersion in alkaline
electrolytes at OCV, a conspicuous second-shell scattering that
originates from the Ni—Ni bond is observed. Meanwhile, com-
pared with the as-prepared sample, the first-shell peak shifts to
smaller position at OCV and 0V, due to Ni is principally coor-
dinated with O by the formation of Ni—O—Ni moieties. The
coordination number of Ni is decreased under applied catalytic
potential (-0.76 V), concurrent with the formation of metallic

© 2021 Wiley-VCH GmbH
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Figure 5. a) In situ Cu K-edge XANES spectra. b) Fourier transform of the experimental EXAFS spectra of Cu. Reproduced with permission.i*!l Copyright
2019, Wiley-VCH. c) In situ Cu K-edge XANES spectra. d) Fourier transform of k?-weighted y function in R space of the catalysts. €) The hypothesized
reaction mechanism during the CO,RR. Reproduced with permission.?2 Copyright 2020, Springer Nature.

Ni clusters. Besides, the post-catalysis ex situ XAS on Ni K-edge
indicates a reversible transformation from catalytically active
metallic Ni species to initial high-valence NiS,O, moieties.
Based on the results, the authors proposed respective active
sites in acidic and alkaline electrolyte (Figure 6b).

From the above discussion, we note that the as-prepared
cationic state SACs are reduced to the metallic state, which
means less coordinated with the substrate, resulting in the for-
mation of clusters/nanoparticles. However, agglomerated SAs
can be oxidized into initial high valence state at postcatalysis
conditions. Thus, the robust interaction between SACs and
support is essential to achieve a stable atomic structure during
working conditions. For example, Peterson et al. observed
the aggregation of atomically dispersed Pd on alumina during
the CO oxidation reaction.[®l The EXAFS data show a decrease
in the peak intensity of Pd—O first-shell accompanied by the
emerging Pd-metal peak, reflecting the growth of Pd-metal. In
contrast, Pd preserves the single atom state when there is lan-
thanum (La) on the substrate surface. Even though La can slow
the catalyst sintering rate, subnanometer clusters still appeared
at higher reaction temperatures, with apparent inferior catalysis

activity. Based on the discussion mentioned above, utilizing in
situ SAXS to study the transformation from SACs to clusters
during working conditions is significant for size-dependent
performance.

3. In Situ SAXS

SAs/clusters are subjected to aggregate into larger sizes
or nanoparticles during the reaction or synthesis process
without sufficient support. Besides, the oxidation state of
the catalyst is dependent on the size. For example, the Cu,,
cluster possesses the lowest charge state among the Cu,,, Cuy,
and Cu; clusters.®) Wei et al. proved more positively charged
Pt SACs compared with Pt clusters and nanoparticles.”%
Similarly, Maurer et al. demonstrated predominantly +2 oxi-
dation state of Pt single sites.l®”] In contrast, the oxidation
state of Pt is about 0 in Pt nanoparticles. To simultaneous
track the size and oxidation state of working catalysts, in
situ SAXS and in situ XANES characterizations are highly
indispensable.[>72]

a b -0.76 V vs. RHE, acidic -0.76 V vs. RHE, alkaline
o, T S B “_.Mo'h
=
=
= (o) Nig
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Figure 6. a) FT-EXAFS spectra of Ni SACs at different electrolytes and pote

ntials. b) The proposed Ni@1T-MoS, active species. The active species

under acidic (left) and alkaline (right) conditions. Reproduced with permission.?!l Copyright 2020, Springer Nature.
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Figure 7. a) GISAXS intensity change of Pt,,/SiO,/Si sample during the heating cycle. b) Fitted particle size distributions. c) XANES, normalized to
the intensity above the edge, for a soft-landed Pt,,/SiO,/Si sample at different annealing temperature. Reproduced with permission.”3l Copyright
2017, American Chemical Society. d) The average Cu charge state with increasing reaction temperatures. Reproduced with permission.® Copyright
2017, American Chemical Society. ) Temperature-dependent GISAXS data for Cuy clusters on ZrO,. Reproduced with permission.” Copyright 2018,

American Chemical Society.

Dai et al. revealed the correlation between the size and oxida-
tion state of Pt clusters via operando grazing-incidence SAXS
(GISAXS) and grazing-incidence XAS.”3 As the Pt,,/SiO,/Si
sample was calcinated from 50 to 200 °C in H,, there is a sig-
nificant signal enhancement in the q range around 0.1 A at
150 and 200 °C, respectively (Figure 7a). The fitted particle size
distributions show obvious cluster agglomeration (Figure 7b).
Simultaneously, the white line intensity of Pt L;-edge XANES
gradually decreases, approaching the intensity for Pt foil
(Figure 7c). After excluding the possibility of Pt reduction during
heating by XPS, they concluded that sintered small nanoparti-
cles display more bulk-like electronic properties than the initial
clusters. Yang et al. concluded that the size and oxidation state
determine the CO, hydrogenation activity of Cu clusters.®! In
situ GISAXS experiments of Cu, (n = 20, 4, 3) clusters show
no aggregates during the reaction process, indicating the sin-
tering resistant property of clusters on Al,O;. As the reaction
temperature increases, the average Cu valence state decreases
rapidly first and then remains stable (Figure 7d). Besides, the
CO, reduction temperature decreases with increasing cluster
size. Timoshenko et al. studied electronic structure and size
variations of Cuy, Cuy,, and Cuy, clusters soft-landing on dif-
ferent oxide substrates (ZrO, and ZnO).”¥ The agglomeration
of Cu clusters can be detected by the temperature-dependent
GISAXS (Figure 7e). It is worth noting that, compared with the
ZrO, support, the size changes for clusters on the ZnO sup-
port are less pronounced in the high-temperature range, which
implies the possibility of significant agglomeration of the
ZnO-supported clusters in the low-temperature range. Upon
heating, Cu K-edge XANES spectra show the downward shift
of the absorption edge position and the decrease of white line
intensity, indicating that Cu clusters are rapidly reduced.
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4, Conclusions and Outlook

The urgent demand for designing SSCs with high catalytic
activity and high selectivity has prompted researchers to focus
on active sites during working conditions. Compared with
other characterization techniques, operando XAS and operando
SAXS exhibit unparalleled advantages in exploring oxidation
state/local atomic structure changes of SACs and cluster size
evolutions, respectively.

As shown in Table 1, we summarized the changes of SACs
at OCV and working conditions. The electron transformation
between the hydroxyl groups or adsorbed reactants and SACs
affects the oxidation state/atomic structure of SACs. More-
over, identifying the relationship between product selectivity
and valence state during some catalysis reactions by in situ
XAS is meaningful. Additionally, in consideration of the size-
dependent catalytic activity, researchers should combinate in
situ SAXS to monitor subnanoclusters’ size changes under
working conditions. Based on the above discussion, the inspi-
rations for SSCs design and future direction of application of
operando XAS/SAXS in SSCs are summarized as follows:

4.1. Adjusting Electronic States

Compared with most SACs sustain oxidation  state,
subnanoclusters have the advantage of less positively charged
constituent atoms. Reduced clusters act as active sites in some
reduction reactions.??l In contrast, high-valence metal atoms
are beneficial for some electrooxidation catalytic reactions. For
instance, Zheng et al.”! and Zhang et al.’® constructed high-
valence metal sites with enhanced water oxidation ability. Lee
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Table 1. A brief summary of the SACs changes at OCV and working conditions.

Reaction Materials Open-circuit voltage Working conditions Ref
Oxidation state Atomic structure
CO,RR Fe**—=N—C No obvious changes Fe** is reduced to Fe?* N/A [49]
Ni-NG N/A No obvious changes N/A [59]
Ni—-CNT-CC N/A No obvious changes N/A [51]
A-Ni-NG An increase of Ni oxidation state, An increase of Ni oxida- Expansion of Ni—N bond [43]
appearance of new Ni—C bond tion state
Mn-C3N,/CNT An increase of Mn oxidation state, coordina- Shift back to lower Lengthening of Mn—N bond, coordina- [44]
tion number is increased slightly oxidation state tion number is increased slightly
Sb SAs/NC N/A An increase of Sb oxida- Extended Sb—N bond [45]
tion state
In-SAs/NC An increase of In oxidation state A decrease of Ni oxidation Shortened In—N bond length [46]
state
Cu/C-0.4 N/A lonic Cu is reduced to Transformation from SAs to clusters [22]
metallic Cu
Cugs NC N/A Cu?* is reduced to metallic Transformation from SAs to nanoparticles  [23]
Cu
ORR FePhenMOF-ArNH; No obvious changes An increase of Fe oxida- Increased coordination number [21]
tion state (0.1-1.0 V)
Fe—SAs/NPS-HC N/A A decrease of Fe oxidation N/A [37]
state (1.0-0.3 V)
Fe-N-C N/A Fe?*—N, oxidized to a pen- N/A [57]
tacoordinate O,—Fe**—N,
Cu—SA/SNC N/A A decrease of Cu oxidation Shrinking of Cu-N bond [39]
state (1.0-0.7 V)
S—Cu-ISA/SNC N/A A decrease of Cu oxidation Shrinking of Cu—N bond [47)
state (1.0-0.75 V)
Mn-SAS/CN An increase of Mn oxidation state A decrease of Mn oxida- N/A [52]
tion state (0.9-0.3 V)
OER Ru—Pt;Cu N/A No obvious changes Increased coordination number [61]
HER Coy/PCN An increase of Co oxidation state, increased A decrease of Co valence Increased coordination number [25]
peak intensity, decreased mean bond length state
CoSAS/HOPNC N/A No obvious changes No obvious changes [60]
Pt;/N-C No obvious changes Pt site is reduced toward Coordination number is decreased from m
metallic state 4102
Ni@1T-MoS, A reduce of Ni oxidation state A reduce of Ni oxidation No obvious changes [24]
Acidic electrolyte state
Alkaline electrolyte
Appearance of Ni-Ni bond, transformation Ni?* was reduced to ~ Coordination number is decreased, only
from Ni-S to Ni-O bond metallic Ni exist Ni-Ni bond
NRR SA Ru-Mo,CTX An increase of Ru oxidation state, Shrinking A reduce of Ru oxidation Lengthening of Ru-C(O) bond [47]
of Ru-C(O) bond state
Fesa—N—-C N/A A reduce of Fe oxidation N/A [53]

state

et al. pointed out that the oxidized nature of the under-coor-
dinated cobalt atoms in clusters substantially decreases the
cyclohexene species” binding energy during oxidative dehydro-
genation of cyclohexane.””) Besides, the synergistic effect of two
different valence states at the same metal site exhibits improved
catalytic activity. For example, the coexistence of Cu(l) and Cu’
species leads to an increase in ethanol selectivity during the
CO,RR by enhancing CO dimerization.”3-8%
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4.2. Modulating Local Coordination Environment

Modulating the local coordination environment (coordinated
atoms, coordination numbers, etc.) of SSCs helps improve
catalytic activity. The coordinated atoms act as anchoring sites
to stabilize the SSCs and play an essential role in optimizing
the electronic structure and adjusting adsorption—desorption
strength toward active sites' reaction species. For instance, Han
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et al. introduced axially bonded chlorine into the Fe—N, planar
structure to adjust the active center’s electronic structure and
optimize the binding strength of O,, leading to an enhanced
electrochemical performance of the ORR in alkaline media.l8!
In addition to nonmetallic heteroatoms, the extra single metal
sites in the support can also tune the active center’s local coor-
dination environment. The charge transfer from Ni atom to
Fe atom through the conjugated 7 bond of graphene is ther-
modynamically beneficial to the 46~ ORR.®?l The formation of
an atom dimer between two single metal sites demonstrates
another way to adjust the SACs active center’s coordination
environment. Lu et al. designed a ZnCoNj structure with iso-
lated zinc-cobalt atomic pair.®3¥ Co as active center shows the
enhanced binding ability of O, compared with that in Co—N,
structure, which facilitates the cleavage of O—O bond during
the ORR.

4.3. SSCs-Support Interactions

The effect of support is stabilizing SSCs on the substrate and
regulating the d-band center of the metal site. High loading
of SACs have higher demand for structural stability.*®"]
Although the strong interaction strength prevents aggregation,
excessively strong interaction impedes the self-adjustment of
active sites' coordination environment.®® Thus, the stability
and catalytic activity should be optimized at the same time.
Considering each support’s different characteristics (carbon,
metal, metal oxides/sulfides, etc.), it is a promising approach to
adjust the electronic state of SSCs by loading on different sup-
ports or modifying properties of supports.®2U For example,
single Pt atoms on TiC exhibit higher activity, selectivity, and
stability for H,0, production than that on TiN.I®! In addition,
introducing more Pt in Pt—Cu alloy substrate can engineer the
electronic structure of the supported Ru SACs, allowing opti-
mized binding of oxygen species and better resistance to over-
oxidation and dissolution.®!l Support effect is also reflected in
the stability of SSCs. The dissolution of S ligands from the
carbon support matrix leads to Pt SACs becoming more prone
to agglomeration.l%!

4.4, |dentifying Active Sites

The principal objective of in-situ XAS/SAXS study is to iden-
tify the active site under real-time working conditions. This is
crucial for studying catalytic mechanisms and guiding the syn-
thesis of the optimized SSCs. Generally, SSCs experience oxi-
dation state/atomic structure changes under OCV and working
conditions compared to the prepared samples. The adsorbed
hydroxyl species/reactant/reaction intermediates on SSCs also
affect the coordination environments. The influence of the elec-
trolyte on SACs at OCV should not be ignored.

4.5. Combining Operando Soft XAS
Compared with hard XAS (>5 keV), soft XAS (<1 keV) is more

surface sensitive, which is widely used to study the chemical
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state of nonmetallic elements (such as K-edges of C, N, O, and
L-edge of S).3%929% Metal L-edge spectra describe the transi-
tions of 2p electrons to unfilled d-orbitals.” Oxidation state
changes of metal sites will be better revealed by exploring the
L-edge of transition metal by in situ soft XAS. Even though
complicated measuring environments limit the application of
in situ soft XAS to catalytic reactions, in situ soft XAS shows a
bright future to study the chemical state of SSCs and the coor-
dinated atoms.
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